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Charge generation in molecular materials

An introduction to the photophysics of organic
photovoltaics

Chapter 1

1.1

Background
Energy‐related greenhouse gas emissions currently account for around 70% of total

emissions.1 The main contributor is carbon dioxide (CO2) from fossil fuel combustion for heat supply,
electricity generation and transport. The International Panel on Climate Change (IPCC), a United
Nations body with hundreds of scientists providing an objective source of information about climate
change, recently reported that greenhouse gas emissions need to peak within 10–20 years and then fall
substantially to reduce the risk of dangerous climate changes.2 Meanwhile, without changes in policy,
energy consumption is expected to increase by at least 40% from 2000 to 2030 as a consequence of
rising world population and gross domestic product per capita. This emphasizes the need for carbon‐
free power production. There are only three options for carbon‐free energy: carbon sequestration by
burying CO2, nuclear power, and renewable carbon‐neutral energy sources.1,3,4
One of the fastest growing renewable energy technologies is photovoltaics (PV), which uses
solar energy as the primary‐energy resource by directly converting daylight into electricity. The sun
yearly provides the earth with 8000 times more energy than the amount of primary‐energy resources
(mainly coal, oil and gas) consumed in 2004.1,3 With that, solar energy is the renewable energy
resource with the highest terrestrial energy potential.3 Over the years 2003–2006 solar cell
manufacturing on average has grown by nearly 50% each year, and new production facilities are
continuously being built world‐wide.5 PV technologies have declined in price every year since they
were introduced on the market as a result of improved research and development allowing for new
technologies, and by increases in sales volume. However, the rapid growth of the PV market is at the
moment mainly driven by governmental subsidies, because the electricity (cost per peak watt)
provided by any PV cell is still much more expensive than that stemming from conventional coal or
gas driven electricity plants.3,6 In order to offer a cost‐effective alternative it is projected that PV
production needs to be effectively scaled‐up, prices need to be further reduced, and new technologies
need to be explored.
PV devices based on organic π‐conjugated polymers potentially offer a significant cost
reduction compared to inorganic solar cells, and allow for large‐scale production because they can be
solution‐processed. For a broad application of these polymer solar cells, however, a major
improvement in device power conversion efficiency (from 5 to > 10%) and lifetime (~10 years) is
necessary.7,8 Concerning improvement of organic solar cells, understanding the photophysical
processes in these materials is crucial.
This thesis aims at determining and understanding the charge separation and charge
recombination processes in materials used for polymer solar cells.
This chapter provides a general introduction to the thesis. First, inorganic and organic solar
cells will be briefly introduced. More in‐depth, the process of charge generation in organic solar cells
is addressed in Section 1.4 and the role of charge transfer (CT) and triplet excited states in the
photophysics is discussed. Finally, an outline of the thesis is given at the end of the chapter.
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1.2

Inorganic solar cells
In 1954, Chapin, Fuller, and Pearson developed the first crystalline silicon (Si) solar cell, which

reached a power conversion efficiency (the fraction of solar energy converted to electrical energy) of
approximately 6%.9 Since then, solar cells containing different types of inorganic semiconductors have
been made, using various device configurations and employing single‐crystalline, poly‐crystalline,
and amorphous thin‐film structures. First generation PV devices based on crystalline silicon currently
dominate the PV market with a 90% market share. The dominance stems mainly from the wide
availability of silicon and the reliability of the devices, as well as from knowledge and technology
borrowed from microelectronics industry.10 Their production costs are continuously reduced as a
result of e.g. up scaling and reducing silicon use, and the cost of the electricity produced is further
reduced by improved power conversion efficiencies.6 Second generation thin film inorganic PV
devices have been introduced on the market and offer a further reduction in production costs, albeit
with lower power conversion efficiencies. These thin film devices are mainly based on amorphous and
microcrystalline silicon (a‐Si and μc‐Si), cadmium telluride (CdTe), and copper indium gallium
diselenide (CIGS). We will now consider both of these generations of solar cells.
Metal (front)
AR coating

Si wafer (200 μm)

n-Si

Metal (back)

TCO (front, 200 nm)

TCO

CdS (70 nm)

Metal (back)

n-a-Si (40 nm)

p-n junction

CdTe (2-8 μm)

CIGS (1-2.5 μm)
i-μc-Si (0.8-1.5 μm)

p-Si

p-μc-Si (30 nm)

CdS (70 nm)

Mo (back, 0.5-1 μm)

TCO (front)
Glass

Metal (back)
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Glass, metal foil
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Figure 1.1. Typical simplified cross‐sectional configuration for a) crystalline silicon (c‐Si), b) micro‐crystalline
silicon (μc‐Si), c) copper indium gallium diselenide (CIGS), and d) cadmium telluride (CdTe) solar cells. AR is
anti‐reflection, i is intrinsic, TCO is transparent conductive oxide, CdS is cadmium sulfide, Mo is molybdenum.

Crystalline silicon. A typical crystalline silicon (c‐Si) solar cell is doped to form a p‐n junction.
The n‐doped layer contains an excess of negative mobile charges (electrons), and the p‐doped layer
contains an excess of positive mobile charges (holes). Upon photoexcitation charge carriers (electrons
and holes) are directly created in each layer. In the region near the junction, called the depletion
region, an electric field is formed. The photogenerated electrons and holes in the bulk of the n‐ and p‐
doped layers, respectively, diffuse towards this junction, where they are accelerated by the electric
field towards the proper electrode. The active layer in these devices typically has a thickness of 200
μm (Figure 1.1a) and cannot be reduced to values far below 100 μm in order to absorb 90% of the light
above its band gap (the energy above which photons are absorbed). The reason for the weak
absorption characteristics of c‐Si is that silicon has an indirect band gap. Because effective collection of
charge carriers relies on diffusion, a long carrier diffusion length, i.e. the distance a charge carrier can
3
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diffuse before recombining, on the order of hundreds of micrometers is required in the p‐ and n‐doped
layers. This can only be achieved if the amount of defects acting as recombination centers is small.
Hence, thick, high purity (mono‐ or multicrystalline) silicon must be used for this type of cells.
Such thick, high purity silicon layers are inherently expensive. Still, it is projected that c‐Si will
dominate the PV market for another decade. Shortages in silicon feedstock, however, triggered by the
extremely high growth rates of the PV industry over the past years, has lead to production plants for
thin film technologies and to new technologies as concentrator concepts much faster than expected a
few years ago.10
Table 1.1. Confirmed record power conversion efficiencies for several single junction solar cells with an active
area ≥ 1.00 cm2 under the global AM1.5 spectrum (1000 W/m2) at 25 °C.11 GaInP/GaAs/Ge is a gallium indium
phosphide/gallium arsenide/germanium triple‐junction device.
Photovoltaic device

Abbreviation

Crystallinity

η/%

Monocrystalline silicon
Microcrystalline silicon
Copper indium gallium diselenide
Cadmium telluride
Gallium arsenide
GaInP/GaAs/Ge
Dye sensitized
Organic polymer

c-Si
μc-Si
CIGS
CdTe
GaAs
triple-junction
DSSC
polymer

crystalline
nano-crystalline
crystalline
nano-crystalline
crystalline
crystalline
nano-crystalline
nano-crystalline

24.4
10.1
18.8
16.5
25.1
32.0
10.4
5.15

Inorganic thin film PV. Inorganic thin film PV manufacturing is mainly based on amorphous
(a‐Si) or polycrystalline (poly‐Si) silicon, crystalline copper indium gallium diselenide (CIGS) and
nanocrystalline cadmium telluride (CdTe). These second generation PV devices offer viable
alternatives for c‐Si, and their production is now growing faster than the overall PV market.5 Typical
device‐configurations of the thin film devices (Figure 1.1b–d) reveal a ca. 100‐fold reduction in
thickness of the photoactive layer compared to devices based on c‐Si. The reason that much thinner
active layers can be used for CdTe and CIGS is that these semiconductors have a direct band gap,
making them much stronger absorbers than (crystalline) c‐Si.14 The use of other types of materials also
requires a different device layout (Figure 1.1). In μc‐Si, for example, the vast amount of grain
boundaries (defects) compared to c‐Si makes that photogenerated charge carriers are easily trapped
and eventually recombine if charge collection would rely on diffusion. Typically, the minority carrier
lifetime in CdTe is on the order of 1 ns.12 Hence a p‐i‐n junction is used with i an intrinsic (that is, not‐
doped) μc‐Si layer that absorbs the light and two junctions (one at each side of the layer) causing an
electric field over the layer make that charge carriers are effectively extracted, thereby relying on drift
in stead of diffusion.14 High conversion efficiency levels in the 15–20% range are achieved for CIGS
and CdTe cells (Table 1.1). With that, CdTe‐based modules are proving to be one of the least expensive
sources of photovoltaic electricity at the moment.13 In the long run, basic material availability (e.g.
indium, cadmium or tellurium) constitutes a serious problem for mass production, if a future world
PV module level of 100–1000 GWp/year is considered.14
Concentrator PV and tandem devices. The concept of a concentrator PV is using relatively
inexpensive mirrors, lenses or organic layers to capture the solar light shining on a relatively large
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area, and focusing that light onto a typically 30–100 times smaller area where a highly efficient solar
cell is located, thereby reducing the electricity cost per area.15,16 This enables the use of more
expensive, but highly efficient PV devices such as GaInP/GaAs/Ge tandem cells for the production of
low cost electricity. A tandem or multijunction solar cell uses a stack of PV devices in series, each
absorbing a specific part of the solar light, thereby reducing energy losses and making excellent use of
solar energy. For example, a triple junction device (Table 1.1) can consist of a stack of a Ga0.5In0.5P cell,
a GaAs cell and a Ge cell with band gaps of 1.8, 1.4, and 0.7 eV, respectively, and reaches power
conversion efficiencies of 32.0% under 1 sun. Similar devices have reached the highest power
conversion efficiency yet achieved for any type of solar cell, when tested under concentrated light:
40.7% under 240 suns, where 1 sun is defined as 1000 W/m2.17

1.3

Organic solar cells
Organic solar cells offer a promising route towards large area, low‐price PV systems. The

advantages of using organic materials are that they are easily accessible low‐cost materials, that can be
easily processed by wet‐processing (polymers) or evaporation through shadow masks (small
molecules). Due to the high absorption coefficient of organic materials, organic solar cells have a
typical active layer thickness of only ~100 nm, which means that with only one tenth of a gram of
material an active area of 1 m2 can be covered. Further, they offer the possibility to produce flexible
devices on plastic substrates.
The mechanism of light‐to‐electric energy conversion in organic solar cells is different than in
common inorganic solar cells. As opposed to crystalline inorganic materials, light absorption does not
directly create free charge carriers in bulk organic materials. Instead, the photoexcited electron and
hole attract each other through Coulomb interaction. The binding energy of these electron‐hole pairs
(excitons) is typically 0.2–0.8 eV.18,19
The interface (heterojunction) of two materials with different electron affinities can be used to
separate these excitons, which was realized by Tang in 1986 using a double layer structure of an
electron donating (D, p‐type) and an electron accepting (A, n‐type) material.20 The general light‐to‐
electric energy conversion process in organic solar cells can be described by the following processes:
1

Light absorption by the electron donor or acceptor material.

2

If light absorption does not already occur at the donor/acceptor (D/A) interface: diffusion of
the excitation to the interface.

3

Charge transfer: an electron is transferred from the electron donor to the electron acceptor
material, creating an electron on the electron accepting and a hole on the electron donor
material.

4

Charge separation and transport: the electron and hole are separately transported to the
different electrodes.

These steps are schematically drawn in Figure 1.2a. In this example, the electron is absorbed by the
electron donor (1; D + hν → D*), followed by diffusion to the D/A interface (2), a charge transfer step
(3; D* + A→ D+ + A–), and charge separation and transport of the charge carriers (4).
Nowadays, in each efficient organic solar cell the exciton is separated at such an interfacial
heterojunction or a bulk heterojunction (mixed layer) of an electron donor and an electron acceptor.
5
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Three types of organic solar cells can be discriminated: dye‐sensitized, small‐molecule‐, and polymer‐
based solar cells (Figure 1.2b–d) which will be shortly discussed with respect to the typical materials
that are used in the charge generation process. With respect to polymer solar cells the light‐to‐electric
energy conversion will be considered in more detail in Section 1.4.
3
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Glass
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Figure 1.2. The process of charge separation is indicated in a) and c): 1) light is absorbed by promoting an electron
from the HOMO to the LUMO creating a Coulombically bound electron‐hole pair (exciton) in one of the active
layers, 2) the exciton diffuses and may reach the D‐A heterojunction, 3) at the junction the electron and hole are
separated by an electron transfer step from D to A, after which 4) charge carriers are transported to the respective
electrodes. b–d) Typical device structures for b) a dye‐sensitized solar cell, c) the first double‐layer organic solar
cell, and d) a bulk‐heterojunction solar cell with the interface between the electron donor and acceptor material all
over the bulk. CuPc is copper phthalocyanine (donor). PTC is a perylene tetracarboxylic derivative (acceptor).
ITO is indium tin oxide, and PEDOT:PSS is a transparent, conductive polymer layer, polyethylenedioxythiophene
doped with polystyrenesulfonate.

Dye‐sensitized solar cells. In 1991 the dye‐sensitized solar cell (DSSC) was introduced by
O’Regan and Grätzel,21 and is now considered a cost‐effective alternative for silicon solar cells. A
typical dye‐sensitized solar cell is comprised of a ruthenium dye with π‐conjugated ligands having
anchoring groups that bind to TiO2, adsorbed at the surface of a high surface area nanoparticulate
TiO2 electrode (Figure 1.2b).
Here, the ruthenium dye (for example “Ru‐dye” in Figure 1.3) acts as the light absorber (Ru2+ +
hν → (Ru2+)*). Because the dyes are complexed at the surface of the TiO2 material, exciton diffusion is
not required and charge transfer to TiO2 can immediately occur. The dye molecule injects an electron
into the conduction band of TiO2: (Ru2+)* + TiO2 → Ru3+ + TiO2(e–). The electrons in the TiO2 layer are
6
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transported to the transparent conductive oxide (TCO, often fluor‐doped SnO2) electrode. A redox
couple, typically iodine/triiodine (I–/I3–) in an organic solvent covering the whole TiO2 electrode,
regenerates the dye, and is itself in turn regenerated at the counter electrode.
These devices have reached power conversion efficiencies of 11.2% under AM1.5 solar
irradiation,22 and 10.4% for devices larger than 1 cm2.11 Replacing the solvent‐based I–/I3– electrolyte
with a more robust ionic liquid electrolyte or eutectic mixture of ionic liquids with an alternative
redox couple (e.g. SeCN–/(SeCN)3–) allows for longer device stability, and reaches 8.2% AM1.5
efficiencies.23
C6H13
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N
N
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S
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Figure 1.3. Molecular structures of some of the materials used in organic solar cells. Ru‐dye: ruthenium‐based dye
used in a dye‐sensitized solar cell; CuPc: electron donor in small‐molecule solar cells; P3HT, PFTBT, and
PCPDTBT: π‐conjugated polymers used as the electron donor in polymer solar cells with PCBM as an electron
acceptor.

Small‐molecule solar cells. The importance of having an electron donor‐acceptor
heterostructure was recognized by Tang, who in 1986 realized the first all‐organic solar cell with an
acceptable efficiency (~1%) using a bilayer device structure.20 The device consisted of intrinsic copper
phthalocyanine (CuPc in Figure 1.3) as the electron donor and intrinsic perylene tetracarboxylic
derivative (PTC) as the electron acceptor. Figure 1.2c visualizes the device layout and the working
principle: light‐generated excitons (1) diffuse to the interface (2), followed by dissociation at the
interface between the two materials (3), after which the holes are transported through the CuPc and
the electrons through the PTC layer, to the opposite electrodes (4).20 Small molecule‐based solar cells
have evolved using similar approaches as will be described for polymer solar cells in the next
paragraph,24,25 and the highest efficiencies reported up to now are up to 3.6% for double‐layered
devices,26,27 5% for bulk heterojunctions (mixed layers),28 and 5.7% for a tandem cell using a
combination of a bilayer and a bulk‐heterojunction structure of CuPc and C60.28
Polymer solar cells. π‐Conjugated polymers, such as P3HT, PFTBT and PCPDTBT (Figure 1.3)
that are used for photovoltaic applications, have alternating carbon single and double bonds. The
application of π‐conjugated polymers has made rapid progress since the discovery of their conductive
properties by Shirakawa, MacDiarmid and Heeger.29 Such materials are now considered as active
components in polymer light emitting diodes (LEDs), field effect transistors (FETs) and photovoltaic
devices (PVDs). The photoactive layers of the most efficient polymer solar cells to date constitute of
phase separated blends of electron donor and acceptor materials consisting of domains with

7
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nanometer dimensions. This so‐called bulk‐heterojunction concept was introduced by Sariciftci and
coworkers. by mixing a semiconducting conjugated polymer as the donor material with
buckminsterfullerene C60 as the electron acceptor.30 Such a blend can be deposited from solution on a
TCO electrode (often indium tin oxide, coated with a conductive polymer layer) and capped with a
metal electrode to obtain working solar cells (Figure 1.2c).31 A similar approach was used by Friend
and coworkers who mixed electron donating and accepting polymers.32 Nowadays, polymer solar
cells can be divided in three subclasses, depending on the type of electron acceptor used. This can be a
small molecule, another semiconducting polymer, or an inorganic material.8,33 The structures of some
of the materials that are typically used are given in Figure 1.3. Blends of conjugated polymers with the
highly soluble electron accepting C60‐fullerene derivative [6,6]‐phenyl‐C61‐butyric acid methyl ester
(PCBM),34 or its C70 analog,35 take a prominent place because they provide power conversion
efficiencies (η) that presently exceed 5%.36 Efficiencies as high as 6.5% have been reported for tandem
solar cells.37 The confirmed AM1.5 power conversion efficiency of polymer solar cells has currently
reached a record 5.15% for > 1 cm2 devices.11 A two‐fold increase in device efficiency is considered a
prerequisite for providing cost‐effective energy. Such high efficiencies (10–15%) are currently
projected by various authors for single junction and tandem cells on the basis of empirical relations
between the materials used and device properties.38,39 However, a detailed understanding of the
charge generation and recombination processes in the active layers of these devices is crucial for a
structured approach towards the design of new materials and device structures.

1.4

The charge generation process in polymer solar cells
In this section the light‐to‐electric energy conversion process in polymer solar cells and some

related issues will be discussed.
Light absorption. π‐Conjugated polymers generally possess a singlet ground state (S0), i.e. a
state in which all electron spins are paired. Absorption of excitation light typically involves a π‐π*
transition to a singlet excited state of the polymer (S0 + hν → Sn). Such spin‐allowed transitions have
high extinction coefficients. After excitation, internal conversion will lead to a rapid relaxation to the
lowest vibronic of the lowest singlet excited state (S1). In the S1 state the electron and hole are mutually
attracting, creating a bound electron‐hole pair, a so‐called singlet exciton. The energy difference
between the lowest singlet excited and the ground state is determined by the energy difference
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the polymer, and by the exciton binding energy (EB) that lowers the excited state energy as
a result of an attractive electron‐hole energy:
E(S1) = |EHOMO – ELUMO| – EB
As a consequence of the low relative permittivity (εr = 3–4) of these materials the exciton binding
energy amounts to EB = 0.4–0.8 eV for π‐conjugated polymers,19 which is substantially higher than for
inorganic semiconductors (EB = ~10 meV with εr ≥ 10). Note that, whereas the relaxation to the singlet
excited state denotes a loss in photon energy, the exciton binding energy does not, because EB is
included in E(S1).
8
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The lifetime of singlet excitons is typically on the order of 1 ns. Decay processes from the
singlet excited state include fluorescence (S1 → S0 + hν), internal conversion (S1 → S0 + thermal energy),
and inter system crossing (ISC) forming triplet excited states (S1 → T1 + thermal energy). The exciton
binding energy determines the localized nature of the excitations and prevents the creation of free
charge carriers by thermal energy at room temperature (kBT = 25 meV), during the short lifetime of
singlet excitons. The low charge carrier mobility (below 1 cm2/Vs) associated with organic
semiconductors in comparison to inorganic semiconductors (on the order of 103 cm2/Vs or higher),
further decreases the probability of exciton dissociation.40 This explains the low charge carrier
extraction efficiencies in PVDs containing a single type of π‐conjugated polymer with energy
conversion efficiencies of typically 10–2–10–3%.41
Triplet excited states. As opposed to inorganic semiconductors, triplet excited states having a
significantly lower energy E(T1) above the singlet ground state than E(S1) are present in π‐conjugated
materials. Typically, for π‐conjugated polymers the S1‐T1 energy gap amounts to ΔEST = 0.6–1.0 eV as a
result of the Coulombic electron repulsion between the anti‐parallel spins of the singlet excited state.42
The spin‐forbidden nature of transitions between states of different spin multiplicity means that
singlet‐triplet absorption (S0 + hν → T1) is a weakly allowed processes and is generally not observed.
ISC from the singlet to the triplet excited state is also spin‐forbidden and therefore generally has a low
probability and occurs with relatively low rates.
Photoinduced electron transfer. In organic photovoltaic thin films doping by (photo‐)
electron donors or acceptors is used to depopulate singlet excited states and raise the yield of charge
carriers.30 For example, for blends of MDMO‐PPV (poly[2‐methoxy‐5‐(3´,7´‐dimethyloxtyloxy)‐1,4‐
phenylene vinylene]) with PCBM the latter acts as an electron acceptor, and photoexcitation results in
the ultrafast (τ = 45 fs)43 occurrence of charge transfer, producing MDMO‐PPV radical cations and
PCBM radical anions with high efficiency. This effectively quenches MDMO‐PPV and PCBM
photoluminescence, or any other photophysical pathway from the charge neutral singlet excited
states. Given the low εr a charge‐transfer (CT) excited state may be populated with the electron and
the hole of the radical ion pair still mutually Coulombically bound, and which then need to be further
separated into free charge carriers. This shows the importance of CT excited states at the D–A
interface.
D‐A charge‐transfer states in solution. Electron transfer processes in solution have been
thoroughly studied for electron D–A complexes

44–46

and covalently linked electron D–bridge–A

dyads. When there is minimal overlap between the electron wave functions of the hole and electron,
47

the polaron pair is called a charge‐separated state (CSS). Transfer rates and driving forces for e.g.
electron transfer (kET) from the lowest charge‐neutral singlet excited state to the CSS (D⁺/A⁻ in Figure
1.4b) and charge recombination (kCR) from the CSS to the ground state can be described by Marcus‐
Jortner theory (see Chapter 4).48,49 The energy of the CSS (ECSS) and the driving force (ΔGET) for electron
transfer from the lowest singlet excited state can be predicted in a medium of relative permittivity εr
using a continuum model, if the radii of the cation (r+) and anion (r–) and the center‐to‐center cation‐
anion separation (RCC) are known:50
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⎛ 1
1 ⎞⎛ 1
1⎞ Z⎛ 2 ⎞
⎟
− ⎟⎟⎜ + + − ⎟ − ⎜⎜
ECSS = ΔGET + E(S1 ) = e[E0 (D/D+ ) ‐ E0 (A/A− )] − Z⎜⎜
r
r
ε
ε
⎠ ε r ⎝ RCC ⎟⎠
r ⎠⎝
⎝ ref

(1)

Here, Z = e2/(8πε0) with e and ε0 the electron charge and the vacuum permittivity, respectively.

E0 (D/D+ ) and E0 (A/A − ) are the standard electrode potentials for the oxidation of the electron donor
and the reduction of the electron acceptor as determined with cyclic voltammetry using the same
reference electrode in a solvent of relative permittivity εref. The second term on the right‐hand side of
eq 1 describes the solvation effect that stabilizes the radical ions in a more polar environment (with
high εr). The last term describes the screening effect: at larger RCC the binding energy is reduced,
which occurs more effectively in a polar medium. Charge recombination to the ground state involves
non‐radiative decay due to minimal overlap between the electron clouds of the radical cation and
anion in the polaron pair.

a)

D

b)

A
LUMO
hνCT

HOMO

Increasing electronic overlap

D-/A+

D-A+

A*

DA*
D*A

D*

c)

kET

D+/A| D*A 〉 ≈ | D* 〉 + c1 |

D+/A-

D+A-

〉
hν

| D+A- 〉 ≈ | D+/A- 〉 + c2 | D* 〉
| DA 〉 ≈ | D/A 〉 + c3 | D+/A- 〉

kCR

hνCT
hνCT

D/A

DA

Figure 1.4. a) HOMO‐LUMO diagram showing the orbitals involved in CT transitions between the ground state
(DA) and the CT state (D⁺A⁻) of an electron D‐A complex. b) Energies of the lower singlet excited states of an
electron D–A complex as a function of the overlap between the electron wave functions. The interaction between
the CT state and the non‐polar (locally) excited complex state (D*A) stabilizes the CT state and provides oscillator
strength for the CT transitions (hνCT) to and from the ground state. The arrows marked with hν, kET and kCR denote
photoexcitation, and (radiation‐less) electron transfer and charge recombination, respectively. c) The main
contributors to the lowest‐energy singlet states of the complexes.

For electron D‐A pairs at shorter distance, electron exchange between D and A may lead to
mixing of electronic states (Figure 1.4), thereby changing the energies of these states and the
properties of the transitions between them.44 From perturbation theory it is known that electronic
states that are close in energy mix more intimately. In Figure 1.4 a situation is given for a D‐A pair
with the LUMO level of the acceptor just below that of the donor, hence with the CSS lying close in
energy to the singlet excited state of the electron donor (D* in Figure 1.4b). Mixing with the complexed
D*A state leads to a stabilization of the CT state (D⁺A⁻) and provides oscillator strength for the CT
transitions (hνCT) from and to the ground state complex (DA). These transitions are called CT
absorption and CT emission, respectively, and have been widely investigated in solution for D‐A
10
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combinations of small aromatic molecules.44 For a high‐energy CSS such as depicted in Figure 1.4 the
ground state complex is marginally stabilized by electronic interaction with the CT state. The emission
from such a CT state without a stable ground state is called exciplex (excited state complex) emission.
For a CSS with lower energy, the stability of the ground state complex may be further improved upon
mixing, such that stable ground‐state electron D‐A complexes or CT complexes (CTCs) may form. In
the solid state such doping of the ground state can lead to enhanced electronic conductivity such as in
the famous example of doping π‐conjugated polymers with iodine.51
D‐A charge‐transfer states in the solid state. In solution CT complexes may readily separate

by diffusion if the CT complexes are not stable in the ground state. In the solid state donors and
acceptors may be forced to be at close D‐A distance, and ground‐state D‐A complexes may form that
are unstable in solution. Only recently, CT transitions have been observed for solid state blends of π‐
conjugated polymers with electron acceptors that are used as the photoactive layer of PVDs. CT
complex (CTC) absorption in MDMO‐PPV:PCBM blends has been reported by Goris et al. using
photothermal deflection spectroscopy (PDS), a sensitive detection technique.52 Thereafter it has also
been observed in other polymer:PCBM blends.53,54 CT emission has been detected in polymer:polymer
55,56

as well as polymer:PCBM blends.54,57,58 In polymer blends, CT emission is generally referred to as

exciplex emission when the corresponding CT absorption is not observed or hidden. Both the CT
absorption and CT emission typically show low‐intensity bands, red‐shifted from the S1 ← S0 and S1 →
S0 transitions of the individual compounds. The lifetime of the CT excited states can be obtained from
time‐resolved photoluminescence measurements and ranges from τF = 1–3 ns for a number of
polymer:polymer blends 55b,56 and a polymer:PCBM blend,58 to τF = 40–100 ns for polymer blends with
F8BT.55c,d These short CT emission lifetimes correspond to time‐resolved photoinduced absorption
studies on electron donor‐acceptor blends which reveal that charge recombination, either geminate or
non‐geminate, already occurs in the nanosecond time domain.59,60
Decay of excited CT states may involve radiative as well as non‐radiative contributions such
as a direct decay to the ground state, or via triplet excited states. The fluorescence quantum yields of
CT emission may strongly depend on the ionic character of the CT state which in turn depends on the
electronic properties of D and A, and the amount of electronic overlap between them.44 Indeed, recent
quantum chemical calculations reveal that depending on the overlap between a donor and an acceptor
polymer, a range of energetically similar, Coulombically bound CT states may be populated that can
be either emissive or non‐emissive.61
Charge recombination to triplet excited states. Charge recombination of high‐energy

polarons pairs into lower lying triplet excited states is commonly observed for D‐bridge‐A dyads in
solution.62 Also for the prototypical MDMO‐PPV:PCBM blend Scharber et al.63 have reported that
upon photoexcitation of MDMO‐PPV films with a low PCBM content (1% by weight) enhanced
MDMO‐PPV triplet excited state population occurs relative to a pristine MDMO‐PPV film. Because
MDMO‐PPV as well as PCBM emission is quenched, this has been explained by a charge
recombination of the electron on PCBM and the hole on a conjugated polymer into the neutral
polymer triplet exciton occurring more efficiently than in ISC in pristine MDMO‐PPV. At higher
PCBM concentrations, however, there is only minor contribution from triplet excited states. Such
11
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charge recombination to triplet excited states was recently also observed for other polymer:polymer
and polymer:PCBM blends.64 This recombination pathway deserves attention as it may reduce the
decay time of CT states and thereby hamper charge carrier dissociation in polymer solar cells.
Dissociating the CT excited state into free charge carriers. The short decay time of CT

excitations poses the question as to how they are dissociated in blends of π‐conjugated materials with
their low relative permittivity and low charge carrier mobility. It is important to recognize that CT
excitations have a longer electron‐hole separation distance, and are hence Coulombically more weakly
bound than excitations on a single component.65 This may strongly enhance the probability that the
polarons escape their mutual attraction. Additional dissociation probability may be provided by the
application of an external electric field. Indeed the results of Offermans et al. show a reduction of CT
emission intensity and its PL decay lifetime upon applying an external electric field, indicating that in
a polymer:polymer blend the CT excited state can be quenched and may participate in the charge
generation process in photovoltaic devices.56 On the other hand, results of Morteani et al. indicate that
dark geminate electron‐hole pairs need to be dissociated before decaying to emissive CT states that do
not show an electric‐field dependent dissociation.55c,d
Recent findings using the constant photocurrent method show a correspondence of the
photoaction spectra to the spectral features of the PDS spectra for MEH‐PPV:PCBM blends. The
equally strong contribution of CT absorption to the photoaction spectrum indicates that CT excited
states may quantitatively contribute to the creation of a photocurrent.66
A model that is frequently used to describe the field‐dependent dissociation of Coulombically
bound electrons and holes has been introduced by Braun et al.67 and is based on Onsager theory. This
model can describe the PL quenching of films of conjugated polymers upon application of an electric
field,68 and was recently applied successfully to describe the device characteristics of organic
photovoltaic devices.69,70 In these studies the decay rate of the initially formed CT states to the ground
state was used as a fitting parameter, providing kF–1 = 2.5–40 μs. This does not correspond to typical
decay times of CT excitations. Other device models also often use charge carrier lifetimes on the order
of microseconds rather than nanoseconds.71
The short lifetime of the CT excited states that is generally observed indicates that the crucial
step in photovoltaic devices is likely to be the dissociation of the electron‐hole pair that has been
generated optically at an internal donor‐acceptor interface.
Charge transport of free charge carriers to the electrodes. In bulk π‐conjugated materials the

rate‐controlling step of charge carrier mobility is interchain hopping.40 Hence, reducing disorder is
mandatory for improving mobility in these materials which is beneficial for the dissociation of
geminate electron‐hole pairs at the D‐A interface. Additionally, non‐geminate recombination is also
prevented if charge carriers are more easily extracted. Indeed, ordered D‐A blends with purer D and
A phases have shown improved device performance compared to their disordered counterparts.72
Such improved order of at least one of the two phases has for example been achieved by changing the
D:A ratio,34,73, by temperature annealing,74,75 slow drying,76 or by using preformed aggregates.77
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1.5

Aim and scope of this thesis
The charge generation in π‐conjugated electron donor‐acceptor blends used for photovoltaic

devices occurs efficiently with yields that have reached close to unity per absorbed photon at short
circuit. As we have seen in Section 1.4 the formation and dissociation of CT excitations may play a
crucial role in the charge generation process. We have seen that charge recombination of CT
excitations in these blends may occur within a few nanoseconds and that CT states may recombine
into triplet excited states. However, not much is known about the requirements for exciton
dissociation, about the energy of CT states in the solid state, or about the quantification of
recombination to triplet excited states.
In this thesis charge generation processes in materials for polymer photovoltaic devices are
investigated. The general questions that will be addressed are:
(i)

How can CT states be effectively populated without major energy losses?

(ii)

And how are they dissociated?

(iii)

What determines whether recombination to triplet excited states occurs?

(iv)

And is it a major loss pathway for CT states?

Links will be made to materials properties, such as the optical band gap, redox potentials and
photoactive layer morphology. The results can be used to further optimize polymer photovoltaic
devices in terms of low energy‐losses from the optical band gap to the open circuit‐voltage and of
preventing charge recombination to triplet excited states.
The questions are addressed using a combination of electro‐optical measurements on the pico‐
to microsecond timescale on a broad range of materials and measurement conditions. The first
chapters of this thesis cover the formation and decay of CT states between electron donor and acceptor
materials in solution. In chapters 2 and 3 ground‐state CT interactions are studied between π‐
conjugated oligomeric and polymeric electron donors and electron acceptors using ground‐state
absorption measurements. In chapters 4 and 5 covalently linked chromophores are studied using
photoluminescence and photoinduced absorption in a series of solvents and at a range of
temperatures and time ranges with the aim to investigate CT state population and recombination as a
function of the environmental conditions. Chapters 6 to 9 focus on the interactions between electron
donors and acceptors in solid state blends using CT emission and photoinduced absorption
measurements as a probe. A link will be made between materials properties, photovoltaic device
properties, and photophysical processes such as CT excited state population and dissociation and the
possibility of charge recombination into triplet excited states.

1.6
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Charge-transfer absorption for

π-conjugated polymers and oligomers
mixed with electron acceptors*

Abstract. π‐Conjugated polymers and oligomers show charge‐transfer (CT) absorption bands
when mixed with electron acceptors in chloroform solution. This is attributed to formation of
(ground state) donor‐acceptor complexes in solution. By varying the concentration of the
donor and the acceptor, the extinction coefficient for the CT absorption and the association
constant of donor and acceptor are estimated. The spectral position of the CT bands
correlates with the electrochemical oxidation potential of the π‐conjugated donor and the
reduction potential of the acceptor.

* This work has been published: P. Panda, D. Veldman, J. Sweelssen, J. J. A. M. Bastiaansen, B. M. W.
Langeveld‐Voss, S. C. J. Meskers, Journal of Physical Chemistry B 2007, 111, 5076–5081.

Chapter 2

2.1

Introduction
π‐Conjugated polymers1,2 are fascinating materials that can be applied as active layer in

various opto‐electronic devices. This has spurred a large research effort on the electrical and
photophysical properties of these materials. Initially, after conjugated polymers had become available
in larger quantities, electrical conductivity was one of the properties investigated in detail. It was
discovered that the electron acceptor iodine forms a charge‐transfer (CT) complex with a variety of π‐
conjugated polymers and doping polymer films with I2 can result in materials with very high
conductivity.3–5 Later, also the interaction of π‐conjugated polymers with molecular oxygen was
investigated and also this electron acceptor forms a complex with π‐conjugated polymers.6,7 Because
O2 has less electron accepting character than I2, the complex of O2 with π‐conjugated polymers has
only a limited ionic character in the ground state. Upon complexation with O2, a new optical
absorption band arises, that corresponds to the transition from the (almost charge neutral) ground
state to the charge separated state of the complex.6,8 The occurrence of such a CT absorption band is
well known for small aromatic molecules upon complexation with electron acceptors.9–13
In the last decade it has become clear that mixing π‐conjugated polymers possessing electron
donating properties with molecular materials having an electron accepting character results in
materials that can give rise to very efficient photoinduced charge separation.14–16 This allows for
photovoltaic energy conversion with high quantum efficiency for those wavelengths which are
absorbed effectively by the material. Recently, it has been shown that for a commonly used polymer–
acceptor combination a CT band can be observed at the red edge of the allowed optical transitions of
the separate materials and that optical excitation via this transition contributes to charge generation.17–
19

This indicates that the electronic structure of the complex formed between donor and acceptor may

play an important role in the charge generation mechanism in these polymer‐acceptor materials,
which is at present only partially understood.20 In addition, for a number of donor‐acceptor
photovoltaic blends, the presence of a complex between donor and acceptor with its own special opto‐
electronic properties is evidenced by CT luminescence.21–25 This emission corresponds to the transition
from the ionic CT state of the donor‐acceptor pair back to the neutral ground state and is the emission
analogue of the CT absorption band of the complex.
The complex formation between an aromatic or π‐conjugated donor and an acceptor can be
considered as a supramolecular interaction and has been used to control the internal organization of
materials or complex molecules.26–29 In turn, the relative position of donor and acceptor moieties and
their interaction have a strong influence on photoinduced electron transfer processes occurring in
these materials.30,31 Here the CT absorption band can be used as diagnostic for the donor‐acceptor
interaction.31
The issues described above highlight the importance of CT interaction for π‐conjugated
molecules and materials. Much of our understanding of the CT complex formation is derived from
studies of small aromatic molecules9–13 but surprisingly few systematic studies have been devoted to
donor‐acceptor complexes and CT absorption bands with π‐conjugated oligomers or polymers with
electron acceptors. Most attention has been paid to films using strong electron acceptors forming ionic
complexes32–37 or to photoinduced electron transfer.38 Here, the CT absorption is investigated that
18
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arises from ground‐state donor‐acceptor complexes formed spontaneously in chloroform solution.
Specifically, a set of acceptors with varying reduction potential (ERED) is combined with a series of π‐
conjugated oligomers and polymers (Figure 2.1). Investigated are oligo(phenylene vinylene)s (OPV3
and OPV4) together with a corresponding polymer (MDMO‐PPV) and also two oligothiophenes (3T
and 6T) with a structurally related polymer (regio‐irregular P3HT). In addition, also polymers (1‐3)39,40
and dyes (4‐5)41,42 with less electron donating character are used as donors. This provides a set of
donor molecules with different sizes and different oxidation potentials (EOX).
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Figure 2.1. The electron donors (left) and acceptors (right) used in this study.

From research on small (aromatic) molecules the correlation between the photon energy for
which the CT absorption reaches its maximum intensity (hνCTmax) and the difference between the
oxidation potential of the donor and the reduction potential of the acceptor (EOX – ERED) is well known.
The rationale behind this correlation is that for moderately strong electron donors and acceptors, the
ground state complex is expected to be almost charge neutral so that hνCTmax reflects the energy
difference between the neutral ground state and the charge separated excited state. The energy of the
charge separated state may be estimated independently from the electrochemical potentials (EOX –
ERED) but obviously one needs also to take into account the electrostatic interaction between the
charges in the charge separated state of the complex as well as the electrostatic interactions between
the radical cation or anion formed in CV and the counter ions from the supporting electrolyte.
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This work is focused on complexation of π‐conjugated polymers and oligomers with electron
acceptors in solution, monitoring the CT absorption band of the complex. An important issue is to
establish that this CT absorption band is different from the well known cation (polaron) absorption
bands of the π‐conjugated material. At low concentration one expects only formation of 1:1
complexes, and the association constant and molar extinction coefficient for the CT absorption band
will be evaluated for a number of donor acceptor combinations. A second issue addressed here is the
correlation of the spectral position of the CT band and the difference (EOX – ERED). This correlation,
when observed, provides evidence for the assignment of the CT absorption band to the transition
from the (almost) charge neutral ground state of the donor–acceptor complex (DA) to the charge
separated state of the complex (D+A–). The position of the CT band may provide independent
information on the energetic position of the charge separated state in donor acceptor combinations
and may therefore be very relevant for further studies of photoinduced charge generation processes in
polymer–acceptor blends used in e.g. photovoltaics.

2.2

Results and discussion
In Figure 2.2 the absorption spectra for OPV3:TCNQ mixtures in chloroform are shown. As

can be seen in Figure 2.2b, upon mixing a new absorption band appears with a maximum intensity at
a photon energy hνCTmax = 1.15 eV. In addition, there is a second new absorption band at 1.7 eV and
these new bands are clearly different from the absorption of the isolated, neutral donor and acceptor
compounds which absorb at photon energies > 2.5 eV. Moreover, these new bands do not match with
those of the OPV3•+ cation. To illustrate this, the photoinduced absorption spectrum of a mixture of
OPV3 and a fullerene derivative (MP‐C60) is shown in Figure 2.2a.43 This system is known to give
photoinduced charge generation upon excitation of the donor molecule and the absorption bands of
the OPV3•+ and MP‐C60•– are indicated in the graph. The new absorption bands of the OPV3:TCNQ
mixture can also not be ascribed to TCNQ–•,32 and are therefore most likely due to the transition from
the (neutral) ground state of the OPV3‐TCNQ complex to the charge separated state of this assembly.
This assignment is supported by the concentration dependence of the intensity of the new absorption
bands. At low concentration an approximately linear dependence of the absorbance on both the total
concentration of donor ([D]0) and acceptor ([A]0) can be observed. The data, including those at higher
concentration, can be fitted with a bimolecular association model, yielding values of εCTC(1.15 eV) =
144 ± 16 M–1cm–1 for the molar decadic extinction coefficient and K = 186 ± 72 M–1 for the association
constant (Figure 2.2c). Note that there is no change in the shape of the CT absorption band with
concentration, which is consistent with formation of the 1:1 complex only. In addition, the intensity of
the CT band is virtually the same for the mixtures containing 2.5 : 5 mM and 5 : 2.5 mM ([A]0 : [D]0)
initial concentrations, which is expected for 1:1 complex formation.
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Figure 2.2. a) Photoinduced absorption of OPV3 mixed with a fullerene derivative (MP‐C60) showing the radical
cation absorption bands of OPV3•+ (from ref 43). The ground‐state OPV3 absorption (not shown) has a low‐energy
onset at 2.7 eV (ref. 44). b) Absorbance of OPV3 and TCNQ mixed in various ratios in chloroform. c) Absorbance
at 1.15 eV of the OPV3:TCNQ mixtures as a function of initial TCNQ concentration with [OPV3]0 = 2.5 () or 5
( ) mM, and a bimolecular association model fitted to the data (solid lines, K = 186 ± 72 M–1, εCTC (1.15 eV) = 144 ±
16 M–1cm–1).

CT absorption bands for OPV3 are also observed with other electron acceptors and this is
illustrated in Figure 2.3. The spectral position of the CT band shifts to higher photon energies when
acceptors with a lower (i.e. more negative) ERED are mixed with OPV3. The oxidation potential for the
donors used has been determined with cyclic voltammetry and the values are listed in Table 2.1. In
Figure 2.3 the data for the structurally similar OPV4 oligomer and MDMO‐PPV polymer are also
given. The CT bands of the OPV4 and the polymer with the stronger electron acceptors occur at
slightly lower photon energies than for OPV3, indicating a correlation between hνCTmax and EOX of the
donors (see Table 2.1). As can be seen, the CT band with DCDCB as acceptor and MDMO‐PPV as
donor is unusually broad. The absence of any significant absorption at 0.4 eV excludes formation of a
purely ionic D+‐A– complex and thus ground state electron transfer does not provide an explanation
for the unusual band shape. The shape is interpreted as a superposition of the first and the second CT
band with the second having a higher intensity. Deconvolution of the feature into two Gaussian bands
gives 0.99 eV as hνCTmax for the first CT band, and 1.3 eV for the second CT band.
In Figure 2.3 the CT bands observed for the thiophene based donors combined with different
acceptors are also illustrated. Again, the correlation between hνCTmax and ERED of the acceptor and with
EOX of the donor is apparent. For the stronger acceptors, TCNQ and DCDCB, also a second CT band is
observed. For both the phenylene vinylene and the thiophene donor series an increase in the intensity
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of this second CT band is observed relative to the first when going from shorter to longer donor
molecules.
Table 2.1. Onset of the oxidation wave (EOXonset) and oxidation half potential (EOX1/2) of the donors. Reduction half
potential (ERED1/2) of the acceptors versus Fc/Fc+.
onset

Donor

EOX

MDMO-PPV
OPV4
ir-P3HT
6T
OPV3
a
4
a
5
3T
1
Pyrene
2
9-Me-Anthracene
3
a

1/2

/V

EOX

+0.16
+0.22
+0.23
+0.26
+0.26
+0.34
+0.42
+0.48
+0.48
+0.51
+0.53
+0.61
+0.85

/V

Acceptor

n.d.
+0.28
n.d.
+0.32
+0.33
+0.38
+0.46
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

ERED

DCDCB
TCNQ
Chloranil
Fluoranil
PMDA

1/2

/V

+0.01
-0.30
-0.42
-0.52
-1.04

ERED1/2 determined for 4 and 5 under the same experimental conditions are ‐1.72 V and ‐1.71 V versus Fc/Fc+, respectively.
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Figure 2.3. CT absorption bands for (left) phenylene vinylene based donors, OPV3 (⎯); OPV4 (–T–); MDMO‐
PPV (– –), and thiophene based donors (right), 3T (⎯); 6T (–T–); ir‐P3HT (– –), mixed with the indicated
acceptors in chloroform solution.
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Figure 2.4. Correlation of the photon energy of maximum absorbance for the first CT band (hνCTmax) with the
difference between oxidation potential of the donor and reduction potential of the acceptor (see Table 2.1) for
various donors mixed with the acceptors: DCDCB (), TCNQ (z), Chloranil (T), Fluoranil (U), and PMDA (Â).
Individual data points are listed in Table 2.2.
onset
1/2
for each donor‐
In Figure 2.4, hνCTmax of the first CT band is plotted versus EOX
− ERED
onset
1/2
acceptor couple. EOX
and ERED
refer to, respectively, the voltage at which the electrochemical

oxidation of the donor sets in, and the reduction half wave potential of the acceptor (see Table 2.1).
The data points are also listed in Table 2.2. Looking at Figure 2.4, a correlation between hνCTmax and
onset
1/2
) is observed and a linear regression analysis results in a slope of 0.94 ± 0.09 (eV/V) with
( EOX
− ERED
onset
1/2
an intercept of 0.84 ± 0.07 (eV) assuming a linear correlation between hνCTmax and ( EOX
).
− ERED

Previous studies examining CT bands in KBr matrix, have shown a similar correlation, but with a
considerably smaller intercept (0.4 eV).45 Part of the difference in the intercepts can be explained by
onset
rather then the proper half wave potential but this will reduce the intercept by at most
the use of EOX

0.07 eV (see Table 2.1). The magnitude of the intercept is also influenced by, among others,
electrostatic interactions between the charges in the charge separated state of the DA complex. Also
electrostatic interactions in the CV measurements between the ionized molecules under study and the
ions of the supporting electrolyte, influence the intercept as these interactions affect EOX and ERED.
Furthermore, also the solvation of the DA complex in the ground and excited state need to be
considered, as well as solvation of the radical cation and anion. Therefore, the value for the intercept
may vary, depending on the choice of donor and acceptor molecules and the procedures used in the
CV measurements. Note that, in this study the same solvent and supporting electrolyte was used for
the determination of the redox potentials of all donor and acceptor molecules. One of the other factors
contributing to the intercept is the shape of the CT bands. Following the Franck‐Condon principle, the
optical transition between the ground and CT state is a vertical one, in which the ground state
equilibrium nuclear geometry is projected onto the excited state. This ground state geometry does
most likely not correspond to the energetically most favorable conformation in the CT state. The
nuclear relaxation upon electronic excitation gives rise to a broad absorption band, of which the onset
corresponds to the true energy difference between the energy minima of the ground and CT states.46
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Thus one expects the energy of the charge separated state with respect to the ground state, to be lower
than hνCTmax and approximately equal to the onset of the CT band. As the CT band is rather featureless,
the onset is difficult to determine precisely, but considering the experimental spectra, 0.4 eV for the
difference between hνCTmax and the onset seems a reasonable estimate.47
Table 2.2. Photon energies of maximum absorbance (hνCTmax) for the first and second CT band of various donor‐
acceptor combinations.

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Donor

Acceptor

MDMO-PPV
ir-P3HT
6T
5
OPV4
OPV3
4
3T
1
2
3
ir-P3HT
MDMO-PPV
OPV4
OPV3
6T
4
5
1
2
9-Me-Anthracene
3T
Pyrene
3
MDMO-PPV
ir-P3HT
4
5
OPV4
OPV3
6T
3T
ir-P3HT
MDMO-PPV
5
4
OPV4
OPV3
6T
3T
OPV4
OPV3

DCDCB
DCDCB
DCDCB
DCDCB
DCDCB
DCDCB
DCDCB
DCDCB
DCDCB
DCDCB
DCDCB
TCNQ
TCNQ
TCNQ
TCNQ
TCNQ
TCNQ
TCNQ
TCNQ
TCNQ
TCNQ
TCNQ
TCNQ
TCNQ
Chloranil
Chloranil
Chloranil
Chloranil
Chloranil
Chloranil
Chloranil
Chloranil
Fluoranil
Fluoranil
Fluoranil
Fluoranil
Fluoranil
Fluoranil
Fluoranil
Fluoranil
PMDA
PMDA

onset

EOX

- ERED
0.15
0.22
0.25
0.41
0.21
0.25
0.33
0.47
0.47
0.52
0.84
0.53
0.46
0.52
0.56
0.56
0.64
0.72
0.78
0.83
0.91
0.78
0.81
1.15
0.58
0.65
0.76
0.84
0.64
0.68
0.68
0.90
0.75
0.68
0.94
0.86
0.74
0.78
0.78
1.00
1.26
1.30

1/2

/V

hν

CT

hν

max

st

1 CT band / eV
0.99
0.84
1.12
1.15
1.19
1.19
1.21
1.4
1.46
1.51
1.7
1.03
1.07
1.12
1.15
1.18
1.22
1.23
1.34
1.34
1.45
1.49
1.63
2.01
1.45
1.47
1.55
1.57
1.58
1.61
1.66
1.89
1.63
1.64
1.66
1.68
1.72
1.73
1.74
2.01
1.95
1.97

2

nd

CT

max

CT band / eV
1.31
1.4
1.66
2.24
1.7
2.5
1.49
1.48
1.63
1.76
1.88
1.84
2.43
2.34
-

Looking at Figure 2.4, it is evident that there is quite a large spread of the hνCTmax around the
onset
1/2
). Interestingly, for data points obtained using the same
ideal linear correlation with ( EOX
− ERED

acceptor, the correlation seems to be better, see for example the data points with TCNQ as acceptor. A
possible explanation for this is that the magnitude of hνCTmax is influenced by the electrostatic
interaction between the positive and the negative charge in the excited, charge separated state of the
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complex (D+A–). The electrostatic interaction is strongly influenced by the distribution of charge over
the ionized D+ and A– molecules. Using a single acceptor is then expected to reduce the variation in
interaction energies. In addition systematic errors in the determination of ERED with cyclic
voltammetry are canceled out when comparing data points obtained with the same acceptor.
For the π‐conjugated oligomers with their well‐defined molecular weights, the association
constant for the donor‐acceptor complex formation may be evaluated by measuring the CT absorption
for various total concentrations of donor and acceptor. This has been done for the series with TCNQ
and Chloranil, and is illustrated for OPV3 and TCNQ in Figure 2.2c. The absorbance values probed at
hνCTmax and various initial concentrations [A]0 and [D]0 can be analyzed assuming 1:1 association with
equilibrium constant K and an absorbance proportional to εCTC×[D+A–] with [D+A–] the concentration
of the complex. In the analysis a non‐linear least squares fitting routine is used to determine K and
εCTC. Results for the phenylene vinylene and thiophene oligomers are listed in Table 2.3. Values for
εCTC are on the order of 102 M–1cm–1 and upon comparing the values obtained with TCNQ and
Chloranil for each oligomer TCNQ gives generally higher values for the extinction coefficient than
Chloranil. This is in agreement with the relation between εCTC and the ionic character in the ground
state complex proposed earlier,48 implying higher values for εCTC with decreasing (EOX – ERED). The
values for K are generally on the order of 102 and do not seem to show any systematic trend. In some
cases, estimated errors for the K and εCTC values are quite large. Possible reasons for this are the
following. In the low concentration limit, the absorbance ≈ εCTC K [A]0 [D]0, and only the product εCTC K
can be determined accurately. Any attempt to obtain separate values for K and εCTC results in numbers
with large, correlated errors. Furthermore, there may be deviations from the assumed 1:1 complex
stoichiometry. For some donor‐acceptor systems, the experiments provide indications for this, because
it is observed that the CT absorbance measured with [A]0 = x and [D]0 = y is not equal to the
absorbance for [A]0 = y and [D]0 = x (x > y). For strictly bimolecular association this equality should
hold. Finally, problems in determining reliable equilibrium constants from CT data are well known
and may also arise from the non‐ideality of the solutions.49
Table 2.3. Molar decadic extinction coefficients at the maximum of the first CT band (εCTCmax) and bimolecular
association constant K for various donor‐acceptor combinations.

2.3

Donor

Acceptor

OPV3
OPV3
OPV4
OPV4
3T
3T
6T
6T

TCNQ
Chloranil
TCNQ
Chloranil
TCNQ
Chloranil
TCNQ
Chloranil

ε

CTC

max

–1

/ M cm

144 ± 16
94 ± 26
202 ± 11
83 ± 52
61 ± 14
22 ± 6
76 ± 7
51 ± 50

–1

K/M

–1

No of obs.
2

(1.9 ± 0.7) × 10
2
(1.2 ± 0.7) × 10
2
(2.1 ± 0.5) × 10
2
(3 ± 5) × 10
2
(3 ± 4) × 10
2
(4 ± 4) × 10
2
(2.2 ± 0.6) × 10
2
(1.0 ± 1.6) × 10

6
6
4
3
5
6
6
6

Conclusions
CT absorption bands of ground state complexes of π‐conjugated polymers and oligomers with

electron acceptors have been identified. The dependence of the intensity on concentration of donor
and acceptor provides compelling evidence for the assignment to a complex between donor and
acceptor, while the spectral position and correlation with the redox potentials of donor and acceptor
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support the assignment of the CT absorption to the transition from the ground state to the charge
separated state of the complex. The CT band may be used to asses the energy of the charge separated
state in organic donor‐acceptor blends and to this end the relation between photoinduced electron
transfer processes and the occurrence and spectral position of the CT band should be studied further.

2.4

Experimental section
Absorption spectra were measured on a Perkin Elmer Lambda 900 using a sample cell with small

volume. Concentrations were determined by weighing. The solvent used in all experiments was chloroform.
Cyclic voltammograms were recorded in an inert atmosphere (O2, H2O < 5 ppm) using degassed dichloromethane
(DCM) as solvent and tetrabutyl ammonium hexafluorophosphate (TBAPF6, 0.1 M) as supporting electrolyte. The
working electrode was a platinum disc (0.2 cm2) and the counter electrode was a platinum electrode. A Ag/AgCl
reference electrode was used, which was calibrated against ferrocene/ferrocenium (+0.35 V vs. Ag/AgCl).
Estimated error in the electrochemical potentials: 0.01 eV. Some of the compounds were found to give irreversible
voltammograms (e.g. 3T, which is known to dimerize). In these cases, high scan speeds (2 V/s and 5 V/s) were
used and the onset of the oxidation wave EOXonset is reported as determined by taking the intersection of the
extrapolated steeply rising edge of the voltammogram and the baseline.
Polymers 1‐3 have been described before.39,40 Compounds 4 and 5 were synthesized at TNO Science and
Industry by slight modification of the method reported in refs. 41 and 42. Synthesis towards 4: 5,5’’’’‐diiodo‐
3’’,4’’‐bis(2‐ethylhexyl)‐2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’‐quinquethiophene‐ 1’’,1’’‐dioxide (0.50 gram, 0.54 mmol) was
reacted with 5‐trimethylstannyl‐2‐methoxythiophene (0.45 gram, 1.62 mmol) via Stille coupling. The product was
purified by column chromatography (SiO2, hexane/dichloromethane, v/v, 1/1) and crystallizations. An orange
crystalline solid was obtained in 43% yield. Synthesis towards 5: 5,5’’’’‐diiodo‐3’’,4’’‐bis(2‐ethylhexyl)‐
2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’‐quinquethiophene‐1’’,1’’‐dioxide

(1.0

gram,

1.08

mmol)

was

reacted

with

5‐

trimethylstannyl‐2‐(9,9‐dioctylfluoren‐2‐yl)thiophene (1.70 gram, 2.68 mmol) via Stille coupling. The product was
purified by column chromatography (SiO2, hexane/dichloromethane, v/v, 7/3) and crystallizations. An orange
solid was obtained in 11% yield. Syntheses and optical characterizations of the OPVn,44,43 6T
oligomers, and MDMO‐PPV
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50,51

and 3T

52

have been described. ir‐P3HT was obtained by polymerization of 3‐

hexylthiophene using FeCl3 followed by Soxhlet extraction with hexane (Mw = 11 kD, PD = 1.9). MP‐C60 was
obtained as a generous gift from Prof. J. C. Hummelen. TCNQ and Fluoranil were obtained from Aldrich, DCDCB
and PMDA from Acros Organics, and Chloranil from Merck.
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3
Charge-transfer complex formation
between MDMO-PPV and PCBM

Abstract. A ground state charge‐transfer complex (CTC) is formed between poly[2‐methoxy‐
5‐(3’,7’‐dimethyloxtyloxy)‐1,4‐phenylene vinylene] (MDMO‐PPV) and a C60 derivative ([6,6]‐
phenyl‐C61‐butyric acid methyl ester, PCBM) upon mixing in solution, as evidenced from the
appearance of a distinct CTC absorption band at the red edge of the absorption bands of the
separate materials. Further support for CTC formation comes from static quenching of the
MDMO‐PPV fluorescence in the presence of PCBM, in addition to dynamic quenching by
diffusional motion. The association constant of MDMO‐PPV and PCBM is on the order of K =
1 M–1, when the concentration of the polymer is expressed in monomer repeat units (RUs).
Using a sensitive detection technique (fluorescence) and assuming that a multitude of
monomer units is quenched by association with PCBM allows determining such a low
association constant. The fact that conjugated polymers form a complex with fullerenes in
solution may influence the phase‐separation and the extent of contact in polymer:fullerene
bulk‐heterojunction thin films used in polymer solar cells. A comparison of the CTC
absorption in solution and in the solid state indicates that in an MDMO‐PPV:PCBM blend
with 80 wt.% PCBM a large fraction (more than 50%) of PCBM molecules is complexed with
MDMO‐PPV, revealing that virtually each PCBM molecule and hence each polymer chain in
the MDMO‐PPV‐rich phase forms a ground state CTC. This rationalizes the ultrafast decay
of any photoexcitation on the separate materials.
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3.1

Introduction
Small molecules may interact with π‐conjugated polymers by forming charge‐transfer

complexes (CTCs). The well known complexation of iodine (I2) with a variety of π‐conjugated
polymers affords materials with very high conductivity as a result of the ionic character of the
binding.1–3 On the other hand, interaction between π‐conjugated polymers and molecular oxygen (O2)
results in CTCs with only limited ionic character in the ground state. Complexation with O2 leads to a
new optical absorption band, corresponding to a transition from the (almost charge neutral) ground
state to the charge separated state of the complex.4,5 The occurrence of such CTC absorption bands is
well‐known for small aromatic molecules upon complexation with electron acceptors and the
interactions are governed by the oxidation and reduction potentials of the components.6–10
In recent years, blends of electron donating (D) π‐conjugated polymers with the electron
accepting (A) C60 derivative [6,6]‐phenyl‐C61‐butyric acid methyl ester (PCBM)11 are widely used as the
photoactive layer in polymer photovoltaics and provide power conversion efficiencies (η) above 5%.12
The oxidation and reduction potentials of the two components in these blends are such that in the
ground state the extent of charge transfer is relatively small, but that upon photoexcitation a fast
electron transfer occurs as the initial step of charge separation and charge carrier collection. While
early reports on solutions and thin films of π‐conjugated polymers with C60 or PCBM have not
revealed evidence of CTC absorption,13–15 recent studies by Goris et al., using sensitive detection
techniques, have revealed a weak, but very distinct, CTC absorption in polymer:PCBM blend films.16–
18

This interesting result was obtained by applying photothermal deflection spectroscopy that allows

small absorption changes to be identified in blends of different polymer:PCBM ratios, excluding
scattering artifacts.16–18
The formation of CTCs, or electron donor–electron acceptor interactions in general, can also be
detected by photoluminescence (PL) quenching of either of the components. This is effectively used in
conjugated polymer‐based chemical sensors.19 Following the first observation of amplified
fluorescence quenching in conjugated polymers by Zhou and Swager,20 Chen et al. showed that in
water the photoluminescence of a complete poly[2‐methoxy‐5‐propyloxy sulfonate phenylene
vinylene] (MPS‐PPV) chain is fully quenched by a rapid (i.e. within 650 fs) photoinduced charge
transfer when a single methyl viologen (MV2+) binds to only one of the 1000 polymer repeat units
(RUs).21
For understanding charge generation in organic bulk‐heterojunction solar cells, it is of interest
to study the interactions between π‐conjugated polymers and fullerene derivatives. Such interactions
may influence the blend morphology and give rise to more efficient charge generation, depending on
the number of D‐A contacts per unit volume. In general, the morphology of the blends greatly
influences the device performance.24,25 While phase separation between the electron donating and the
electron accepting material is needed for the transport of positive and negative charge carriers
towards the electrodes with minimal recombination losses, efficient dissociation of photoexcitations
into charge carriers at the donor‐acceptor interface requires intimate mixing of donor and acceptor
material due to the limited lifetime and diffusion range of photoexcitations.
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Here a detailed investigation is presented of the interactions between poly[2‐methoxy‐5‐(3’,7’‐
dimethyloxtyloxy)‐1,4‐phenylene vinylene] (MDMO‐PPV) and PCBM in solution using UV/vis and PL
spectroscopy. MDMO‐PPV:PCBM blends have been extensively studied and are known to give
photovoltaic devices with power conversion efficiencies of about 2.5% in sunlight and external
quantum efficiencies close to 50% for 500 nm light.22–26 The morphology of MDMO‐PPV:PCBM blends,
spin cast from chlorobenzene solutions, is an intimately mixed composite up to 50 wt.% PCBM. Only
at higher PCBM concentrations phase separation of a pure PCBM phase occurs.24,25 Importantly, CTC
absorption in this blend has been studied by Goris et al.17
Using a 2‐compartment cell, small changes in UV/vis absorption can be detected upon mixing
two solutions of MDMO‐PPV and PCBM (Figure 3.1). By studying the concentration dependence of
the CTC absorption and the PL quenching, an association constant for MDMO‐PPV and PCBM in
solution is extracted on the order of K = 1 M–1. Such a low association constant could only be
determined by using a sensitive detection technique (fluorescence) and followed from assuming that a
multitude of monomer units is quenched by association with PCBM. By comparing the CTC
absorption in solution and in the solid state it is inferred that CTCs are omnipresent in the blend films.
For an MDMO‐PPV:PCBM blend with 80 wt.% PCBM a large fraction (> 50%) of PCBM molecules is
complexed with MDMO‐PPV. This surprising result signifies the extent of ground state charge
transfer interactions and helps to rationalize the ultrafast decay of any photoexcitation on the separate
materials.
“mix”

“sum”

OMe
O

PCBM

PPV

PCBM
Mix
O
*

MeO

*

n

MDMO-PPV

Figure 3.1. Molecular structures of the materials under study, and schematic representation of the difference
absorption experiment: first the transmission is measured in a 2‐compartment cell filled with two separate
solutions of MDMO‐PPV and PCBM. Then, the two solutions are mixed and the transmission is measured again
in the same cell. Differences between the two measurements resolve the effect of interactions between MDMO‐
PPV and PCBM.
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3.2

Solubility of the separate components
Before addressing the absorption and PL spectra of the MDMO‐PPV:PCBM mixtures, it is

important to consider the absorption characteristics and solubilities of the separate compounds.
Special care must be taken in the experiments to avoid aggregation of polymer chains because this
generally leads to red shifted absorption and quenched emission spectra. For MDMO‐PPV in toluene
(TOL) at T = 293 K aggregation is already observed at concentrations ≥0.5 mM phenylene vinylene
(PV) repeat units (RUs), from an additional absorption in the 550–600 nm range and from new
emission bands with a PL maximum at 586 nm (Figure 3.2a), i.e. 18 nm red shifted from the emission
maximum of well‐dissolved MDMO‐PPV (Figure 3.7a). In o‐dichlorobenzene (o‐DCB) a weak tailing
on the red edge of the absorption band is only observed at 20 times higher polymer concentrations:
above 10 mM RU. Note that the concentration at which a polymer starts to aggregate will depend on
its molecular weight. For all experiments a polymer with a weight‐averaged molecular weight of Mw =
570 kg mol–1 is used.
PCBM is much more soluble than its parent compound C60 in e.g. aromatic solvents, due to its
methyl ester functionality.27 Still, PCBM is known to crystallize at higher concentrations,28 and
solubilities in e.g. TOL (9–13 mg mL–1) and chlorobenzene (35–55 mg mL–1) have been reported.25a,29 For
solutions with low PCBM content (e.g. for [PCBM] below 25 mg mL–1, i.e. 30 mM in o‐DCB) virtually
all light is transmitted at wavelengths higher than the absorption onset of PCBM (ca. 750 nm, Figure
3.2b). At higher PCBM concentrations there is a sudden decrease in transmission in the NIR region
(700–1200 nm) that is most likely caused by scattering of PCBM crystallites. If the onset of this
decrease in transmission is taken as a measure, solubilities at T = 293 K of 7–10 mM (= 6–9 mg mL–1) in
TOL and 30–40 mM (= 25–40 mg mL–1) in o‐DCB are obtained, in agreement with values reported
before.25a,29
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Figure 3.2. (a) UV/vis absorption spectra of MDMO‐PPV in TOL at T = 293 K, at MDMO‐PPV concentrations of
0.1 (z), and 0.5 () mM RU, at 5 and 20 (dashed) minutes after heating the sample. The spectrum of the sample
containing 0.1 mM RU, after 5 minutes (z) is also given at a 5 times higher intensity. The inset shows the time‐
dependent PL emission of a 2.5 mM RU sample upon excitation with λexc = 565 nm. (b) Transmission of PCBM in
o‐DCB at the indicated concentrations, in a cell with d = 10 mm.
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In order to exclude contributions of the absorption of aggregating PCBM and MDMO‐PPV,
the absorbance and PL measurements were limited to concentrations up to [MDMO‐PPV]0 = 0.1 mM
RU and [PCBM]0 = 1.75 mM in TOL, and to [MDMO‐PPV]0 = 5 mM in RU and [PCBM]0 = 12.5 mM in
o‐DCB. The latter concentrations correspond to 1.4 mg mL–1 for MDMO‐PPV, and 11.4 mg mL–1 for
PCBM, just below the MDMO‐PPV (5–6.5 mg mL–1) and PCBM (20–21 mg mL–1) concentrations used
to prepare photovoltaic devices by spin‐coating mixtures from o‐DCB.28,30 The other electron acceptor
employed in this study, TCNQ, is soluble in o‐DCB at the concentration ranges studied and has a
much higher optical band gap (λmax = 405 nm in o‐DCB) than the other materials.31

3.3

Charge‐transfer complex absorption
CTC absorption in mixtures of MDMO‐PPV and PCBM in o‐DCB was detected in a two‐step

measurement using a cell with two compartments (Figure 3.1). First, the combined absorbance (Asum =
APPV + APCBM) of two separate solutions of MDMO‐PPV and PCBM was determined, followed by a
measurement of the mixed solutions resulting in Amix. Subtracting the two absorbances resolves any
additional absorption for the mixture (ACTC = Amix – Asum). From ACTC the absorption coefficient αCTC
was determined via division by the path length of the cell. Using initial concentrations of [MDMO‐
PPV]0 = 5 mM RU and [PCBM]0 = 5 mM, an additional absorption is observed at the red edge of the
absorption band of PCBM with an apparent maximum at 740 nm and αCTC = 2×10–3 cm–1 (Figure 3.3a).
This additional absorption in the mixture is assigned to CTC formation because the intensity increases
approximately linearly with both the MDMO‐PPV and the PCBM concentration.
The actual spectral position at which the CTC absorption band for MDMO‐PPV:PCBM reaches
its maximum intensity is difficult to determine accurately because the CTC absorption band partially
overlaps with the absorption bands of the separate molecular components. Upon complex formation,
a bleaching of the absorption of the individual components is expected and indeed observed for the
PCBM absorption band leading to an apparent negative αCTC below 725 nm.
In general, the low‐energy onset of CTC absorption in CHCl3 solution is located at ca. 0.5 eV
lower energy than its maximum absorption.32 Estimating the onset of the MDMO‐PPV‐PCBM CT band
at 1.45 eV (850 nm), the position of its maximum is then expected at 1.95 eV (635 nm). This estimate is
in agreement with the correlation between electrochemical properties of electron donors and
acceptors, and the spectral position of the CTC absorption band in CHCl3 solution.32 With the onset of
the oxidation wave of MDMO‐PPV, Eoxonset = +0.02 V and the reduction half potential of PCBM,
Ered1/2(PCBM) = ‐1.14 V vs. Fc/Fc+ in o‐DCB, the peak intensity of the MDMO‐PPV:PCBM CTC
absorption is expected at hνCTCmax = 0.94 e(Eoxonset – Ered1/2) + 0.84 eV = 1.93 eV.32
The shape and position of the red edge of CTC absorption observed in solution corresponds
very well to that observed by Goris et al. for MDMO‐PPV:PCBM films.17 The solution data show a ca.
10 nm blue shift in comparison with the film (Figure 3.3a). The magnitude of the absorption coefficient

αCTC (here, ACTC is divided by the film thickness, right axis) is more than four orders of magnitude
higher than for the solution. This is a result of the higher concentration of CTCs in the solid state than
in solution. A comparison between the CTC absorption intensity in solution vs. the solid state can be
performed by scaling to the absorption coefficient of PCBM. Figure 3.3b shows that in the blend film a
200 times higher value is found for the ratio of the absorption coefficients, αCTC(λ)/αPCBM(690 nm), than
33
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in the solution with [MDMO‐PPV]0 = 2.5 mM and [PCBM]0 = 12.5 mM. From this comparison, it can be
inferred that the fraction of PCBM molecules complexed at these concentrations is smaller than 1/200,
leading to an upper limit for the association constant of K < 2 M–1, with the MDMO‐PPV concentration
expressed in RU. In this estimate it is assumed that the ratio of the extinction coefficients of CTC and
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Figure 3.3. (a) Difference absorption spectra of mixtures and separate solutions of MDMO‐PPV and PCBM in
o‐DCB (left axis, α CTC = ( A mix − A sum ) / d ), and of an MDMO‐PPV:PCBM blend (80 wt.% PCBM) and a PCBM
film on quartz ({, right axis, α CTC = α blend − α PCBM − α PPV , from ref. 17). For the solutions the following
concentrations were used:  (2.5 + 2.5 mM), z (2.5 + 5 mM), S (2.5 + 12.5 mM), T (5.0 + 12.5 mM), indicating
[MDMO‐PPV]0 in RU + [PCBM]0 after mixing. Note the four orders of magnitude scaling difference between the
two axes. (b) Absorption coefficients of the CTC relative to those of PCBM at 695 nm, αCTC(λ)/αPCBM(690 nm), in
solution (S), and in the solid state ({, from ref. 17). Note that the spectrum obtained for the solution is multiplied
by a factor of 200.

The CTC absorption increases approximately linearly with the MDMO‐PPV and the PCBM
concentration (Figure 3.3a). Under this condition the association constant K can not be determined
accurately from fitting a bimolecular association model to the experimental data. Only the product of
association constant and the extinction coefficient of CTC absorption at 745 nm can be obtained:
K×εCTC(745 nm) = 2.5(± 0.5)×102 M–1M–1cm–1, with the MDMO‐PPV concentration expressed in RU
(Figure 3.4). From the absence of any significant saturation of the CTC absorption intensity with
concentration, an upper limit for the association constant of K < 20 M–1 in RUs MDMO‐PPV is
obtained.
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Figure 3.4. The additional absorbance of the mixture (Amix) compared to the sum of the two separate solutions
(Asum = APPV + APCBM) at 745 nm as a function of the initial PCBM (x‐axis) and MDMO‐PPV (labels, in mM RU)
concentrations in o‐DCB. The lines are global fits through the data using a bimolecular association model with K =
10 (solid), 100 (dashed), and 1000 (dotted) M–1 in RUs MDMO‐PPV and fitting εCTC(745 nm).

3.4

Detection of complexation by photoluminescence
Dynamic and static quenching. Interactions between molecules may lead to fluorescence

quenching in the excited state. Two different types of PL quenching can be discriminated: dynamic
and static quenching.14,33 Dynamic quenching ((1) in Figure 3.5) occurs via diffusion of the
photoexcited emitter P* and/or the quencher Q during the PL lifetime of P* and involves an overall
reduction of the PL lifetime of P* by collision with Q. Static quenching ((2) in Figure 3.5) involves the
formation of a complex (P‐Q) between P and Q in the ground state leading to instantaneous (e.g. < 1 ps
after photoexcitation) quenching of photoexcited complexes (P*‐Q), while the emission of
uncomplexed P* is not affected. Hence, the two types of quenching can be discriminated using PL
lifetime measurements. The instantaneous quenching of P*‐Q in the static quenching process leads to a
much shorter decay time for complexed P*‐Q than for uncomplexed P*. The PL decay time of P*‐Q can
be shorter than the instrumental response of the detection setup. Static quenching does , however, not
affect the decay time of uncomplexed P*, thus the ratio of the PL lifetime of (uncomplexed) P* in the
absence of quencher and the lifetime in the presence of quencher equals 1; τ0/τ = 1. For dynamic
quenching, on the other hand, collision of Q with P* reduces the PL lifetime τ of P*, and with that the
fluorescence intensity F:
F([Q]) = I 0 ∫ e

−( k0 + kq [Q ])t

dt = I 0τ ([Q])

(1)

with [Q] the quencher concentration, k0 = τ0–1 the PL decay rate of P* in absence of quencher Q, I0 the
emission intensity at t = 0, kq the diffusion controlled bimolecular quenching constant, and τ the PL
lifetime of P* in the presence of Q; τ = (k0+kq[Q])–1. Hence, the amount of quenching F0/F by dynamic
quenching is:33
F0 τ 0
=
= 1 + k qτ 0 [Q] = 1 + K D [Q]
F
τ

(2)

with KD = kqτ0 the dynamic quenching constant.
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P

P* + Q

Q

(1)

(2)

k0

kq[Q]

(P-Q)

(P*-Q)
No emission

hν

P+Q

K

(P-Q)

Figure 3.5. Quenching of photoexcited MDMO‐PPV (P*) can occur by two processes: (1) dynamic quenching via
collision with quencher (Q), and (2) static quenching if a ground state complex (P‐Q) has formed. Dynamic
quenching is linearly dependent on the bimolecular quenching constant kq. Static quenching is determined by the
association constant K.

Apart from the dynamic quenching, which conserves I0, static quenching can also contribute
to the lowering of fluorescence intensity. Here, quenching is due to formation of non‐luminescent
ground state complexes with the association constant K, resulting in a reduction of I0. In the case of
purely static quenching of a fluorescent dye (i.e. a non‐polymeric fluorophore), a single binding of Q
leads to (instantaneous) quenching of one fluorophore F. In this case the static quenching is described
by:33
F0
= 1 + K[Q]
F

(3)

For combined dynamic (eq 2) and static (eq 3) quenching this yields:
F0
= (1 + K D [Q])(1 + K[Q]) = 1 + ( K D + K )[Q] + K D K[Q]2
F

(4)

If a fluorescent polymer built up from monomer units M is considered, the fluorescence in
absence of quencher will be proportional to the concentration of monomer units [M]0. Binding of one
quencher molecule to the polymer at some place along the chain will deactivate a number of
monomers nRU immediately after excitation. If only static quenching is considered, then:
F0
[M]0
1
=
=
F [M]0 − nRU [M−Q] 1 − n [M−Q]
RU
[M]0

(5)

The total concentration of free (M) and bound (M‐Q) monomers is independent of quencher
[M−Q]
concentration, [M]0 = [M‐Q]+[M], and the association constant K =
can be used to substitute
[M][Q]
[M‐Q] for K[M][Q]:
F0
=
F 1− n
RU

1
1
=
K[M][Q]
x
1 − nRU
K[M][Q] + [M]
x+1

(6)

with x = K[Q]. From a Taylor series expansion up to the second order in [Q], then follows:
F0
= 1 + nRU K[Q] + (nRU 2 − nRU )K 2 [Q]2
F

(7)

For nRU = 1, for a fluorescent dye, this is the same as eq 3. For nRU >> 1 nRU2 ‐ nRU can be approximated
by nRU2:
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F0
= 1 + nRU K[Q] + nRU 2 K 2 [Q]2
F

(8)

In combination with dynamic quenching (eq 2) the steady state PL quenching up to the second order
in [Q] is given by:
F0
= (1 + K D [Q])(1 + nRU K[Q] + nRU 2 K 2 [Q]2 ) ≈ 1 + ( K D + nRU K )[Q] + ( K D nRU K + nRU 2 K 2 )[Q]2
F
(9)

Knowing KD from the decrease in PL lifetime with increasing [Q] (eq 2), nRUK can be obtained from a
plot of (F0F–1 – 1)/[Q]0 vs. [Q]0.34 Here, the intercept is equal to KD + nRUK, and the slope is about KDnRUK
+ nRU2K2. This method allows for two independent estimates of nRUK (from the intercept and the slope).
In this case, where the (weak) absorption of PCBM overlaps with the absorption and luminescence of
the polymer, absorption of excitation light or polymer emission by the quencher (inner filter effects)
can cause additional decreases in the luminescence. The determination of nRUK is most likely affected
by these inner filter effects at high quencher concentration, making the determination of nRUK from the
intercept more accurate.
Quenching of MDMO‐PPV emission by TCNQ. In order to test the methods developed
above, the PL quenching of MDMO‐PPV is investigated by a quencher that does not absorb the
excitation light used in the experiment, nor the MDMO‐PPV luminescence so that inner filter effects
can be neglected. TCNQ, with ε < 20 M–1cm–1 in the wavelength range 540–850 nm, was used as a
quencher. From the reduction of the PL decay time of MDMO‐PPV in o‐DCB (τ0 = 490 ps) upon
addition of TCNQ, a dynamic quenching constant of KDPPV = 1.6(± 0.1)×102 M–1 is obtained using eq 2.
From the steady state quenching nRUK is determined from a plot of (F0F–1 – 1)/[Q]0 vs. [Q]0 (Figure 3.6a).
According to eq 9, nRUK = 2.0(± 0.7)×102 M–1 is found from the intercept, and nRUK = 2.2(± 0.9)×102 M–1
from the slope of a linear fit through the data (Table 3.1). The agreement between the two values for
nRUK shows the internal consistency of the method. For the combination of MDMO‐PPV and TCNQ
the mechanism for PL quenching of MDMO‐PPV is electron transfer from MDMO‐PPV to TNCQ.
TCNQ cannot act as a quencher to MDMO‐PPV by energy transfer because the energy of TCNQ’s
lowest excited singlet state is much higher.
1000
1.5

F0 / F

F0
−1
F
[PCBM]0
-1

500
F0 / F

a)

1.0
0.5
1.0
[TCNQ]0 / mM
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τ0 / τ
0
0.0

τ0 / τ , F0 / F
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= 546 +/- 45 M
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−1
F
[TCNQ]0
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0
0.0

Slope = KD

τ0 / τ
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0.5
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Figure 3.6. The quenching of the MDMO‐PPV PL intensity (z) and decay time () in o‐DCB (right axes) with (a)
[MDMO‐PPV]0 = 5 mM RU using TCNQ as a quencher, and (b) [MDMO‐PPV]0 = 0.1 mM RU using PCBM as a
quencher. On the left axes (F0F–1 – 1)/[Q]0 ( ) is plotted for the same datasets. The solid and dashed lines are
linear fits through the τ/τ0 and (F0F–1 – 1)/[Q]0 data, respectively. The results of the fits are given in Table 3.1.
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Table 3.1. PL quenching characteristics for different concentrations of MDMO‐PPV in TOL and o‐DCB, with
PCBM or TCNQ as a quencher and [Q] up to 1.5 mM.

a

[PPV]
/ mM

Solvent

0.1
0.1
5
5

TOL
o-DCB
o-DCB
o-DCB

PPV

Q
PCBM
PCBM
PCBM
TCNQ

τ0

PPV

KD
2
–1 a
/ 10 M

/ ps

1.1 ± 0.1
g
1.3 ± 0.2
1.7 ± 0.1
1.6 ± 0.1

270
430
490
490

kq
–1 –1 c
/ 10 M s

nRUK
2
–1 d
/ 10 M

nRUK
2
–1 e
/ 10 M

3.9 ± 0.5
3.0 ± 0.5
3.3 ± 0.2
3.2 ± 0.2

4.6 ± 0.7
4.2 ± 0.7
1.2 ± 0.2
2.0 ± 0.7

(1.3 ± 1.3)
4.6 ± 0.6
3.4 ± 0.3
2.2 ± 0.9

11

b

f

KDPPV is the dynamic quenching constant obtained from time‐resolved PL, using eq 2. b τ0 is the PL lifetime of MDMO‐PPV at

580 nm in the absence of quencher. c kqPPV is the bimolecular rate constant of MDMO‐PPV emission quenching, obtained from
time‐resolved PL. d nRUK is the amount of monomers quenched nRU × the association constant K in RUs MDMO‐PPV; obtained
after subtracting KDPPV from the intercept of a plot of (F0F–1 – 1)/[Q] vs. [Q] with the y‐axis.

e

From the slope of a plot of

(F0F–1 – 1)/[Q] vs. [Q]. f The determination of the slope is not accurate for this data set due to its non‐linearity. g Up to [PCBM] =
0.75 mM due to deviations from linearity at higher concentrations.

Quenching of MDMO‐PPV emission by PCBM. When MDMO‐PPV is photoexcited (λexc = 505
nm), a reduction of the polymer emission intensity is observed when adding PCBM (0–1.25 mM) to
the polymer solution with [MDMO‐PPV]0 = 0.1 mM RU (Figure 3.7a). The dynamic quenching
constant KDPPV can be determined from fluorescence decay measurements (eq 2). Note that these
measurements are not affected by inner filter effects. Fitting the emission of the 0.1 mM MDMO‐PPV
solution in o‐DCB at 580 nm to a monoexponential decay curve results in a good match, and a small
but significant decrease of τ with increasing [PCBM]0 is found: from τ0 = 430 ps in the absence of
PCBM to τ = 392 ps at 1.25 mM (see inset Figure 3.7b). From a plot of τ0/τ vs. [PCBM]0, a slope of KDPPV
= 1.3(± 0.2)×102 M–1 is found ( in Figure 3.6b, Table 3.1). This results in a bimolecular rate constant of
kqPPV = KDPPV/τ0 = 3.0(± 0.5)×1011 M–1s–1 (eq 2) for the quenching of MDMO‐PPV by PCBM.
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Figure 3.7. PCBM concentration‐dependent PL quenching of MDMO‐PPV emission using an MDMO‐PPV
concentration of 0.1 mM RU in o‐DCB. a) Steady state PL using λexc = 505 nm. b) Time‐resolved PL using λexc = 400
nm, and λem = 580 nm. The data in b) is offset for clarity by multiplication of the normalized data with
(τ0/τ)(F0/F)–1, reflecting the amount of static PL quenching. The inset in b) shows the normalized data for 0 mM (τ0
= 430 ps) and 1.25 mM (τ = 392 ps) PCBM.

After assessing the dynamic quenching, the static quenching can be evaluated. Measuring the
luminescence quenching in steady state (F0F–1), plotting (F0F–1 – 1)/[PCBM]0 vs. [PCBM]0 (

in Figure

3.6b), and fitting eq 9 to the data (dashed line) nRUK = 4.2(± 0.7)×10 M is obtained from the intercept
2
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and after subtracting the dynamic quenching constant (Table 3.1). From the slope a slightly higher
nRUK = 4.6(± 0.6)×102 M–1 is obtained, which could be caused by higher order terms of [Q] in eq 9 and
inner filter effects that are more effective at higher PCBM concentration.
The results of the quenching of polymer emission by PCBM at the same MDMO‐PPV
concentration in TOL, and at higher MDMO‐PPV concentration in o‐DCB are summarized in Table 3.1.
At a 50 times higher MDMO‐PPV concentration (5 mM RU) in o‐DCB kqPPV is the same within
experimental error as at low MDMO‐PPV concentration. For nRUK, however, a 3.5 times lower value is
found (nRUK = 1.2(± 0.2)×102 M–1) at the higher polymer concentration. In TOL kqPPV and nRUK are 30%
and 10% higher than in o‐DCB at a polymer concentration of 0.1 mM RU.
The static and dynamic PL quenching of MDMO‐PPV by PCBM in solution can originate from
energy or electron transfer, or a combination of both. Both energy and electron transfer from
conjugated polymers to PCBM can occur with rate constants exceeding 1012 s–1. In more polar solvents
like o‐DCB, the likelihood of quenching via electron transfer increases.35
Quenching of PCBM emission by MDMO‐PPV. The steady state emission of PCBM with
varying MDMO‐PPV concentration was measured using selective excitation (λexc = 690 nm) of PCBM
in o‐DCB.36 Based on studies on oligo(p‐phenylene vinylene)‐fullerene dyads,35 and on the presence of
CTC absorption, electron transfer from MDMO‐PPV to PCBM and hence quenching of PCBM
emission is expected in o‐DCB. However, even the addition of high concentrations of MDMO‐PPV (up
to 5 mM RU) does not significantly (< 5%) affect the steady state PCBM emission intensity at its
emission maximum (λ = 725 nm) compared to a pristine solution with identical PCBM concentration
(12.5 mM).37 Note that this does not imply the absence of any PCBM excited state quenching; only, it
sets an upper limit for the amount of quenching in the presence of MDMO‐PPV.
Based on this finding upper limits for the constants describing purely static and dynamic
quenching can be obtained. From eq 2, KDPCBM < 10 M–1 in RUs MDMO‐PPV is found. Here the
superscript indicates that the dynamic process quenches PCBM emission. Using τ0 = 1.4 ns for PCBM
in o‐DCB an upper limit for kqPCBM = KDPCBM/τ0 < 7.5×109 M–1s–1 in RUs MDMO‐PPV is found for the
dynamic quenching of PCBM by MDMO‐PPV. From eq 3 an upper limit of K < 10 M–1 in RUs MDMO‐
PPV is obtained for static quenching.

3.5

Discussion
Quenching by diffusion. The observed bimolecular rate constants from the time‐resolved

emission measurements can be compared to diffusion rates predicted for small molecules, taking the
much larger MDMO‐PPV as stationary. The diffusion rate of PCBM in o‐DCB can be estimated from:
k D = 4πRreact DN Av

(10)

with D = k BT / 6πηa = 3.2×10–10 m2s–1 the diffusion coefficient, Rreact the reactive radius, NAv Avogadro’s
number, kB Boltzmann’s constant, T = 293 K the temperature, η = 1.324 mPa s the viscosity of o‐DCB,
and a = 0.5 nm the radius of PCBM. Assuming Rreact = 1 nm, kD = 2.5×109 M–1s–1 is found. This value
corresponds to the upper limit obtained from the absence of detectable quenching of PCBM emission
by MDMO‐PPV (kqPCBM < 7.5×109 M–1s–1 in RUs MDMO‐PPV). However, for quenching of MDMO‐PPV
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emission a ca. 50 times higher value (kqPPV = 3–4×1011 M–1s–1, Table 3.1) is obtained. This can be
explained by a process by which a collision with PCBM quenches a multitude nRU of MDMO‐PPV
monomers.19,20 In a diffusion limited reaction process the quenching rate —or the rate of reactive
encounters— of photoexcited PCBM (kqPCBM) by diffusion of PCBM towards a stationary polymer
chain with a number of monomers NRU is proportional to rate of diffusion through the reactive surface
SN of the complete polymer chain. Hence kqPCBM, expressed per PV monomer, is proportional to the
reactive surface (sn) per monomer unit: kqPCBM ∝ SN/NRU = sn (Figure 3.8a). The quenching rate of
photoexcited MDMO‐PPV kqPPV is also controlled by the diffusion of PCBM. However, kqPPV is
proportional to the reactive surface of the excitation, Sn the effective surface area on the polymer that
is quenched by PCBM, which is equal to the number nRU of repeat units quenched by collision with
PCBM multiplied with the surface area per RU: kqPPV ∝ Sn = nRU×sRU (Figure 3.8b).38 Hence, from
kqPPV/kqPCBM ≈ nRU, a lower limit of nRU > 50 is found for the number of MDMO‐PPV monomers that are
quenched upon collision with PCBM. This is commonly observed for the quenching of conjugated
polymers, and even higher numbers (~1000) of quenched RUs per molecule have been reported before
for the quenching of polyanionic MPS‐PPV with methyl viologen (MV2+) in water.21 A typical value,
however, for the intrinsic amplification due to exciton transport is 102 for conjugated polymer‐based
sensors.19b

a)

b)

Quenching of PCBM*

*
J

Expressed in RUs:

kqPCBM

= J×SN/NRU = J×sRU

Quenching of MDMO-PPV*
Sn

SN

J

*

Expressed in PCBM molecules:

kqPPV = J×Sn ∝ J×(sRU×nRU)

Figure 3.8. The dynamic quenching of a) photoexcited PCBM by an MDMO‐PPV polymer chain, and b) a
photoexcitation on MDMO‐PPV by a PCBM molecule. SN is the reactive surface area of a polymer chain
consisting of NRU monomer RUs, sRU is the reactive surface per RU. Sn and nRU are the reactive surface area of
MDMO‐PPV* and the amount of monomer units that is quenched by collision of MDMO‐PPV* with PCBM. J, the
flux (of PCBM) through the reactive surface is the same in both cases.

Physical causes for the high kqPPV relative to the diffusion rate of PCBM are (1) delocalization of
the excitation over more than one monomer unit, and (2) fast energy migration along the polymer
chain on a timescale much shorter than the luminescence lifetime. Studies on PV oligomers have show
that 6–17 PV RUs are involved in a relaxed photoexcitation.39 Ultrafast polarization studies have
shown that the initial photoexcitation is delocalized over at least 14 RUs in MEH‐PPV.40 Combined
with fast energy migration along the polymer chain, the exciton delocalization explains why dynamic
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quenching of MDMO‐PPV emission by diffusional encounter with a PCBM unit (kqPPV) can be more
than 50 times higher than kqPCBM.
Note that for polyanionic conjugated polymers such as MPS‐PPV quenched by cationic species
such as MV2+, an additional cause of “amplified PL quenching” is the aggregation (collapse) of these
polymers upon binding.21 Such quencher‐induced aggregation is considered as a likely cause for large
nonlinear PL quenching.19b PCBM however, is not expected to induce MDMO‐PPV aggregation due to
its weak (non‐ionic) bonding with the polymer.
Comparison of association constants. Several analyses of the association constant between
MDMO‐PPV and PCBM or TCNQ were done in Sections 3.3 and 3.4. These are summarized in Table
3.2. For the values for K determined from MDMO‐PPV emission quenching with PCBM nRU = 50–400 is
used, i.e. 50–400 monomer units are quenched upon association with PCBM. The lower limit for nRU is
set by the absence of detectable PCBM quenching (see previous section), and the upper limit by the
number‐averaged degree of polymerization (DPn = 400). Hence, K = 0.25–3 M–1 is found and 1–10 M–1
per PV RU, from nRUK = 1.2(± 0.2)×102 and 4.2(± 0.7)×102 M–1 at a polymer concentration of 5 and 0.1
mM RU, respectively. Overall, the data in Table 3.2 indicate an association constant in the range of K =
0.25–2 M–1 in RUs MDMO‐PPV. Similarly, K = 0.25–5 M–1 in RUs MDMO‐PPV is found for MDMO‐
PPV:TCNQ if nRU = 50–400 is assumed.
Earlier reports on steady state polymer emission quenching of MEH‐PPV:C60

13

and MEH‐

PPV:PCBM 14 mixtures in o‐DCB resulted in Stern‐Volmer constants of KSV = KD + nRUK = ~2×103 M–1 in
RUs for a polymer concentration of 0.1 mM PV RU. KD + nRUK = ~5×102 M–1 in RUs is obtained at this
concentration. The difference by a factor of 4 may be related to the use of a polymer with a slightly
different chemical structure and molecular weight.
Table 3.2. Overview of determined (limits of) association constants between MDMO‐PPV and quencher in o‐DCB
obtained by UV/vis absorption and PL quenching assuming that 50–100 monomers are quenched by association
of one PCBM molecule.

a

–1

Q

[MDMO-PPV]0 / mM RU

Method

K / M in RUs

Assumptions

PCBM
PCBM
PCBM
PCBM
PCBM
TCNQ

2.5–5
2.5–5
5
5
0.1
5

Comparison solid film CT abs
CTC absorption vs. concentration
PCBM PL quenching
MDMO-PPV PL quenching
MDMO-PPV PL quenching
MDMO-PPV PL quenching

<2
< 20
< 10
0.25–3
1–10
0.25–5

a
b
c

nRU = 50–400
nRU = 50–400
nRU = 50–400

Assuming that αCTC(λ)/αPCBM(695 nm) in solution is equal to that in a blend film. b Assuming a 1:1 association. c Assuming that

quenching of PCBM occurs by electron transfer.

Extinction coefficient of the CTC and its concentration in a blend film. The estimated
association constant can be used to obtain the extinction coefficient of the CTCs at 745 nm using the
product K×εCTC(745 nm) = 2.5(± 0.5)×102 M–1M–1cm–1 in RUs obtained from the bimolecular association
model (Figure 3.4), resulting in εCTC(745 nm) = ~2.5×102 M–1cm–1 for K = 1 M–1 in RUs MDMO‐PPV. This
εCTC(745 nm) is higher than εPCBM(690 nm) = 220 M–1cm–1, which is consistent with the observation of a
higher αCTC in the wavelength range 650–1000 nm for CTC in an MDMO‐PPV:PCBM blend with 80
wt.% PCBM than αPCBM in a pristine PCBM film.16 The fraction of PCBM molecules forming CTCs in an
MDMO‐PPV:PCBM (80 wt.%) blend can be estimating using this extinction coefficient, assuming that
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εCTC(745 nm) in the film is equal to that in solution. Using αCTC(745 nm) = 5×102 cm–1 for the film
(Figure 3.3a),17 the concentration of CTCs in the blend film follows from cCTC = L×αCTC(745 nm)/εCTC(745
nm) with L (≈ 0.75) a correction term for the higher Lorentz local field in the film,41–44 resulting in cCTC ≈
1.5 M–1 for K = 1 M–1 in RUs MDMO‐PPV. This concentration is actually higher than that of PCBM
molecules in the same blend that can be determined from the density of MDMO‐PPV (ρ = 0.91 g
cm–3),45 and the density (ρ = 1.50 g cm–3)45 and molecular weight (M = 911 g mol–1) of PCBM, resulting
in cPCBM = 0.64 M. Using the lower limit of K = 0.25 M–1 (for nRU = 400) results in εCTC(745 nm) = ~1×103
M–1cm–1 and cCTC = 0.38 M. This analysis indicates that a large fraction (> 50 wt.%) of PCBM molecules
is complexed with MDMO‐PPV in the blend containing 80 wt.% PCBM. This indicates that each
PCBM molecule that is not phase‐separated forms a CTC with the polymer. This is consistent with the
notion that for spin coated blends the fullerenes are mixed with the MDMO‐PPV phase up to 60 wt.%
PCBM, and that only at higher PCBM concentrations phase‐separation between an “MDMO‐PPV
rich” and a “PCBM rich” phase sets in that is visualized using transmission electron microscopy
(TEM) and atomic force microscopy (AFM), and which causes a reduction of the PCBM emission
quenching.24,25 The absence of a clear PCBM absorption band at ~700 nm in the photothermal
deflection spectroscopy spectra

16

and in external quantum efficiency action spectra (Figure 3.9) for

films up to 60 wt.% PCBM supports the view that virtually each PCBM molecule forms a CTC if it is
mixed with the polymer. At a concentration of 60 wt.% PCBM the blend contains only two polymer
RUs per PCBM molecule, indicating that each polymer chain is complexed with a multitude of PCBM
molecules. This is in agreement with the results of X‐ray microscopy studies that showed that in an
MDMO‐PPV:PCBM blend the PCBM segregates into 100% pure domains surrounded by an
intermixed MDMO‐PPV:PCBM domain containing more PCBM than MDMO‐PPV by weight.26
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Figure 3.9. External quantum efficiency action spectrum between 350 and 750 nm for photovoltaic devices
containing MDMO‐PPV:PCBM blends with the indicated weight percentages of PCBM. The inset shows a
magnification of the same data between 600 and 750 nm. The data of the 98 wt.% PCBM film in the inset is shifted
to 0.8% lower intensity for clarity. (Data from ref. 24).
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3.6

Conclusions
This study shows that ground state interaction between MDMO‐PPV and PCBM occurs in

solution by the formation of weakly bound CTCs. The presence of ground state CTCs was inferred
from observing a CTC absorption band with a low‐energy onset of ca. 1.45 eV, and from static PL
quenching. Using different approaches, a bimolecular association constant of K = 0.25–2 M–1 in RUs
MDMO‐PPV is obtained for MDMO‐PPV:PCBM in o‐DCB, and an extinction coefficient of εCTC(745
nm) = 125–1000 M–1cm–1. Such CTC interactions may affect phase‐separation between conjugated
polymers and PCBM upon the preparation of thin films if the CTCs are kinetically trapped, e.g. by
spin coating. Comparing these results with those reported by Goris et al. on the absorption coefficient
of the CTC in an MDMO‐PPV:PCBM (80 wt.%) blend, shows that a large fraction of the PCBM
molecules in the blend, if not all, are involved in a charge transfer complex with the polymer. The
absence of a clear band of PCBM at ~700 nm in the external quantum efficiency data of MDMO‐
PPV:PCBM blends at concentrations up to 60 wt.% PCBM supports this view.

3.7

Experimental section
MDMO‐PPV (Mw = 570 kg mol–1, PDI = 5, as measured by size‐exclusion chromatography using

polystyrene standards) was prepared using the sulfinyl precursor route.46 With a monomeric weight of MRU = 288
g mol–1, the average amount of phenylene vinylene monomers per polymer chain is >100, even if it is taken into
account that SEC overestimates the molecular weight of rigid polymers. 7,7,8,8‐Tetracyanoquinodimethane
(TCNQ) was obtained from Aldrich, and PCBM was obtained from Solenne BV.
Absorbance and fluorescence. TOL and o‐DCB were spectroscopic grade and used as received. UV/vis
absorption spectra were recorded using a PerkinElmer Lambda 900 spectrophotometer, and steady state
fluorescence

spectra

were

recorded

on

an

Edinburgh

Instruments

FS920

double‐monochromator

spectrophotometer with a Peltier‐cooled red‐sensitive photomultiplier. The emission spectra were corrected for
the wavelength dependence of the sensitivity of the detection system. The excitation wavelengths were 505 and
560 nm in the steady state measurements, for low and high MDMO‐PPV concentration, respectively. Time‐
correlated single photon counting fluorescence studies were performed on an Edinburgh Instruments LifeSpec‐PS
spectrometer by photoexcitation with a 400 nm picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz and
by detection with a Peltier‐cooled Hamamatsu microchannel plate photomultiplier (R3809U‐50). The data were
deconvoluted with the instrument response function of the instrument, recorded using dispersed light, and fitted
to a monoexponential function using the Fluofit package (PicoQuant, Berlin).
Sample preparation. Solutions of the pristine materials (MDMO‐PPV, PCBM, and TCNQ) were heated
and/or sonicated to ensure good solubility. All UV/vis absorption and photoluminescence measurements were
carried out at 20 °C after equilibration of the solutions for a few hours, and after carefully checking the solubility
of the compounds. For the UV/vis absorption difference spectra, a two‐compartment optical cell (Hellma, d =
0.437+0.437 cm) was used. The difference spectra were obtained by taking the difference between the UV/vis
absorption spectra measured prior to (“sum”) and directly after (“mix” in Figure 3.1) mixture of two separate
solutions of MDMO‐PPV and PCBM in o‐DCB. For the concentration‐dependent MDMO‐PPV PL quenching
studies, mixtures of MDMO‐PPV (0.1 or 5 mM RU) with quencher (PCBM or TCNQ, up to 2.5 mM) were added
with a syringe to solutions with an equal polymer concentration, and mixed by agitation.
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Enhanced intersystem crossing via
a high-energy charge-transfer state in a
perylenediimide-perylenemonoimide dyad*

Abstract. The electronic relaxation processes of a photoexcited linear perylenediimide‐
perylenemonoimide (PDI‐PMI) acceptor‐donor dyad were studied. PDI‐PMI serves as a
model compound for donor‐acceptor systems in photovoltaic devices and was designed to
have a high‐energy PDI•–‐PMI•+ charge transfer (CT) state. The study focuses on the minimal
Gibbs free energy (ΔGET) required to achieve quantitative charge transfer and on establishing
the role of charge recombination to a triplet state. Time‐resolved photoluminescence (PL)
and picosecond photoinduced absorption (PIA) are used to investigate excited singlet (S1)
and CT states and these experiments are complemented with singlet oxygen (1Δg)
luminescence and PIA measurements on longer timescales to study the population of triplet
excited states (T1). In an apolar solvent like cyclohexene (CHX), photoinduced electron
transfer does not occur, but in more polar solvents such as toluene (TOL) and chlorobenzene
(CB) photoexcitation is followed by a fast electron transfer, populating the PDI•–‐PMI•+ CT
state. Rate constants for electron transfer (ET, S1 → CT), back electron transfer (BET, S1 ←
CT), and charge recombination (CR) to lower‐energy states (CT → S0 and CT → T1) are
extracted. Temperature‐dependent measurements yield the barriers for the transfer
reactions. For ET and BET these correspond to predictions from Marcus‐Jortner theory and
show that efficient, near quantitative electron transfer (kET/kBET ≥ 100) can be obtained when
ΔGET ≈ ‐120 meV. With respect to triplet state formation, a relatively low triplet quantum
yield (ΦT < 25%) was found in CHX, but much higher values (ΦT = 30–98%) were found in
TOL and CB. The PDI•–‐PMI•+ state is identified as a precursor to the T1 state. Recombination
to T1, rather than to the ground state S0, is required to rationalize the experimental barrier for
CR. Finally, the relevance of these results is discussed for electron donor‐acceptor films in
photovoltaic devices.
* This work has been accepted for publication: D. Veldman, S. M. A. Chopin, S. C. J. Meskers, R. A. J.
Janssen, Journal of Physical Chemistry A 2008, in press.
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4.1

Introduction
The active layer of the most efficient polymer solar cells to date consists of partially phase‐

separated blends of a p‐type (electron donating, D) conjugated semiconducting polymer, and an n‐
type (electron accepting, A) material, which can be a small molecule, a second conjugated polymer, or
an inorganic nanocrystalline semiconductor.1 Light absorption results in a bound electron‐hole pair
(exciton) in either of the two materials. After diffusion of the exciton to the D‐A interface, the first step
in the charge separation process is an electron transfer step between D and A, creating a charge
transfer (CT) state in which D and A are positively and negatively charged, respectively. The CT state,
which can be described as a weakly bound electron‐hole pair at the D‐A interface, must be further
dissociated to allow efficient collection of electron and holes at the opposite electrodes.
For efficient conversion of sunlight into electrical power, the photoinduced charge transfer
reaction should be both quantum and energy efficient, i.e. the process S1 → CT should occur with unit
quantum yield and minimal energy loss (E(S1) ≈ ECT). The first condition enables a high photocurrent
and the second condition a high photovoltage because ECT determines the maximum attainable open‐
circuit voltage (VOC). A third requirement for efficient power conversion is that the lifetime of the CT
state is long enough to allow efficient spatial separation and eventually collection of the electrons and
holes. Because the driving force for electron transfer reactions ΔGET = ECT – E(S1) is one of the
parameters that determines the forward rate and efficiency of electron transfer, the question arises
whether the desired combination of high quantum and high energy efficiency exists in photoinduced
electron transfer. This is one of the questions that will be addressed here.
For photovoltaic blends, it has been suggested that a driving force of ΔGET ≈ −0.35 eV from the
lowest singlet excited state is required for full electron transfer from D to A.2,3 However, these
estimates are based on approximations of ECT –for example obtained from the oxidation potentials and
the optical band gaps of the materials– because a more direct measure of ECT can often not be
obtained.3
Covalently linked molecular D‐A dyads can be seen as model compounds for D‐A blends
used in solar cells. In such a D‐A dyad photoexcitation of D or A is followed by electron transfer,
populating a CT state which can be described in first approximation as a radical ion‐pair with the
radical cation (D•+) and the radical anion (A•–) interacting to a degree determined by their electronic
coupling. Sometimes the energy of this state, ECT, can be determined from CT emission. Alternatively,
ECT can be predicted by point‐dipole estimations.4
Information about the third requirement of a CT state in a D‐A blend used for photovoltaics,
i.e. the long lifetime, can be inferred from transient absorption,5,6 or charge transfer (CT) (or exciplex)
emission studies.7–12 Both reveal that charge recombination, either geminate or non‐geminate, often
occurs in the nanosecond time domain. Recently, enhanced triplet formation via a CT state has been
reported in some D‐A blends used for organic photovoltaics,12–14 a process that is recognized as a loss
mechanism because it involves the recombination of photoexcited charge carriers and, hence, a
reduced photocurrent. It is obvious that such charge recombination can only occur if ECT is higher than
–or similar to– E(T1), the energy of the lowest charge neutral triplet excited state (T1) of D or A.
Especially, in designing conjugated D‐A molecules or materials where ECT is close to E(S1), the
condition that ECT > E(T1) will likely occur because the exchange energy E(S1)−E(T1) of conjugated
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molecules can be up to 1 eV. Very recently, quantum chemical calculations have shown that the
electronic coupling between charge‐transfer and intramolecular triplet states in D‐A pairs can be
similar to those arising from associated intramolecular singlet states.15 However, detailed
experimental information on the triplet formation process –such as rates, yields, transfer barriers, and
the mechanism of formation– in D‐A blends is lacking. Again, the properties of the triplet state
formation are difficult to study in such blend films due to, for example, structural disorder inside
these blends. Crucial insights, however, can be obtained from D‐A dyads.
The process of populating T1 from a CT state and vice versa has been extensively studied for
such D‐A model compounds. It is now well‐established that one of the prerequisites to realize CT
states with long (i.e. in the microsecond range) lifetimes in artificial systems mimicking the
(bacterial)photosynthetic unit, is that charge recombination to a locally excited triplet state should be
prevented, as pointed out in a recent review by Verhoeven.16 The electronic coupling between D and A
is reduced exponentially with ion separation distance. At long D‐A pair separation (RCC > 15 Å),17 and
hence very weak electronic coupling, radical pair intersystem crossing (RP‐ISC) is the commonly
observed mechanism of triplet formation from CT states.18–21 Here ISC occurs from the initially singlet
excited CT state to –due to the weak coupling between the CT states– the nearly degenerate triplet CT
state (1CT → 3CT), mainly via hyperfine interaction (HFI) driven spin dephasing. For weakly coupled
states at ambient temperature that process occurs typically on the order of 10 ns. The slow ISC is
followed by a fast charge recombination populating the locally excited triplet state (3CT → T1). RP‐ISC
is the main process in the photosynthetic reaction center,20 and is commonly observed for D‐A‐A
triads.21 For D‐A pairs at much shorter separation distance ISC via HFI, thus via RP‐ISC, is less
obvious, because the much stronger electronic coupling between D and A causes the energy splitting
between 1CT and 3CT to become larger than the HFI energy. Still, also for much shorter molecular D‐A
dyads rapid ISC via the CT state was observed upon photoexcitation. Such dyads include pyrene‐
amine,22 porphyrine‐quinone,18 methylacridinium ions,23,24 bodipy‐N‐methylpyridinium,25 small
monoimide‐diimide dyads,19 perylenemonoimide‐triphenylamine,26 and a porphyrin‐C60 dyad.27 The
ISC rates (1CT → T1) for these dyads are generally in the range of 0.01–1 ns–1,22,24,25,27,28 while for pyrene‐
amine in hexane an even faster rate (> 20 ns–1) is reported.22 An alternative decay pathway for
photoinduced CT states of dyads with strong electronic coupling between the anion and cation, is a
direct conversion (1CT → T1) via spin‐orbit coupling (SO‐ISC), involving a coupled electron transfer
and spin inversion.22,23 Such a process is enhanced by a nearly perpendicular orientation of the donor
and acceptor units.29 Recently Dance et al. reported on ISC at low temperature in donor‐bridge‐
acceptor (D‐B‐A) systems comprised of a phenothiazine (D) and a perylenediimide (A) and found that
for short bridge (B) length –one phenyl ring– SO‐ISC mainly occurs, while for longer bridge lengths
(2–5 phenyl groups) RP‐ISC is the main contributor of the ISC process.17
In this study the focus will be on a new electron D‐A system, PDI‐PMI (Figure 4.1), that serves
as model for a system with a low ΔGET (and hence ECT ≈ E(S1)) in an environment (e.g. toluene) of low
relative permittivity (εr). PDI‐PMI is a rigid linear dyad of perylenediimide (PDI) and
perylenemonoimide (PMI) coupled with one phenyl ring, and its photophysical properties are
compared to PDI and PMI that are structurally similar but carry only one of the two chromophores.
According to DFT calculations the dihedral angles of the bridging phenyl with the perylenediimide
and perylenemonoimide chromophores in PDI‐PMI are about 70° 30 and 60° 31, respectively. Together
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with the node in the frontier orbitals on the imide nitrogen in PDI, this causes the delocalization of π‐
electrons through the bridge to be minimal. Reasons to choose peryleneimides as model compounds
are their high fluorescence quantum yields, chemical inertness, and photochemical stability. They are
well‐soluble if so‐called swallow tails or substituted phenyl moieties are introduced.32 Other examples
of linear dyads containing PDI and PMI molecules are PDI‐PDI,33–36 PMI‐PMI,37 and another PDI‐
PMI.38
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Figure 4.1. Structures of PDI‐PMI and the reference compounds PDI and PMI.
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Figure 4.2. a) Schematic drawing with the relative energies of the lowest fluorescent singlet excited (S1, 1PDI*‐PMI
or PDI‐1PMI*), the charge transfer state (1CT, PDI–•‐PMI+•) in cyclohexene (CHX) and toluene (TOL), and the
singlet ground state (S0), and the transfer rates between these states: fluorescence (kF), non‐radiative decay (kNR),
electron transfer (kET), back electron transfer (kBET), and charge recombination (kCR). b) In addition to (a), the lowest
locally excited triplet excited (T1) and charge transfer (3CT) states, and the non‐radiative decay rates to S0 (kNR1 and
kNR2) or T1 (kT1 and kT2) are included.

The photoinduced electron transfer processes, populating intramolecular CT states, have been
thoroughly investigated for a number of these dyads, and show interesting features. For example, a
strong distance‐ and solvent‐dependence is observed for the equilibrium between a fluorescent and a
CT state for the PDI‐PDI dyads.34,36 Studies on the electron transfer barriers, however, and on the
triplet excited state population, have not been reported. After photoexcitation of PDI‐PMI, and
relaxation of the molecule to the lowest fluorescent singlet excited state (S1), the electronic processes
can be described by fluorescence (kF), non‐radiative decay (kNR), electron transfer (kET), back electron
transfer (kBET), and charge recombination (kCR), as schematically shown in Figure 4.2a.

50

Enhanced intersystem crossing via a high-energy CT state in a PDI-PMI dyad

The PDI‐PMI dyad is interesting as a model for blends of conjugated materials used as the
photoactive layer in organic photovoltaic devices, because it has the following properties: (1) it
consists of two conjugated systems, both of which are absorbing visible light, (2) photoexcitation of
either of the two chromophores populates a singlet excited state with an intrinsic decay time of a few
ns, (3) the chromophores are positioned at relatively short electron‐hole separation distance, (4) in a
relatively apolar medium and at room temperature the CT state is located just below S1, and (5) the
PDI unit possesses a low‐energy triplet excited state (E(T1) = 1.2 eV).39 With all of these properties it
mimics those of organic donor‐acceptor blends. Furthermore, the fact that the triplet excited state of
monomeric PDI is only marginally populated (< 0.5 %) by direct photoexcitation is convenient,
because it simplifies studying effects on the ISC rate.40 Therefore, this dyad can give a more profound
insight in the charge separation and recombination processes occurring in photovoltaic devices.
In this chapter the photophysical processes that occur following photoexcitation of PDI‐PMI
is described in a number of solvents and as a function of temperature, and the results are discussed
focusing on two aspects: (1) the minimal driving force for electron transfer (ΔGET) that still allows
quantitative charge transfer, while achieving a maximum energy of the CT state, and (2) the rate of
ISC from the singlet CT state. Marcus‐Jortner theory is used in combination with a continuum model
for describing the energetics and to quantify the forward and backward electron transfer between the
S1 and CT states and the recombination of CT to T1 and S0. Finally, the relevance of these results is
discussed for D‐A blend films for photovoltaic devices.

4.2

Results and discussion

A. Synthesis of PDI‐PMI. The bromo‐substituted perylenemonoimide 1

68

was converted into the

amine 2 via a Suzuki reaction by applying the commercially available 4‐aminophenylboronic acid
pinacol ester (Scheme 1).41 Thereafter, 2 was reacted with 3
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leading to PDI‐PMI. Reference
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Scheme 1. Synthesis of PDI‐PMI and PMI. (i) 1.3 equiv. 4‐aminophenylboronic acid pinacol ester, 9% Pd(PPh3)4,
toluene, 2 N potassium carbonate, 15 h, 115 °C. (ii) 1.0 equiv. 3, imidazole, 160 °C, 2 h. (iii) 1.3 equiv.
phenylboronic acid pinacol ester, 9% Pd(PPh3)4, toluene, 2 N potassium carbonate, 24 h, 115 °C.
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compound PMI was obtained from 1 by a Suzuki reaction with phenylboronic acid pinacol ester
(Scheme 1). The low isolated yield in this step is due to the tedious separation from N‐(2,6‐
diisopropylphenyl)perylene‐3,4‐dicarboximide which also formed during the reaction. As a result of
their solubilizing groups, PDI‐PMI, PDI, and PMI are well soluble in organic solvents such as
dichloromethane, toluene, chloroform, and tetrahydrofuran, allowing detailed characterization, and
analysis of their photophysical properties.
B. Electrochemistry. In Figure 4.3 the cyclic voltammogram of PDI‐PMI in dichloromethane
(DCM) is shown together with those of the reference compounds PDI and PMI. Comparison with the
reference compounds reveals that the four reversible reduction waves of PDI‐PMI correspond to two
reversible reductions of the PDI moiety followed by two reductions of the PMI moiety (Table 4.1). The
oxidation of PDI‐PMI reveals one reversible peak which results from the oxidation of the PMI part of
the molecule. PDI is not oxidized up to +1.25 V vs. Fc/Fc+.36 From these measurements it is evident that
for PDI‐PMI the first reduction peak involves the formation of the PDI anion (Eo(PDI‐PMI/PDI–‐PMI)
= ‐1.040 V vs. Fc/Fc+), while the first oxidation involves the PMI moiety (Eo(PDI‐PMI/PDI‐PMI+) =
+0.915 V vs. Fc/Fc+). The energy difference between oxidation and reduction of PDI‐PMI hence
amounts to 1.95 eV in DCM.
10
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Figure 4.3. Cyclic voltammograms of PDI‐PMI and the reference compounds PDI and PMI in DCM.
Table 4.1. Oxidation and reduction potentials in V vs. Fc/Fc+ measured with a scan rate of 100 mV/s in DCM with
0.1 M TBAPF6 as supporting electrolyte.
E
PDI
PMI
PDI-PMI
a

4
RED

-1.925

E

3
RED

-1.450

E

2
RED

-1.260
-1.950
-1.240

E

1
RED

-1.060
-1.495
-1.040

E

1
OX
a

+1.25
+0.885
+0.915

Onset of oxidation.

C. Absorbance and steady state fluorescence at T = 300 K. The absorbance and fluorescence
spectra, and fluorescence quantum yields of PDI‐PMI and the reference compounds PDI and PMI
were determined in solvents of increasing polarity: CHX, TOL, and CB. PDI and PMI show very
similar absorption and emission spectra with a vibronic progression and high fluorescence quantum
yields (ΦF, Table 4.2, and Figure 4.4). There are, however, some differences: (1) the vibronic peaks in
the absorbance and emission spectra of PMI are broader than those of PDI and hence less resolved, (2)
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the 0‐0 vibronic absorption peak of PMI is 15 nm blue shifted compared to PDI, (3) the emission
spectra of PMI are 9–26 nm red shifted from the spectra of PDI, and (4) in the same solvent ΦF is
about 15% lower for PMI than for PDI for which ΦF = ~1.
Table 4.2. Absorption (λabs) and fluorescence (λem) maxima, and absolute fluorescence quantum yields (ΦF) using
C13‐PDI‐C13 in CHCl3 (ΦF = 1.00)42 as a reference, and reconvolution fits of the photoluminescence decay traces at
535 nm at T = 300 K.
PDI

PMI

PDI-PMI

a

Solvent

λ abs / nm

λ em / nm

ΦF

τ1 / ns

CHX
TOL
CB
CHX
TOL
CB
CHX
TOL
CB

519
526
529
485/513
492/519
498/523
522
529
532

526
536
538
533
550
562
531
541
550

0.97
1.02
0.96
0.85
0.87
0.77
0.77
0.24
0.02

3.96
4.21
4.34
3.65
3.85
3.78
3.09
5.6
c
4.1±0.1

τ2 / ps

–1 a

A1 / A2

b

krad / ns

b

0.24
0.24
0.22
0.23
0.23
0.20
0.25

0.15±0.05
b,c
0.009±0.002

30±10
b
70±10

Radiative decay rate: krad = ΦF/τF. b Due to the short τ2 for PDI‐PMI in TOL and the low A1/A2 in CB, these fits are less accurate;

the error of τ2 is linearly related to that of A1/A2 (e.g. if τ2 = 20 ps, A1/A2 = 0.1, and if τ2 = 40 ps, A1/A2 = 0.2). c In CB the low PL
quantum yield of PDI‐PMI may cause τ1 and A1/A2 to be less accurate.55
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Figure 4.4. Absorbance (left axis) and fluorescence (right axis) spectra of PDI‐PMI (top) and the reference
compounds PDI and PMI (bottom) in CHX with the same concentration for all compounds (5 × 10–6 M). For the
fluorescence spectrum of PDI‐PMI a 2 times diluted sample was used. The emission spectra were corrected for
the optical density (OD) at the excitation wavelength (485 nm), such that the relative intensities can be directly
compared. The dashed line shows the sum of the absorption spectra of PDI and PMI.

PDI‐PMI shows an absorption that is similar to the sum of the PDI and PMI reference
compounds (dashed line in Figure 4.4). Only, the spectrum of the dyad is slightly red shifted with
respect to both PDI and PMI. The extinction coefficient at the maximum absorption is ε = 98000
L mol–1 cm–1 (PDI, 529 nm), ε = 28000 L mol–1 cm–1 (PMI, 520 nm), and ε = 136000 L mol–1 cm–1 (PDI‐
PMI, 533 nm) in dichloromethane, respectively. Hence, the extinction coefficient of PDI‐PMI is 8%
higher than the sum of the two separate moieties. Both the red shift and the increased intensity of the
0‐0 peak can be explained in terms of a weak excitonic coupling between the two chromophores.33,43
This agrees with a marginally faster radiative decay rate (krad) for PDI‐PMI than for the individual
chromophores (Table 4.2). Additionally, the fact that the absorption spectrum of PDI‐PMI largely
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resembles the sum of the two individual chromophores, indicates that delocalization of π‐electrons
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Figure 4.5. Fluorescence spectra of PDI‐PMI in CHX, TOL, and CB.

The maximum of the fluorescence emission of PDI‐PMI is at a wavelength intermediate to
those of PDI and PMI (Table 4.2), and the spectral shape, although slightly broader than that of PDI
and more resolved than that of PMI, resembles the emission of the two separate chromophores. The
individual contributions of the two chromophores to the lowest fluorescent singlet state of PDI‐PMI
cannot be resolved from the spectra and in the remainder the state will simply be designated as S1. The
absolute fluorescence quantum yield of PDI‐PMI is rather high (ΦF = 0.77) in CHX, but drops
dramatically when going to TOL (ΦF = 0.24), or CB (ΦF = 0.017) (Figure 4.5, Table 4.2). This drop in ΦF
in more polar solvents can be rationalized by the population of a non‐fluorescent charge transfer (CT)
state (PDI–•‐PMI+•, Figure 4.2a) from the S1 state. Energetically the S1→CT electron transfer seems
feasible because the energy of the S1 state of E(S1) = ca. 2.3 eV (from the 0‐0 emission) is larger than the
difference between the oxidation and reduction potential (1.95 eV), which is a first approximation for
the energy of the CT state. With decreasing solvent polarity –the relative permittivity, εr, decreases in
the order DCM, CB, TOL, CHX– ECT is expected to increase, explaining why the CT state is not
populated in CHX. A more accurate, experimental value for ECT will be given in Section D.
D. Electron transfer rates at T = 300 K. Upon photoexcitation the fluorescence of the PDI and
PMI reference compounds decays monoexponentially, and fluorescence lifetimes of τ = 3.75±0.1 ns for
PMI, and τ = 4.15±0.2 ns for PDI were obtained in CHX, TOL, and CB (Table 4.2). For PDI‐PMI the
traces are strongly solvent‐dependent: in CHX the emission decays monoexponentially (τ = 3.09 ns),
while in TOL and CB the traces show a distinct biexponential decay with a slow (τ1) and a fast (τ2)
component (Figure 4.6, Table 4.2). This can be explained by the absence (in CHX) and presence (in the
other two solvents) of a dynamic equilibrium between the emissive S1 state and the non‐emissive CT
state (Figure 4.2a). In the dynamic equilibrium forward electron transfer (S1 → CT) is followed by a
back electron transfer reaction, repopulating the singlet excited state (S1 ← CT).
For PDI‐PMI in CHX it is assumed that electron transfer is absent (kET ≈ 0), because ΦF is high
and because the fluorescence intensity decays monoexponentially with a lifetime that is similar to
those of the individual chromophores. The rates of fluorescence (kF) and non‐radiative decay (kNR) can
then be determined from τ and ΦF (from steady state fluorescence) according to:
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1

τ

= k F + k NR

(1)

kF
k F + k NR

ΦF =

(2)

By substituting ΦF = 0.77 and τ = 3.09 ns, kF = 0.25 ns–1 and kNR = 0.076 ns–1 is obtained in CHX (Table
4.3).
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Figure 4.6. Time‐resolved photoluminescence traces of PDI‐PMI in different solvents. Excited at 400 nm, and the
emission detected at 535 nm.
Table 4.3. Electron transfer rates at T = 300 K for PDI‐PMI in various solvents from analysis of fluorescence and
ps‐PIA decay traces.

a

Method

Solvent

TR-PL
TR-PL
TR-PL
ps-PIA
ps-PIA

CHX
c
TOL
c,d
CB
TOL
CB

–1

kF / ns

kNR / ns

0.25
0.25
0.25
0.25
0.25

0.076
0.076
0.076
0.076
0.076

–1

–1

kET / ns

30±10
14±2
21±4
13±3

–1

–1

kBET / ns

kCR / ns

4.0±0.5
0.05±0.01
4.6±2
<1.4

0.16±0.01
0.24±0.01
0.1±0.3
0.5±0.2

ΦF

a

ΦF (ST)

0.20±0.06
0.021±0.004

b

0.77
0.24
0.017

From eq 9. b From steady‐state PL. c The uncertainty in the fits of the short component in CB and TOL results in the tabulated

uncertainties for the transfer rates (relatively large for kET in TOL), and ΦF. d The low PL quantum yield of PDI‐PMI in CB at T =
300 K causes kBET and kCR to be less accurate than in TOL.55

For PDI‐PMI in TOL and CB, kET, kBET, and kCR (Figure 4.2a) can be determined from the
fluorescence lifetime measurements in combination with a kinetic model that includes both forward
electron transfer and back electron transfer to S1. The concentration of S1 states ([S1]) is related to the
rate constants according to:34c,44

[S 1 ] = [S 1 ]0 (

A1
A2
e −t / τ +
e −t / τ )
A1 + A2
A1 + A2
1

(3)

2

with [S1]0 the concentration of singlet excited states at t = 0, and:
A1 =

τ 2 −1 − k F − k NR − kET
τ 2 −1 − τ 1 −1

(4)

A2 =

k F + k NR + k ET − τ 1 −1
τ 2 −1 − τ 1 −1

(5)

1

τ 1, 2

=

(

1
k F + k NR + kET + k BET + kCR m ( k BET + kCR − k F − k NR − k ET ) 2 + 4 kET k BET
2

)

(6,7)

55

Chapter 4

The fluorescence of PDI‐PMI is linearly dependent on the concentration of singlet excited states (IF ∝
[S1]). Analysis of the PL decay traces in TOL and CB provides A1 and A2, and the two decay times τ1
and τ2 according to eq 3. For the reference compounds PDI and PMI only a minor solvent‐dependence
is found for τ (3.75±0.10 ns for PMI and 4.15±0.20 ns for PDI) and ΦF (0.82±0.05 for PMI and 0.98±0.02
for PDI), thus it can be assumed that kNR and kF of the dimer are also only weakly solvent‐dependent.
Then, the forward electron transfer rate (kET) can be obtained using kF and kNR from PDI‐PMI in CHX,
and, after rewriting eq 4 and 5:
k ET =

A1τ 1 −1 + A2τ 2 −1
− k F − k NR
A1 + A 2

(8)

Subsequently kBET and kCR can be obtained from eq 6 and 7. The electron transfer rates (kET, kBET, and
kCR) for PDI‐PMI in TOL and CB following this analysis are given in Table 4.3.
Additionally, from these rates the fluorescence quantum yield can be calculated:
ΦF =

k F ( k BET + kCR )
( k F + k NR )( k BET + k CR ) + k ET k CR

(9)

The fluorescence quantum yields obtained from the time‐resolved measurements (Table 4.3) are in
excellent agreement with those independently determined by steady state fluorescence, showing the
validity of the approach. However, due to the fast kET, the accuracy of the measurement in TOL is
limited due to the time response of the TR‐PL setup.
An alternative technique to study electron transfer processes is via pump‐probe sub‐
picosecond photoinduced absorption spectroscopy (ps‐PIA), by which ground state bleaching,
photoinduced absorption of charged species, as well as luminescence signals can be probed as a
differential transmission signal (ΔT/T). Time‐traces at λprobe = 540 nm and 955 nm (λpump = 490 nm) are
shown for TOL and CB (Figure 4.7). The CT state absorption is assumed to be characterized by a
complementary absorption of the radical cation of PMI and the radical anion of PDI.34c,40,45 Thus, at 540
nm the ΔT/T signal is the sum of emission from the S1 state (positive ΔT/T), and the absorption of the
CT state (negative ΔT/T), whereas at 955 nm S1‐Sn and CT1‐CTn absorption are probed. This yields the
following equations:
ΔT/T (540 nm) = −c1[S1] + c2[CT]

(10)

ΔT/T (955 nm) = c3[S1] + c4[CT]

(11)

where c1–c4 are positive scaling factors with units M–1 related to the fluorescence intensity (c1) or the
extinction coefficients (c2–c4) of the chemical species at the probe wavelengths. Note that the sign of the
scaling factors is indicated in eq 10 and 11. [S1] is described by eq 3, and the concentration CT states
([CT]) by eq 12:34c,44
[CT] = [S 1 ]0 A3 ( e − t /τ − e − t /τ )
1

A3 =

kET
τ 2 − τ 1 −1
−1

2

(12)
(13)

Thus eq 10 and 11 describe the signal intensity as a function of kF, kNR, kET, kBET, and kCR, and the
coefficients c1–c4. By a simultaneous analysis of both wavelength traces, and by using kF and kNR from
the fluorescence in CHX, kET, kBET, and kCR are obtained in TOL and CB (Table 4.3). Most values are
within experimental error from those acquired by the fluorescence measurements, and that of kET in
56

Enhanced intersystem crossing via a high-energy CT state in a PDI-PMI dyad

TOL is more accurately determined via photoinduced absorption. Only for kCR in CB a higher value is
found than by fluorescence. The low ΦF of PDI‐PMI in CB at T = 300 K can explain why the
determination of kCR by ps‐PIA is more accurate than by fluorescence methods.
1
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4

Photoinduced absorption, -ΔT/T / 10

-3

2
0
-2
-4 (a) Toluene
6 (b) Chlorobenzene

PDI-PMI
955 nm
540 nm

4
2
PDI, 955 nm

0
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-2
1

10
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1000
Time delay / ps
Figure 4.7. ps‐PIA traces of PDI‐PMI in TOL (a), and CB (b). Pump: λpump = 490 nm, and probe: λprobe = 540 nm
({), or λprobe = 955 nm ( ). In (b) the ps‐PIA trace of PDI in CB (dashed line) is also shown. The solid lines are best
fits through the data using eq 10 and 11, and the dotted lines give the best fit if the rates obtained by fluorescence
are used as input parameters.

To summarize the measured transfer rates using time‐resolved fluorescence and ps‐PIA at T =
300 K (Table 4.3); in CHX kET is absent, while in TOL fast electron transfer (kET = ca. 25 ns–1) and back
electron transfer (kBET = ca. 4 ns–1) occurs. In CB electron transfer and back‐transfer are slower by 40%
(kET = ca. 15 ns–1), and a factor of 80 (kBET = ca. 0.05 ns–1), respectively. The charge recombination rate in
TOL (kCR = ca. 0.16 ns–1) is about 150 times slower than kET, while in CB (kCR = ca. 0.5 ns–1) it is about 30
times slower than kET in the same solvent.
Having established both kET and kBET, the Gibb’s free energy of electron transfer (ΔGET) is
obtained via:
⎛ k
ΔGET = − k BT ln ⎜⎜ ET
⎝ k BET

⎞
⎟⎟ ,
⎠

(14)

leading to ΔGET = about −50 and −150 meV in TOL and CB, respectively. It is of interest to establish the
ΔGET that makes electron transfer quantitative. Hence, kET and kBET have been determined in TOL:CB
solvent mixtures at 300 K (Figure 4.8). At a 1:1 ratio of TOL and CB, kBET drops below kET/100. From this
it can be concluded that a charge separation (over 14 Å), without significant back electron transfer can
be achieved with a relatively low driving force for electron transfer of only ΔGET = −120 meV. Under
these conditions, kBET can be ignored compared to kET and the quantum yield for electron transfer can
be calculated from ΦET = kET/(kET+kF+kNR) = 98%. This demonstrates that near quantitative electron
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transfer can be obtained for a driving force as low as −120 meV. Note that the equilibrium that exists
between S1 and CT allows to determine both kET and kBET and, hence, an accurate experimental
determination of ΔGET, from which ECT can be determined via ECT = E(S1)+ ΔGET.
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kET

k / ns

-1

kBET

1

kCR

0.1
0.0

0.2

0.4
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0.8
p (chlorobenzene)

1.0

Figure 4.8. kET, kBET, and kCR determined by TR‐PL at T = 300 K vs. the fraction (p) of CB for a TOL/CB solution
containing a constant concentration of PDI‐PMI.

E. Temperature dependence of charge transfer kinetics. After obtaining the electron transfer

rates (kET, kBET, and kCR) at T = 300 K, the barriers for these processes can be obtained from temperature‐
dependent measurements. The fluorescence decay traces distinctly change with temperature. The
short component (τ1) in the time‐traces becomes much more important upon cooling a PDI‐PMI
solution in TOL from T = 300 K to 220 K (Figure 4.9a). The analysis reveals that the lower temperature
causes a reduction of kET and kBET with a factor of 2 (from kET = 40±10 ns–1 to 15 ns–1) and with 2 orders
of magnitude (from kBET = 4±0.5 to 0.03 ns–1), respectively, while kCR (= 0.18–0.16 ns–1) remains virtually
constant between T = 300 and 220 K. Note that at T = 300 K, the rate is actually faster rate than that
obtained in the previous Section (kET = 30±10 ns–1 Table 4.3). This difference indicates the inaccuracy
caused by the short decay time that is near the response time of TR‐PL setup at T = 300 K. At lower
temperature the short decay time increases and the measurements improve in accuracy.
By using Eyring’s formula:

k0 =

⎛ ΔS# ⎞
⎛ ΔH 0# ⎞
k BT
⎟⎟
exp⎜⎜ 0 ⎟⎟ exp⎜⎜ −
h
⎝ kB ⎠
⎝ k BT ⎠

(15)

⎛ hk ⎞
and plotting k B ln⎜⎜ 0 ⎟⎟ vs. T–1 (Figure 4.9b, top) the changes in enthalpy (the slope gives − ΔH 0# ), and
⎝ k BT ⎠

entropy (the intercept with the ordinate gives ΔS0# ) for the electron transfer and back‐transfer, and
charge recombination process are obtained. From these ΔGET and the heights of the barriers (from ΔG0
= ΔH0 − TΔS0) for the three processes are found at each temperature (Figure 4.10a for T = 220 K and 300

K). The same results follow from eq 14: ΔGET is enhanced with a lowering of the temperature (from
ΔGET = ca. −50 meV at T = 300 K to −120 meV at T = 220 K). The temperature dependence of ΔGET is
given in Figure 4.9c together with ΦF (from eq 9), which decreases with one order of magnitude upon
going from T = 300 to 220 K.
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Figure 4.9. (a) Temperature‐dependence of time‐resolved photoluminescence of PDI‐PMI in TOL. The solution
was excited at λexc = 400 nm, and the emission was detected at λem = 540 nm. (b) Plots of kB ln(h k0/kB T) with k0 =
kET, kBET, and kCR vs. 1/T for PDI‐PMI in TOL for T = 220–300 K (top), and in CB for 300–380 K (bottom), from
photoluminescence decay analysis. The solid lines are linear fits through the data. The intercepts and slopes of
these fits give ΔS0# and ΔH 0# , respectively. The dashed lines are predictions using Marcus‐Jortner theory. For εr
and n see Table 4.6). For TOL the apparent εapp is used. (c) Temperature‐dependent fluorescence quantum yield
(left axis), and driving force for electron transfer (right axis) for PDI‐PMI in TOL ( ,), and CB ({,z), derived
from time‐resolved fluorescence using eq 9 and 14. At T < 230 K for TOL, and at T < 340 K for CB the low ΦF
causes kBET to be less accurate.55 At T ≥ 290 K for TOL, the low value of τ2 affects the accuracy of determining kET
and kBET as indicated by the error bar for ΦF.

Also in CB the rates for electron transfer and back‐transfer are temperature dependent,
however the effects are less dramatic than in TOL: there is a mere 35% increase in kET (from 17 ns–1 to
23 ns–1) upon going from T = 300 to 380 K, while kBET increases by a factor of ~4 (from 0.21 ns–1 to 0.77
ns–1), and kCR increases by less than 25% (from 0.32 ns–1 to 0.39 ns–1) between T = 340 and 380 K (Figure
4.9b, bottom). High temperature measurements were carried out in contrast to TOL, because in CB the
fits become better upon increasing the temperature, the limiting factor at lower temperature being the
low ΦF.
Using Eyring’s formula (eq 15) the overall change in enthalpy and entropy for electron
transfer can be calculated, along with the barriers for electron transfer, back‐transfer, and charge
recombination (Figure 4.9b). The heights of the barriers in CB are depicted in Figure 4.10b for T = 300
and 380 K, along with the energies (ECT) of the CT state relative to the S1 state. The fluorescence
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quantum yield increases from ΦF = 0.02 at 340 K to ΦF = 0.03 at 380 K, while ΔGET increases with
temperature from ΔGET = −0.13 to −0.11 eV between T = 340 to 380 K (Figure 4.9c).
0.3

0.3

Measured
kBET

0.2

kCR
+0.22

Measured
+0.21

+0.19

0.2

+0.13

ΔG / eV

0.1
0.0

S1
CT

+0.15

0.1

+0.11

+0.08
-0.05

-0.1
-0.11

ΔG / eV

kET

300 K

0.0

+0.10
S1
-0.11

-0.1

220 K

CT

-0.2

a)

-0.3
0.3

-0.2

Toluene

b)
Model

-0.3
0.3

+1.06 +1.05

0.2

Chlorobenzene

+0.23

S1

-0.06 300 K
CT
-0.09 220 K

+0.09

ΔG / eV

ΔG / eV

+0.12
0.1

+0.10

-0.1

-0.3

0.0

S1

-0.1

-0.2

c)

+0.48

Model

+0.12

0.0

-0.16 300 K

0.2

0.1

380 K

-0.14

380 K

-0.2

Toluene

d)

-0.3

Chlorobenzene

CT

-0.24

300 K

Figure 4.10. Schematic of the barriers (in free energy) for electron transfer, back‐transfer, and charge
recombination at T = 220 K (separated lines) and 300 K (connected lines) in TOL (a,c), and T = 300 K (connected
lines) and 380 K (separated lines) in CB (b,d), as determined from temperature‐dependent time‐resolved
fluorescence (a,b), and from the Marcus‐Jortner model (c,d).
#
The more negative value of ΔGET (and correspondingly higher ΔG BET
) explains why kBET is

much slower in CB than in TOL, causing a 10 times lower ΦF in CB, even with the higher kET in TOL.
#
#
and ΔGCR
increases for both solvents, along with the energy of the
With increasing temperature ΔGET
#
#
#
decreases. Note that, while ΔGET
and ΔGCR
increase with temperature, the
CT state (ECT), while ΔG BET

higher Boltzmann energy (kBT = 19, 26, and 33 meV at T = 220, 300, and 380 K, respectively) still makes
kET and kCR faster at higher temperature. It is notable that at T = 300 K the barrier for forward electron
#
) is 20 meV lower in TOL than in CB, despite a 110 meV lower ΔGET in CB.
transfer ( ΔGET

F. Population of the triplet excited state at T = 300 K. After the analysis of the rates and

barriers for electron transfer, back‐transfer and charge recombination, the formation of triplet excited
states that are formed after photoexcitation will be considered. The population of triplet excited states
from the PDI‐PMI CT state can be determined with nanosecond photoinduced absorption
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spectroscopy (ns‐PIA). Photoexcitation of PDI‐PMI in N2‐saturated TOL at 488 nm, leads to a PIA
spectrum which is typical for the T1‐Tn absorption of PDI (Figure 4.11),39 with its absorption in the
same spectral region as the bleaching bands. The rise of the signal intensity is faster (< 50 ns) than the
time response of the setup, while the triplet lifetime is τT = 14±2 μs. In CB a similar T1‐Tn absorption is
observed with τT = 5±1 μs, whereas in CHX no PIA signal could be detected, indicating a much lower
triplet quantum yield (ΦT) in this solvent. Also for PDI in CB no T1‐Tn absorption could be detected.
Upon addition of oxygen the decay time of the PDI‐PMI triplets in TOL as well as in CB was reduced
by more than a factor of 10. Perylenediimides have a lowest triplet excited state energy of E(T1) = 1.20
eV,39 and for PDI‐PMI a similar E(T1) is expected because of the similar E(S1) of the molecules. The
triplet quenching by oxygen is in agreement with this expectation, allowing the population of the
singlet oxygen (1Δg) state with an energy of 0.98 eV above its triplet ground state (3Δg–).46
The triplet quantum yield (ΦT) of PDI‐PMI can be determined from singlet oxygen (1Δg)
luminescence measurements via the relation: ΦΔ = ΦT fT SΔ, in which ΦΔ is the singlet oxygen (1Δg)
quantum yield, fT is the fraction of triplet states trapped by oxygen in a given system, and SΔ the
efficiency of singlet oxygen (1Δg) generation from the quenched triplet state. The strong reduction of τT
upon the addition of oxygen indicated that fT is close to unity for PDI‐PMI in oxygen‐saturated TOL
and CB. SΔ of π‐π*‐excited triplet states of aromatic hydrocarbons are generally also close to unity (SΔ =
0.8–1.0), especially if E(T1) is close to the energy of singlet oxygen (1Δg).46 Thus, although ΦΔ gives a
lower limit, it approximates the actual value of ΦT.
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Figure 4.11. Photoinduced absorption (ns‐PIA) spectra of PDI‐PMI in N2‐saturated TOL, using an excitation
wavelength of λexc = 488 nm (5 ns. width, 35 μJ), and the indicated delay times.

Singlet oxygen (1Δg) quantum yields (ΦΔ) were determined for PDI‐PMI in benzene (BZ),
CHX, TOL, and CB by excitation at 532 nm and probing the oxygen (1Δg) phosphorescence decay as
described in the experimental section. ΦΔ provides lower limits for ΦT, revealing ΦTCHX ≥ 0.10±0.08,
ΦTBZ ≥ 0.57±0.14, ΦTTOL ≥ 0.56±0.14, and ΦTCB ≥ 0.42±0.11 (Table 4.4). In all solvents ΦT is consistent with

the measured fluorescence quantum yield (ΦF+ΦT ≤ 1). The lower limits for ΦTTOL and ΦTCB are larger
than the upper limit for ΦTCHX determined from the fluorescence quantum yield (ΦTCHX ≤ 1 – ΦFCHX =
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0.23). This indicates that intersystem crossing (ISC) from 1CT to T1 (in TOL and CB) is more efficient
than ISC from S1 to T1 (in CHX).
G. Intersystem crossing rates. The decay pathways of photoexcited PDI‐PMI can be

described by quantum yields from the S1 and the CT state, the sum of which is unity. These quantum
yields are those of fluorescence (ΦF, radiative decay to S0), triplet formation (ΦTi, intersystem crossing
to T1), and non‐radiative decay (ΦNRi, internal conversion to S0). The subscript i = 1 denotes decay
directly from S1 and i = 2 denotes decay via the CT state (to T1 or S0). Radiative decay from the CT state
is not observed (ΦF,CT << 0.01), and is neglected in this analysis. The corresponding labeling of transfer
rates is depicted in Figure 4.2b.
The ranges for ΦTiSol and ΦNRiSol can be determined using ΦFSol and ΦΔSol in each solvent (Sol),
from:
ΦF Sol + ΦT1Sol + ΦNR1Sol + ΦT2 Sol + ΦNR2 Sol = 1

(16)

ΦT1Sol + ΦT2 Sol ≥ ΦΔ Sol

(17)

For CHX ΦT2CHX and ΦNR2CHX are 0, because the CT state is not populated. The lower limit for the triplet
yield from the S1 state follows from eq 17 by recalling that ΦT1CHX ≥ ΦΔCHX = 0.10±0.08, while the upper
limit follows from eq 16 by ΦT1CHX ≤ 1 – ΦFCHX = 0.23. The upper limit for ΦNR1CHX then also follows by
ΦNR1CHX = 1 – ΦFCHX – ΦT1CHX ≤ 0.21 (Table 4.4).

Assuming again that kNR (= kNR1 + kT1) and kF of PDI‐PMI are solvent‐independent, ΦT1Sol +
ΦNR1Sol is obtained for the other solvents:
ΦT1Sol +ΦNR1Sol =

ΦF Sol (ΦT1CHX +ΦNR1CHX )
ΦF CHX

(18)

Due to the fast deactivation of the S1 state, and correspondingly low PL yields, this also results in low
values: ΦT1TOL + ΦNR1TOL = 0.07, and ΦT1CB + ΦNR1CB = 0.005, which are the upper limits for ΦT1 and ΦNR1.
Subsequently, the lower limit for ΦT2Sol is obtained by substituting the upper limit for ΦT1Sol in eq 17,
yielding ΦT2TOL ≥ 0.35 and ΦT2CB ≥ 0.31. Finally, the upper limits for ΦT2Sol and ΦNR2Sol are determined by
eq 16. The quantum yields of PDI‐PMI in CHX, TOL, and CB are summarized in Table 4.4.
From ΦT1 in CHX and the measured decay time (τ = 3.09 ns, Table 4.2), the ISC rate from the S1
state is obtained: kT1CHX = ΦT1/τ = 0.006–0.074 ns–1. From kCR (= kT2 + kNR2, Table 4.3), ΦT2 and ΦNR2 the
decay rates from the CT state (kT2 and kNR2) are determined for TOL and CB, using:

ΦT2 Sol
kCR Sol
ΦT2 Sol +ΦNR2 Sol

(19)

⎛
⎞ Sol
ΦT2 Sol
⎟k
k NR2 Sol = ⎜⎜ 1 −
Sol
Sol ⎟ CR
ΦT2 +ΦNR2 ⎠
⎝

(20)

k T2 Sol =

The rates for kT2TOL and kT2CB are 0.075–0.17 ns–1 and 0.1–0.7 ns–1, respectively, and are significantly
faster than kT1CHX. Note that, although ΦΔTOL is higher than ΦΔCB, kT2CB may be higher than kT2TOL. First,
the higher ΦΔTOL may partially be caused by the longer triplet lifetime measured in N2‐saturated TOL
(τTTOL = 14 μs vs. τTCB = 5 μs), causing an enhanced triplet trapping efficiency (fT). And second, the
decay rate from CT to S0 (kNR2) is likely much lower in TOL, which would lead to a high ΦTTOL, even for
a slow kT2TOL.
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Table 4.4. Measured quantum yields of singlet oxygen (1Δg) luminescence (ΦΔ), PDI‐PMI fluorescence (ΦF),
triplet formation (ΦT), and non‐radiative decay (ΦNR), and the rates (kT2 and kNR2) obtained from these, in air‐
saturated solvents at T = 300 K compared to predictions by Marcus‐Jortner theory using VS1–CT = VCT–S0 = 6 meV,
and VCT–T1 = 0.17 meV.
Measured
Solvent:

CHX

ΦΔ
ΦF
ΦT1+ΦNR1
ΦT2+ΦNR2
ΦT1
ΦNR1
ΦT2
ΦNR2

0.02–0.18
b
0.77
c
0.23
0
d,e
0.02–0.23
c
0–0.21
0
0
-

–1 f

kCR/ns
–1
kT2/ns
–1
kNR2/ns
a

a

Predicted

TOL

CB

TOL

CB

0.42–0.70
b
0.24
d
0.07
c
0.69
d
0–0.07
d
0–0.07
c,e
0.35–0.69
c
0–0.34
0.15–0.17
g
0.075–0.17
h
0–0.085

0.31–0.52
b
0.017
d
0.005
c
0.98
d
0–0.005
d
0–0.005
c,e
0.31–0.98
c
0–0.67
0.3–0.7
g
0.1–0.7
h
0–0.5

0.12
0.04
0.85
0.80
0.05
0.12
0.008

0.004
0.001
0.99
0.25
0.74
0.17
0.51

Extrapolation to t = 0 results in a significant error because τΔ is shorter, and because IP0 is lower. b From Table 4.2. c From eq 16. d

From eq 18. e Lower limit from eq 17. f From Table 4.3. g From eq 19. h From eq 20.

H. Prediction of the Gibb’s free energy for electron transfer. The experimentally obtained

rates and barriers for the electron transfer processes depicted in Figure 4.2b will be compared to an
electronic model based on Marcus‐Jortner theory. The semi‐quantitative model described by Weller
can be used to estimate the Gibb’s free energy (ΔGET) for electron transfer on the basis of the relative
permittivity (εr) of the solvent:4b
ΔGET = e[ E o(D/D + ) − E o (A/A ‐ )] − E(S1 ) −

e2
4 π ε 0ε r RCC

−

e2
8πε 0

1 ⎞⎛ 1
1⎞
⎛ 1
− ⎟⎟
⎜ + + − ⎟⎜⎜
r
r
ε
ε
⎠⎝ ref
⎝
r ⎠

(21)

in which E(S1) is the energy of the lowest singlet excited state, e and ε0 are the elementary charge and
the vacuum permittivity, Eo(D/D+) and Eo(A/A–) are the redox potentials of the electron donating and
accepting part of the molecule measured in a solvent with relative permittivity εref, RCC is the center‐to‐
center distance of the two charges, and r+ and r– are the radii of the positively and negatively charged
species.
The results obtained from eq 21 are given in Table 4.5 for PDI‐PMI in CHX, TOL, and CB at T
= 300 K using the following parameters: a solvent‐dependent E(S1), from the emission maximum of
PMI, Eo(D/D+) = +0.915 V, and Eo(A/A–) = −1.040 V vs. Fc/Fc+ in dichloromethane (Table 4.1), and r+ = r–

= 4.7 Å,36 and RCC = 14 Å (based on molecular modeling).
Table 4.5. Results of eq 21, using Eo(D/D+) = +0.915 V, and Eo(A/A–) = −1.040 V, r+ = r– = 4.7 Å, RCC = 14 Å, and the
value of εr at T = 300 K.
Solvent

CHX
TOL
c
TOL
CB
a

E(S1) / eV

2.33
2.25
2.25
2.21

a

ECT / eV

2.54
2.47
2.19
1.97

b

ΔGET / eV

+0.21
+0.22
−0.06
−0.24

From λ max,em of PMI. b ECT = E(S1) + ΔGET. c Here an “apparent εr” is used (see text and Table 4.6).

The results correspond to the observations that forward electron transfer takes place in CB
(where ΔGET = −0.24 eV), while it does not in the less polar CHX (where ΔGET = +0.21 eV). However,
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the positive value found for TOL (ΔGET = +0.22 eV) contradicts the experimental results by indicating
that electron transfer should not take place.
Solvents like TOL and dioxane (DIOX) are special because they often show larger stabilization
energies of states with CT character, leading to a further red shift of the CT‐type emission than
predicted from their “bulk” relative permittivity: εr = 2.27 for dioxane, and εr = 2.37 for TOL. These
anomalies are well known for solvents that have a low dipole moment but a high quadrupole
moment; this class of solvents is referred to as nondipolar solvents in order to distinguish them from
low‐dielectric nonpolar solvents such as alkanes.47 Reichardt’s polarity (ETN, Table 4.6)48 scale is
derived from the Stokesʹ shift of a betaine probe. For PDI‐PMI a strong correlation between ETN of the
solvent and the amount of PL quenching is observed (Figure 4.12a). Because εr does not give a good
description of the solvent‐molecule interactions, a so‐called “apparent dielectric permittivity” (εapp)
was introduced, such that the nondipolar solvent under consideration behaves as a hypothetical
dipolar solvent of polarity εapp.49–52 From the relation between εr and ETN (Figure 4.12b) values of εapp =
3.5 and 5.2 are found for TOL and DIOX, respectively. The value for DIOX is similar to that calculated
(εapp = 6.4–7.7),51,52 and experimentally obtained (εapp = 6.5)53 for smaller solutes.54 For TOL εapp = 4.3 was
calculated for a solute with a radius of 4.3 Å.52 Hence, εapp = 3.5 (= εr + 1.15) for TOL seems a reasonable

N

Reichardts polarity (ET )

DCM

TOL

DIOX
CB

100

10
CHX

PL quenching rel. to PDI

value for PDI‐PMI.

1

0.3

0.2

0.1

0.0

0.0

a)

0.1
0.2
0.3
N
Reichardts polarity (ET )

b)

DCM
CB

DIOX
TOL

CHX
2

4

εr

6

8

Figure 4.12. (a) Fluorescence quenching (I0/I = ΦF–1) vs. Reichardt’s polarity (ETN). The line is a linear fit to the data.
(b) Reichardt’s polarity vs. relative permittivity (εr) of the solvents.

The effect of replacing εr by εapp in eq 21 makes that the calculated value of ΔGET changes from
ΔGET = +0.22 eV to ΔGET = −0.06 eV (Table 4.5), which compares better to the observed PL quenching. If
temperature‐dependent values for εr60 are used, eq 21 gives a good description of the lower driving
force for electron transfer (less negative ΔGET) at higher temperature, caused by a reduction of εr. For
TOL the calculated values correspond within 0.02 eV to those obtained from the photoluminescence
measurements, if an apparent relative permittivity (εapp = εr(T) + 1.15) is used (viz. Figure 4.10a and c).
For CB the predicted value is off by 0.08 eV at T = 300 K, and by only 0.03 eV at T = 380 K. The better
prediction at higher temperature (T > 340 K) could be partially explained by the higher accuracy in the
determination of kBET due to the higher PL quantum yield.55
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I. Marcus‐Jortner model. The experimental energy barriers can be compared to those obtained

from the Marcus equation:56

ΔG0 # =

(ΔG0 + λ )2

(22)

4λ

Here λ represents the reorganization energy, being the sum of the internal (λi) and solvent (λs)
reorganization energies. The internal reorganization energy was set to λi = 0.25 eV, a value typical for
large aromatics,57 and following previous studies on PDIs.34b,40 The solvent contribution can be
estimated using the Born‐Hush approach, in which n is the refractive index of the solvent:58

λs =

e2 ⎛ 1 ⎛ 1
1
1 ⎞⎛ 1
1⎞
⎜ ⎜ + ⎞⎟ −
⎟⎜
− ⎟
4 π ε 0 ⎜⎝ 2 ⎝ r + r − ⎠ Rcc ⎟⎠⎜⎝ n 2 ε r ⎟⎠

(23)

The rates for electron transfer, back‐transfer, and charge recombination can then be predicted by the
semi‐classical Marcus expression,56 adapted by Jortner, who introduced higher vibrational levels:57,59
⎛ (Δ G0 + λs + n hν )2
⎛ 4π 3 ⎞ 2 2 −S ∞ ⎛ S n
⎟⎟ V e ∑ ⎜ exp⎜ −
k 0 = ⎜⎜ 2
⎜
n =0⎜ n!
4λs k BT
⎝ h λs k BT ⎠
⎝
⎝
1

⎞⎞
⎟⎟
⎟⎟
⎠⎠

(24)

Here, S (= λi/hν) relates to the effective mode vibrational energy. A value of 0.186 eV (=1500 cm–1) is
used for hν, a typical value representing the stretch vibration of the carbon‐carbon double bond in
aromatic systems.34b,40,57 V describes the electronic coupling of the two states involved in the charge
transfer reaction. For the transition from S1 to 1CT, ΔG0 equals ΔGET or −ΔGET for kET and kBET,
respectively. VS1–CT = 5–7 meV and 7–8 meV is obtained from kET and kBET, respectively, measured in
TOL at T = 300 K. These values are similar to that of 2.4 meV reported for a PDI‐phenyl‐PDI
molecule.34b
The temperature dependence of the transfer rates observed in Figure 4.9b relate to eq 24,
where the temperature is a direct parameter, but where λs is also temperature‐dependent in
consequence of the temperature‐dependence of n and εr (eq 23). The temperature‐dependence is
mainly determined by T and λs(T) in the exponential factor of eq 24. Temperature‐dependent values
were used for εr(T) as well as n(T) for TOL and CB (Table 4.6) to obtain λs(T).60–62
The experimental changes in rates and barriers with temperature for the forward electron
transfer and back electron transfer processes are qualitatively reflected by the Jortner model (Figure
4.9b) using a temperature‐independent VS1–CT = 6 meV (= 48 cm–1) for TOL and CB. Using the
temperature dependent rates from eq 24 and applying Eyring’s eq 15, ΔG of the CT state is determined
and its transition state with respect to E(S1) at different temperatures (Figure 4.10). Figure 4.10 shows
#
that the 20 meV lower barrier for electron transfer ( ΔGET
) found for PDI‐PMI in TOL compared to CB
#
in TOL than in
is not predicted by the Marcus‐Jortner model which results in a 30 meV higher ΔGET

CB at T = 300 K. Such small differences are considered within the error of the model and the
parameters chosen.
For the charge recombination rate to the singlet ground state (CT → S0, kNR2), ΔG0 equals −E(S1)
− ΔGET in eq 24, and VCT–S0 denotes the electronic coupling between the CT and the S0 state. While for
#
#
and ΔG BET
are only
both solvents the differences between the predicted and measured values of ΔGET
#
if only
minor, a large discrepancy is found between the predicted and measured values of ΔG CR

charge recombination to the singlet ground state is accounted for (Figure 4.10). The discrepancy
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#
between the predicted and measured values of ΔGCR
amounts to 0.84 eV in TOL and to 0.13 eV in CB

(Figure 4.10). This is also reflected by the differences between the observed kCR and the predicted rates
for kNR2 which are for example 20–30 times lower in TOL (6–8 10–3 ns–1), at each temperature (Figure
4.9b), when using a coupling constant (VCT–S0 = 6 meV) with a magnitude similar to that between the S1
and the CT state. These differences between the experimental finding and the theoretical prediction
corresponds to the experimental results that the CT state is partially depopulated via ISC to the lowest
excited triplet state, resulting in a higher kCR than the rate (kNR2) predicted by the model.
J. Marcus‐Jortner model including ISC. For charge recombination of the singlet CT state to

the charge neutral triplet manifold (kT2, 1CT → T1), ΔG0 equals E(T1) − E(S1) − ΔGET. A coupling
constant (VCT–T1 = 6 meV) with a magnitude similar to VS1–CT can be used in eq 24 to predict a theoretical
rate (kT2TOL = 145 and kT2CB = 500 ns–1), if it would be an allowed transition. Obviously, these values are
orders of magnitude higher than those measured (kT2 = 0.1–0.7 ns–1), because 1CT → T1 is indeed spin‐
forbidden. Two mechanisms have been proposed for ISC via states with charge transfer character (kT2,
CT → T1), radical‐pair intersystem crossing (RP‐ISC) and spin‐orbit coupling intersystem crossing

1

(SO‐ISC). RP‐ISC involves ISC from the singlet CT state (or radical pair) to the corresponding triplet
CT state (1CT → 3CT), followed by charge recombination yielding the locally excited triplet state (3CT

→ T1). The second step is a fast process, because it is spin allowed. It can be described with the rates
(kT2(3CT → T1) on the order of 100 ns–1) mentioned before. Hence, in this mechanism the first step (1CT

→ 3CT) should be rate‐determining and of the order of 0.1 ns–1. Even though at short distances the
exchange energy is much larger than the hyperfine interaction, this mechanism cannot be ruled out.
The SO‐ISC mechanism involves a coupled electron transfer and spin inversion, directly
converting the 1CT to the T1 state. SO‐ISC can therefore be described by Marcus‐Jortner theory if a
lower coupling constant is used between the electronic states, 1CT and T1. Thus, by making use of the
measured rates (kT2Sol, Table 4.4), VCT–T1TOL = 0.13–0.20 meV, and VCT–T1CB = 0.09–0.22 meV are obtained,
which are ~40 times lower than VS1–CTSol. Interestingly, these values are in the same range for the two
solvents, which would be expected as the electronic coupling is expected to be roughly solvent‐
independent. From kNR2 upper limits for VCT–S0 (VCT–S0TOL = 0–18 meV, and VCT–S0CB = 0–6 meV) are found,
however due to the electronic similarity between the S0 and S1 state, it is expected that VCT–S0Sol is of
similar magnitude as VS1–CTSol (6 meV, subsection I) rather than the ~0.17 meV found for VCT–T1Sol.
Previous analyses of SO‐ISC (1CT → T1) as a charge recombination with low electronic
coupling using the Marcus‐Jortner model have revealed electronic coupling constants for other D‐A
systems. Kobori et al. found VCT–T1 = 1.6 cm–1 = 0.20 meV for a porphyrin‐C60 dyad,63 similar to the
results for PDI‐PMI. Gould et al.,64 however, found a ~10 times lower electronic coupling (VCT–T1 = 0.23
cm–1 = 0.028 meV) between 1CT and T1 than observed for PDI‐PMI in a series of CT complexes, and
3000 times lower than the coupling constant between 1CT and S0 (VCT–S0 = 750 cm–1 = 93 meV). Similar
values for VCT–T1 were found by Morais et al. (VCT–S0 = 1250 cm–1 = 155 meV, VCT–T1 = 0.18 cm–1 = 0.022
meV) for a small, and structurally constrained anthraquinone‐based D‐A dyad.28 Thus, for small
dyads with strong electronic coupling between 1CT and S0 (the CT complexes and the anthraquinone‐
based dyad) a ca. 10 times smaller coupling (VCT–T1) between the 1CT and T1 is found than for the larger
porphyrin‐C60 dyad and PDI‐PMI. These differences could tentatively be explained with the less
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structurally constrained position of the chromophores in the two larger dyads, thereby also allowing a
near perpendicular orientation of D and A to occur, which is beneficial for the SO‐ISC rate.
Using VS1–CT = VCT–S0 = 6 meV and VCT–T1 = 0.17 meV, kET, kBET, kT2, and kNR2 can be derived, and
the quantum yields are in correspondence to those measured (Table 4.4). The predicted temperature‐
dependence of ΦF (solid line in Figure 4.13a) shows good correspondence to that determined by time‐
resolved fluorescence ({). The increase in ΦFTOL with temperature is mainly caused by kBETTOL(T) which
has a much stronger temperature‐dependence than either of the other rates. Figure 4.13b shows the
predicted quantum yields as a function of εr. The measured data points (ΦF and ΦΔ) are indicated in
the graph for the three different solvents. Note that ΦΔ ( ) corresponds to a lower limit for ΦT1+ΦT2.
For CHX the data point is therefore below the curves for ΦT1+ΦNR1 (dashed). For TOL and CB the data
lie on the predicted line for ΦT2 (dotted).
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Figure 4.13. (a) Predicted (lines) temperature‐dependence of ΦF, ΦT1+ΦNR1, ΦT2, and ΦNR2 in TOL compared to
those measured for ΦF ({, from TR‐PL) and ΦT2 ( , Table 4.4). The values for ΦNR2 and ΦT1+ΦNR1 are within the
experimentally obtained ranges: 0–0.34 and 0–0.07, respectively, at T = 300 K. (b) Predicted (lines) dependence of
ΦF, ΦT1+ΦNR1, ΦT2, and ΦNR2 on εr at T = 300 K using n = 1.500 and E(S1) = 2.25 eV. ΦF ({) and ΦΔ ( , lower limit
for ΦT1 + ΦT2) are also plotted for CHX, TOL, and CB (Table 4.4). For (a) and (b) the coupling constants given in
the caption of Table 4.4 were used.

4.3

Conclusions and implications for solar cells
In TOL and at T = 300 K, the PDI‐PMI dyad has a high‐energy CT state (PDI–•‐PMI+•), that is

nearly iso‐energetic (ECT = 2.19 eV) to its S1 state (E(S1) = 2.25 eV). The small energetic difference
#
combined with a low barrier for electron transfer ( ΔGET
= 130 meV) allows for a dynamic equilibrium

between the S1 and the CT state that can be described by an electron transfer rate (S1 → CT), and a
back electron transfer rate (S1 ← CT) of kET = ca. 30 ns–1 and kBET = 4 ns–1, respectively. In CHX an
upward shift of ECT is found due to the lower polarity of the solvent, and electron transfer (S1 → CT)
does not occur, while in CB, a more polar solvent, ECT is reduced in energy and kBET is strongly
#
#
hampered. The barriers for the electron transfer and back‐transfer processes ( ΔGET
and ΔG BET
), and
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ECT were determined from (temperature‐dependent) TR‐PL measurements, and compare well with
predictions using Marcus‐Jortner theory, if for TOL an apparent relative permittivity εapp = εr + 1.15 is
used. It is found that efficient, near quantitative (~98%), electron transfer can be obtained when ΔGET =
ECT−E(S1) ≈ −120 meV. This is much less than the minimal value for the HOMO‐HOMO or LUMO‐
LUMO offset (ca. −0.35 eV) that is being considered appropriate for D‐A blends.3
Nanosecond photoinduced absorption (ns‐PIA) and singlet oxygen (1Δg) luminescence
measurements reveal that decay from the CT state partially occurs via population of the T1 state,
leading to absolute triplet quantum yields of ΦT = 0.42–0.76 in TOL and ΦT = 0.31–0.98 in CB. These
yields are significantly higher than that determined in CHX (ΦT = 0.02–0.23). The ISC rates (S1 → T1 in
CHX, and CT → T1 in TOL and CB) were determined and are considerably faster from the CT state
(kT2TOL = 0.075–0.17 ns–1 and kT2CB = 0.1–0.7 ns–1) than from the S1 state (kT1CHX = 0.006–0.074 ns–1) and are
actually competing with non‐radiative decay to the singlet ground state (S0). If kT2 (1CT → T1) is
described by SO‐ISC, an electronic coupling between the 1CT and T1 state of VCT–T1 = ca. 0.15 meV is
found in TOL and CB, ca. 40 times lower than that between S1 and 1CT. In combination with electronic
coupling constants for the coupling between the S1 and the 1CT state and the 1CT and the S0 state
(VS1–CT = VCT–S0 = 6 meV), the electronic processes between the four states (S1, 1CT, T1, and S0) can be
described by Marcus‐Jortner theory, nearly quantitatively corresponding to the measured values. The
recombination to the triplet state is a direct consequence of the high‐energy CT state.
The characteristics of PDI‐PMI are favorable to serve as a model compound for systems with
a low driving force for electron transfer, ΔGET, creating a high‐energy CT state in an environment
(TOL) with low relative permittivity. Hence, it is interesting to compare the electronic properties of the
PDI‐PMI dyad to those of organic (polymeric) electron donor‐acceptor blends used for photovoltaic

applications. PDI‐PMI approaches such polymer blends in many ways: (1) εr of TOL and CB compare
well to those of many conjugated polymers (εr = 2–4),1 (2) the optical gap of 2.2 eV is only ~0.2–0.3 eV
above

that

of

commonly

used

polymers

such

as

MDMO‐PPV

(poly[2‐methoxy‐5‐(3ʹ,7ʹ‐

dimethyloctyloxy)‐1,4‐phenylene vinylene]) and P3HT (poly[3‐hexylthiophene]),1 (3) the low ΔGET
compares to a situation that is aimed for in such blends, because it makes ECT as high as possible for a
given optical gap, and for photovoltaic devices the open‐circuit voltage (VOC) is linearly dependent on
ECT,12,13c,65 (4) photovoltaic devices typically operate near T = 300 K, and (5) the fluorescent lifetime of
the separate chromophores compares to that of the individual materials in such blends. Of course, a
molecular dyad in solution is a simple model for a blend film. The largest differences between PDI‐
PMI and a polymer blend are (1) the relatively low electronic overlap between the wavefunctions of

the dyad compared to the close‐packed chromophores in a film, (2) the low viscosity of the medium
(liquid), allowing for molecular reorganizations that occur less in polymeric blends, and (3) the
impossibility for the photogenerated charges to dissociate over longer distances than the size of the
molecule (~2 nm). Two aspects of the properties of the PDI‐PMI dyad will be compared to that of
electron donor‐acceptor blends. First the limit for ΔGET will be considered, and then the triplet
formation in PDI‐PMI will be compared to that in polymer blends.
Photoexcitation of PDI‐PMI in TOL (ΔGET = −50 meV) and CB (ΔGET = −150 meV) is followed
by a fast forward electron transfer (S1 → CT), depopulating the singlet excited state faster than
fluorescent decay (kET = ca. 100×kF for both solvents), despite the low ΔGET. This is enabled by the low
barriers for electron transfer (ΔGET# = ca. 150 meV). However, back electron transfer from the CT to the
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S1 state (kBET, S1 ← CT) can also be fast at such low driving forces, and actually acts as a depopulation
route for the CT state of PDI‐PMI in TOL, which can easily be visualized by the relatively high PL
yield (ΦF from S1) of ca. 20%. In CB (ΦF < 0.02) the back electron transfer rate (kBET) is negligible, which
is supported by TR‐PL and ps‐PIA measurements.
Back electron transfer from CT to S1 has been reported for electron donor‐acceptor blends of
conjugated polymers with a small driving force for electron transfer, i.e. with small HOMO or LUMO
offsets. Morteani et al. used the term “efficient electron‐hole capture” for the repopulation of the S1
state of the polymer with the lowest optical band gap from injected holes and electrons from the
HOMO of the electron donor and LUMO of the electron acceptor, respectively, and used this process
to prepare efficient LEDs.10c,66
For PDI‐PMI, however, the results clearly show that a high ECT allows decay from the CT state
to the lower energy triplet state (CT → T1). Notably, if the CT state of PDI‐PMI is populated (in TOL
and CB), much higher triplet quantum yields (ΦT = 0.3–1) are found than for the reference compounds
PDI and PMI, and than for PDI‐PMI in CHX (ΦT = 0.02–0.23) in which the CT state is not populated.

Not only the triplet quantum yields are much higher in TOL and CB, also the ISC rates (0.1–0.7 ns–1)
are an order of magnitude faster than in CHX (0.01–0.07 ns–1), and are strongly competing with non‐
radiative decay to the ground state (kNR2 = 0–0.5 ns–1).
Also in polymer:polymer13 and polymer:PCBM12,14 blends for organic photovoltaics enhanced
triplet formation via the CT state is observed in some cases, generally for blends with low HOMO and
LUMO offset, thus a small driving force for electron transfer, and consequentially a high ECT (and high
VOC for the photovoltaic devices). Thus, although the high VOC is beneficial for device performance, the
high ECT makes recombination to lower lying triplet states of either of the two materials more
favorable, thereby shortening the decay time of the CT state. The results of the PDI‐PMI dyad show
that in such a situation recombination to the triplet manifold can be a major decay pathway. It would
therefore be desirable to design materials with a small energy difference between the lowest singlet
exciton state (E(S1)) and the lowest triplet excited state (E(T1)). Such materials with a low singlet‐triplet
splitting (ΔEST = E(S1)−E(T1)) would be ideal candidates to achieve high‐energy CT states at an energy
just below E(S1), thereby allowing for a high VOC, without compromising on the decay time, because
charge recombination to a low lying triplet state is prevented if ECT < E(T1).

4.4

Experimental section
General. All reagents and solvents were used as received or purified using standard procedures.

Compounds PDI,67 1,68 and 369 were synthesized following previously reported synthetic procedures. Column
chromatography was performed using Merck silica gel 60 (230–240 mesh). 1H NMR and 13C NMR spectra were
recorded at room temperature on a Varian Mercury (400 and 100 MHz, respectively). Proton chemical shifts are
reported in ppm relative to tetramethylsilane (TMS). Infrared (FT‐IR) spectra were recorded on a Perkin‐Elmer
Spectrum One UATR FT‐IR spectrophotometer. MALDI‐TOF MS spectra were recorded on a Perspective DE
Voyager spectrometer using α‐cyano‐4‐hydroxycinnamic acid or 2‐[(2E)‐3‐(4‐tert‐butylphenyl)‐2‐methylprop‐2‐
enylidene]malononitrile (DCTB) as a matrix. Elemental analyses were carried out using a PerkinElmer 2400.
PMI. A mixture of N‐(2,6‐diisopropylphenyl)‐9‐bromoperylene‐3,4‐dicarboximide (1) (100 mg, 0.18
mmol), phenylboronic acid pinacol ester (28 mg, 0.23 mmol), and Pd(PPh3)4 (18.5 mg, 0.016 mmol, 9 mol%) was
dissolved in 10 mL toluene, and 2 mL 2 N K2CO3. The reaction mixture was stirred at 115 °C for 24 h. The solution
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was then poured into diluted HCl (200 mL) and extracted with CH2Cl2. The organic layer was dried over MgSO4,
followed by evaporation of the solvent. The crude product was carefully purified by silica gel column
chromatography (CH2Cl2) to give PMI as a red solid (10 mg, 10%). IR: ν (cm–1) 1698, 1660 (νC=O imide); 1H NMR
(CDCl3, 400 MHz): δ 8.69–8.67 (2d, J = 8 Hz, 2H), 8.56–8.49 (m, 4H), 8.20 (d, J = 8 Hz, 1H), 7.63–7.46 (m, 8H), 7.36–
7.34 (m, 2H), 2.78 (hept, J = 6.8 Hz, 2H), 1.19 (d, J = 6.8 Hz, 12H); 13C NMR (CDCl3, 100 MHz): δ 164.0, 145.7, 143.4,
137.8, 137.6, 132.7, 132.1, 132.0, 130.0, 129.5, 129.4, 128.6, 128.5, 128.3, 128.0, 127.0, 126.9, 124.0, 123.9, 123.6, 121.0,
120.9, 120.3, 120.1, 29.1, 24.0; MALDI‐TOF MS (m/z) calcd for C40H31NO2 = 557.24, found [M•]+ = 557.1.
2.

N‐(2,6‐diisopropylphenyl)‐9‐bromoperylene‐3,4‐dicarboximide

(1)

(100

mg,

0.18

mmol),

4‐

aminophenylboronic acid pinacol ester (50 mg, 0.23 mmol), and Pd(PPh3)4 (18 mg, 0.016 mmol, 9 mol%) were
dissolved in 10 mL toluene, and 2 mL of 2 N K2CO3. The reaction mixture was stirred at 115 °C for 15 h. The
solution was then poured into diluted HCl (200 mL) and extracted with CH2Cl2. The organic layer was dried over
MgSO4, followed by evaporation of the solvent. The crude product was carefully purified 2 times by silica gel
column chromatography (CH2Cl2) to give 2 as a dark purple solid (79 mg, 78%).; IR: ν (cm–1) 3372 (NH2), 1695,
1657 (νC=O imide); 1H NMR (CDCl3, 400 MHz): δ 8.65–8.63 (2d, J = 8 Hz, 2H), 8.48–8.41 (m, 4H), 8.10 (d, J = 7.6 Hz,
1H), 7.61–7.57 (m, 2H), 7.48 (t, J = 7.8 Hz, 1H), 7.39–7.34 (m, 4H), 6.90 (d, J = 8 Hz, 2H), 2.78 (hept, J = 6.8 Hz, 2H),
1.19 (d, J = 7.6 Hz, 12H); 13C NMR (CDCl3, 100 MHz): δ 164.0, 146.4, 145.7, 143.8, 137.9, 137.8, 132.8, 132.1, 132.0,
131.1, 130.6, 129.8, 129.4, 129.3, 128.4, 128.1, 127.8, 126.9, 126.8, 124.0, 123.9, 123.8, 120.9, 120.5, 120.1, 119.8, 115.0,
29.7, 29.1, 24.0; MALDI‐TOF MS (m/z) calcd for C40H32N2O2 = 572.25, found [M+H]+ = 573.2;
PDI‐PMI. A mixture of 2 (30 mg, 52.38 μmol), 3 (30.05 mg, 53.16 μmol), and imidazole (596 mg) was
heated at 160 °C for 2 h. The crude product was purified by silica gel column chromatography (CH2Cl2) to give
PDI‐PMI as a dark red solid (33 mg, 56%). IR: ν (cm–1) 1703, 1661 (νC=O imide); 1H NMR (CDCl3, 400 MHz): δ 8.77
(2d, J = 8.4 Hz, 2H), 8.69–8.62 (m, 8H), 8.56–8.46 (m, 4H), 8.17 (d, J = 8 Hz, 1H), 7.78 (d, J = 8 Hz, 2H), 7.72 (d, J = 8
Hz, 1H), 7.65 (t, J = 8 Hz, 1H), 7.59 (d, J = 8 Hz, 2H), 7.49 (t, J = 7.8 Hz, 1H), 7.36 (d, J = 8 Hz, 2H), 5.26–5.17 (m, 1H),
2.78 (hept, J = 6.8 Hz, 2H), 2.31–2.25 (m, 2H), 1.92–1.85 (m, 2H), 1.34–1.20 (m, 28H), 0.84 (t, J = 7.0 Hz, 6H); 13C
NMR (CDCl3, 100 MHz): δ 163.9 (C=O), 163.6 (C=O), 145.7, 142.4, 140.3, 137.6, 137.4, 135.3, 134.9, 134.2, 132.5,
132.04, 132.04, 131.9, 131.0, 130.5, 129.8, 129.5, 129.4, 129.3, 128.9, 128.8, 128.4, 128.3, 127.2, 126.9, 126.7, 126.4, 124.0,
123.5, 123.4, 123.1, 123.0, 121.0, 120.9, 120.3, 120.2, 54.8, 32.4, 31.7, 29.7, 29.6, 29.2, 29.1, 26.9, 24.0, 22.6, 14.0.
MALDI‐TOF MS (m/z) calcd for C77H65N3O6 = 1127.49, found [M•]– = 1127.6. Anal. calcd: C 81.96, H 5.81, N 3.72, O
8.51, found: C 80.36, H 6.33, N 3.43.
Electrochemistry. Cyclic voltammograms were recorded in an inert atmosphere with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) in dichloromethane (DCM) as supporting electrolyte. The
working electrode was a platinum disc (0.2 cm2) and the counter electrode was a platinum electrode. The scan
was performed using a Ag/AgCl reference electrode with a ferrocene/ferrocenium couple (Fc/Fc+) as an internal
standard (+0.35 V vs. Ag/AgCl in DCM) using a μAutolab II with a PGSTAT30 potentiostat and a scan speed of
100 mV/s.
Absorbance and fluorescence. The solvents for spectroscopic studies were spectroscopic grade and used
as received unless stated otherwise. UV/vis absorption spectra were recorded using a PerkinElmer Lambda 900
spectrophotometer, and steady state fluorescence spectra were recorded on an Edinburgh Instruments FS920
double‐monochromator spectrophotometer with a Peltier‐cooled red‐sensitive photomultiplier. The emission
spectra were corrected for the wavelength dependence of the sensitivity of the detection system. Time‐correlated
single photon counting fluorescence studies were performed on an Edinburgh Instruments LifeSpec‐PS
spectrometer by photoexcitation with a 400 nm picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz and
detection with a Peltier‐cooled Hamamatsu microchannel plate photomultiplier (R3809U‐50). The data were
deconvoluted with the instrument response function of the instrument, recorded using dispersed light, and fitted
to a multiexponential function using the Fluofit package (PicoQuant, Berlin). Low‐temperature (< 300 K)
fluorescence spectra were recorded using an Oxford Instruments nitrogen flow (CF) cryostat connected to an
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Oxford ITC601 temperature controller. A Lauda RC 20 CS refrigerated bath circulator was used to measure at
temperatures above 300 K. The long component in the time traces of PDI‐PMI in chlorobenzene –and the residual
fluorescence in the steady state measurement– may be partly due to a fluorescent impurity, which causes a higher
uncertainty in the values of kCR and kBET determined at this temperature.55
Sub‐picosecond pump‐probe photoinduced absorption (ps‐PIA). The femtosecond laser system
consisted of an amplified Ti/sapphire laser (Spectra Physics Hurricane), providing 150‐fs pulses at 800 nm with an
energy of 750 μJ and a repetition rate of 1 kHz. The pump pulses at 490 nm were created via optical parametric
amplification (OPA) of the 800 nm and frequency doubling. The probe beams at 540 and 955 nm were generated
in a separate OPA. The pump beam was linearly polarized at the magic angle (54.7°) with respect to the probe
beam, to cancel out orientation effects in the measured dynamics. The temporal evolution of the differential
transmission was recorded using a Si detector by a standard lock‐in technique at 500 Hz. For the ps‐PIA as well as
the ns‐PIA (below) the solutions were placed in an airtight screw‐cap quartz cuvette (Spectrocell) with 1 mm
optical path length.
Nanosecond pump‐probe photoinduced absorption (ns‐PIA). The spectra were recorded by exciting
the sample with pulses at 488 nm (pulse width 4 ns, repetition rate 10 Hz) obtained from an optical parametric
oscillator (OPO), pumped by the third harmonic of a Nd:YAG laser. An intensified charge‐coupled device (CCD)
camera was used to record the transmission of a tungsten‐halogen probe light through the sample after
dispersion by a spectrograph. The signal acquisition by the CCD camera was electronically gated at different time
delays after the excitation pulse, with a gate width of 60 ns. To obtain differential transmission spectra, the
reference transmission was recorded at a 20 ms delay. For the ns‐PIA experiments oxygen‐free saturated solutions
were prepared in a glovebox ([O2] < 10 ppm) unless stated otherwise, and kept in a screw‐capped quartz cell
(Spectrocell) with an optical path length of 1 mm.
Oxygen phosphorescence. For the singlet (1Δg) oxygen phosphorescence measurements the spectra were
recorded by exciting the sample with the second harmonic of a Nd:YAG laser (5 ns, 532 nm, 10 Hz rep. rate). The
incoming beam was filtered with a 532 nm laser line filter (Lot Oriel), and the luminescence was collected at a
straight angle to the excitation beam with a liquid‐N2 cooled ultra‐sensitive germanium detector (Edinburgh
Instruments EI‐P) with an RG1000 (Schott) glass filter and a 1292 nm NIR‐band (T = 60% at 1270 nm, FWHM = 80
nm) pass filter (Lot Oriel). The diode signals were transferred to a PC and averaged 96 times. The samples were
air‐saturated solutions with absorbances amounting to 0.35±0.01 at 532 nm, in a quartz cell with an optical path
length of 10 mm.
Singlet oxygen (1Δg) quantum yields (ΦΔ) were determined by probing the oxygen (1Δg) phosphorescence
decay with time, using:70,71

ΦΔ =

n 2 I P 0 k P(ST)
ΦΔ (ST)
n 2(ST) I P 0(ST) k P

(25)

with n the refractive index of the solvent, IP0 the extrapolated phosphorescence intensity at t = 0, and kP the rate of
radiative decay from the singlet oxygen (1Δg) state, taken from Scurlock et al.71 who reported kP relative to that in
benzene (kPʹ = kP/kPbenzene). For CHX kpʹ is determined from the relation with the polarizability of the solvent (kpʹ =
0.68).71 ST denotes ‘standard’: here C60 in benzene with ΦΔ = 0.95±0.05.72,73 The optical density was 0.35±0.01 at 532
nm for each measurement.
The experimental procedure was checked using TPP (meso‐tetraphenylporphyrin) as reference
compound. For TPP the measured yields (ΦΔ = 0.70 in benzene, ΦΔ = 0.57 in CB) show good correspondence to
those determined previously in benzene (ΦΔ = 0.62 and 0.78),70,74 and in CB (ΦΔ = 0.61).70 The laser fluence
dependence was carefully checked in each experiment, and only at laser fluences above 6 J m–2 the intensity of the
signal was found to deviate from linearity.75 At low fluences and after ~15 μs delay, the signal intensity has a
decay rate that is equal for each compound in the same solvent. From this decay ΦΔ was determined. At early
times (< 15 μs) the TPP and notably the PDI‐PMI decay traces reveal additional short components that are absent
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in the C60 trace for which only a rise of the oxygen (1Δg) luminescence is observed. These short components are
probably caused by saturation of the detector by residual photoluminescence, extending into the near infrared.76,77
Table 4.6. The refractive index (n) and relative permittivity (εr) values for the solvents used in this work.

a

Solvent

T/K

n

εr

Benzene
DCM
CHX
TOL
TOL
TOL (εapp)
TOL (εapp)
CB
CB
DIOX

300
300
300
220
300
220
300
300
380
300

1.501

a

ET

N a

b

b,c

1.447
c
1.543
b
1.497

b,c

1.524
c
1.481

c

8.930
2.203
2.579
2.370
d
3.729
d
3.520
5.657
4.480
2.27

0.309
0.046
0.099

0.188
0.164

From ref. 48. n(300 K), and εr(T) from ref 60. Temperature dependent n from ref. 62 (TOL), and ref. 61 (CB). c This is εref in eq
b

c

22. d Using an “apparent εr”: εapp = εr + 1.15.
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5
Triplet formation involving a polar transition
state in a well-defined intramolecular
perylenediimide dimeric aggregate*

Abstract. A cofacially stacked perylenediimide (PDI) dimer with a xanthene linker was
studied under a variety of conditions (solvent, temperature), and serves as a model for the
molecular interactions occurring in solid films. Intrinsically, the PDI units have a
fluorescence quantum yield (ΦF) close to unity, but ΦF is lowered by a factor of 6–50 at room
temperature when two PDI moieties are held in a cofacial arrangement, while the decay time
of the most emissive state is increased significantly (τF = 27 ns in toluene) compared to a
monomeric PDI molecule (τF = 4 ns). Fluorescence measurements show a strong solvent‐ and
temperature‐dependence of the characteristics of the emissive excited state. In a glassy
matrix of toluene (TOL) or 2‐methyltetrahydrofuran (2‐MeTHF) ΦF is high, and the decay
time is long (τF = ca. 50 ns). At higher temperature both ΦF and τF are reduced. Interestingly,
at room temperature, ΦF and τF are also reduced with increasing solvent polarity, revealing
the presence of a polar transition state. Photoinduced absorption of the stacked molecules
from the picosecond to the microsecond time scale shows that after photoexcitation
reorganization occurs in the first nanoseconds, followed by intersystem crossing (ISC),
producing the triplet excited state. Using singlet oxygen (1Δg) luminescence as a probe, a
triplet quantum yield (ΦT) greater than 50% was obtained in air‐saturated 2‐Me‐THF. Triplet
formation is exceptional for PDI chromophores and the enhanced ISC is explained by a
decay involving a highly polar transition state.

* This work has been published: D. Veldman, S. M. A. Chopin, S. C. J. Meskers, M. M. Groeneveld, R.
M. Williams, R. A. J. Janssen, Journal of Physical Chemistry A 2008, 112, 5846–5857.

Chapter 5

5.1

Introduction
Enhanced triplet generation following photoinduced charge transfer was recently reported by

various groups in electron donor‐acceptor polymer blend films that are of interest for application in
organic photovoltaic devices.1 In these electron blend films, intersystem crossing (ISC) is promoted
relative to films of the pristine polymers. Little is known about the mechanism of triplet formation
from charge transfer (CT) states in these blends, but it is of importance for polymer photovoltaics,
because it reduces the lifetime of the CT state that serves as a precursor for free charge carriers.
In molecules such as acetone and e.g. aromatic ketones, known for their high triplet yields, the
n‐π* transition of the carbonyl group can be viewed as the transfer of charge from the lone pair of the
oxygen atom to the carbon atom. This exemplifies the importance of charge transfer in triplet state
formation. The orbital magnetic momentum is changed when the interacting orbitals are located in
different areas of the space on the molecule, compensating the change of spin magnetic momentum of
the electron (spin‐orbit coupling).2
Previous studies on triplet excited state population in photoexcited electron donor‐acceptor
dyads have shown that enhanced ISC can be induced via population of the radical (ion) pair. Two
mechanisms of ISC via the radical pair have been proposed, radical pair intersystem crossing (RP‐
ISC)3–6 and spin‐orbit intersystem crossing (SO‐ISC).3,7 RP‐ISC involves a spin dephasing from the
initially created singlet radical pair to a radical pair with triplet character (1CT → 3CT) by hyperfine
interactions, followed by a rapid charge recombination into the lowest charge neutral triplet excited
state (3CT → T1). SO‐ISC involves a direct charge recombination from the singlet radical pair to T1 (1CT
→ T1) with a simultaneous spin inversion via spin‐orbit coupling. It is difficult to distinguish between
these two mechanisms, but it is observed that the SO‐ISC mechanism prevails when strong electronic
coupling –requiring short electron donor‐acceptor distance– is present between the two units.8
Perylenediimides (PDIs) have been well‐studied over the past decades, and are often used as
model compounds because of their high fluorescence quantum yields, chemical inertness, and
photochemical stability. They are well‐soluble if “swallow tail” alkyl chains or substituted phenyl
rings are introduced.9 Under direct photoexcitation, the fluorescence quantum yields of PDIs in
solution are high (ΦF ≥ 95%) and their triplet quantum yields are low (ΦF < 0.1% and ca. 0.5% have
been reported)10. However, the triplet excited state can be populated via energy transfer from other
triplet states, and the triplet‐triplet (T1‐Tn) absorption spectrum, triplet energy (1.20±0.08 eV), and
triplet lifetime (ca. 100 μs) of PDIs have already been reported by Ford and Kamat in 1987,10 and were
recently studied intensively in covalent systems where a perylenediimide is attached to fullerenes or
porphyrins.11
The organization of conjugated materials on the nanometer‐length scale has important
consequences for their optical properties. The effect of π‐stacking of PDI molecules on the optical
properties has been studied by changing temperature, solvent, and concentration.12 Much research has
also focused on crystalline films of perylene tetracarboxylic dianhydride (PTCDA), which show many
similar optical properties as PDI stacks in solution: broad, unstructured, red shifted emission with
relatively long PL (photoluminescence) decay times, different from the single molecules.13 The
emissive properties of crystalline PTCDA films are often described in terms of molecular dimers.
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Well‐defined covalently linked, cofacially stacked PDI dimers were recently reported,14–17 and
are shown to have enhanced blue‐shifted absorption compared to the monomers, and weak red
shifted emission. In the dyads of Wasielewski et al. the PDI moieties are linked with a xanthene group,
and are bay‐substituted with either pyrrolidine15 or 3,5‐di‐t‐butylphenoxygroups.16 More recently, also
“bare” PDI dimers were presented by the same group.17 Photoexcitation of the pyrrolidine‐substituted
dimer in relatively nonpolar toluene (TOL) leads to a fast (τ = 0.52 ps) charge transfer between the two
PDI chromophores, creating an intramolecularly stacked PDI•+‐PDI•– state that decays to the ground
state with τ = 220 ps.15 The photoinduced electron transfer is enabled by the electron donating
pyrrolidine rings that lower the energy of the CT state below that of the initially created, charge
neutral, singlet excited state.18 Oppositely, for the phenoxy substituted and unsubstituted dimers,
decay from the photoexcited states does not involve full charge transfer. Upon photoexcitation these
molecules show excimer‐like emission with PL quantum yields, and PL lifetimes in TOL amounting to
ΦF = 0.06–0.15, and τ = 19–23 ns for the phenoxy‐substituted, and to ΦF = 0.02–0.19, and τ = 9–29 ns for
the non‐substituted dimer.16b,17 The lower (higher) PL yields, and shorter (longer) lifetimes belong to
dimers with linear (branched) solubilizing side chains, whose chromophores are more (less) closely
packed.17 A weak solvent‐dependence of the emission yield and lifetime in three different solvents
was tentatively explained by variations in the radiative rate of the phenoxy‐substituted dimers, or a
heavy atom effect of the solvent.16b Triplet excited state properties of these molecular dimers have not
been reported thus far.
Here, a U‐shaped PDI dimer (U‐PDI2) is studied, with two “bare” PDI moieties held in a
cofacial configuration by a rigid xanthene linker (Figure 5.1), and with 1‐hexylheptyl side chains.
Because, as mentioned before, photoinduced electron transfer is not observed for similar dimers, U‐
PDI2 is an interesting model compound to study the effect of higher lying CT states on the
deactivation of excited states. Specifically, with increasing solvent polarity, CT states are reduced in
energy, and may facilitate the deactivation of lower lying excited states.

R
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R
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O

U-PDI2

PDI

ONO
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O

O

R = CH(C6H13)2

Figure 5.1. Molecular structures of U‐PDI2, reference compound PDI, and their cartoon‐like representations.

According to PM3 quantum chemical calculations, the xanthene spacer in U‐PDI2 allows for a
distance between the two cofacially arranged PDI units of ca. 4.5 Å with a minimum distance of 4.3 Å
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for each atom.17 This is significantly more than the perpendicular distance between two molecules in
an α‐PTCDA crystal (3.2 Å),19 although small rotations around the xanthene‐imide bonds possibly
allow closer contacts between the PDI units.
The coupling of the parallel transition dipoles of the two stacked PDI moieties in U‐PDI2 leads
to delocalization of the excited state, and changes the band shape of the absorption spectrum.20 The
transition from the ground state to the lowest excited level is only weakly allowed, whereas
transitions to higher levels are more strongly allowed. After photoexcitation the electronic state in the
dimer will quickly relax to the lowest singlet exciton state (LE).17 In the LE state coupling between the
two excited states of the single PDI units makes that the emission is different from that of the
monomer, however the excitation can be described as a superposition of locally excited states of the
two units (Figure 5.2). Due to the coupling, decay from this excited state is forbidden.
The presence of e.g. an sp3 carbon and an sp3 oxygen atom in between the two phenyl moieties
of the xanthene linker and the rotational freedom around the xanthene‐imide bonds allow for
conformational changes,21 that may enable the formation of an excited state with the chromophores at
closer separation distance than in the initially created LE state and with the π‐electrons shared over
the two PDI units. If this conformation is unstable in the ground state, the distorted excited state can
be denoted as an excimer‐like state (E, Figure 5.2), resembling an excimer: an electronically excited
dimer, ‘non‐bonding’ in the ground state.17 The pyrene dimer is one of the most extensively studied
excimers, forming weak excited state complexes in solution, and having very weak CT character in its
lowest excited state, as observed from minimal solvatochromic shifts.22 The lowest triplet excited state
of U‐PDI2 (T in Figure 5.2) is expected to be more strongly localized than the lowest singlet excited
states of the molecule, because the triplet exciton is not stabilized by exciton coupling as the transition
from the singlet ground state to a triplet excited state is forbidden by spin selection rules. Therefore
very similar properties (triplet energy, triplet lifetime, T1‐Tn absorption) are expected for the triplet of
U‐PDI2 compared to PDI, but the triplet yields –as will be demonstrated– can differ substantially.
Although low energy CT states are unavailable, the stacking of PDI chromophores creates a CT
transition or high‐energy intermediate state (PDI•+‐PDI•–) at energies just above the emissive singlet
states (denoted with CT † in Figure 5.2).
In this contribution the formation and decay of the photoexcited singlet (LE, E) and triplet (T)
states is studied using steady state and time‐resolved techniques in a set of solvents of different
polarity, and at a wide range of temperatures. A detailed analysis of the equilibrium between the LE
and E states is provided and it is demonstrated that intersystem crossing to the T state is enhanced by
a nearby CT transition state. Consequently, intersystem crossing occurs much faster and more efficient
in the stacked dimer than in monomeric PDI, especially in solvents with a higher polarity.
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Figure 5.2. Schematic diagram showing the lowest singlet exciton state (LE), the excimer‐like state (E), the highly
polar transition or intermediate state (CT†), the localized triplet excited state (T), and the energy barriers between
these states in TOL (solid line), and 2‐Me‐THF (dashed line).

5.2

Results
A. Synthesis of U‐PDI2. The cofacially stacked dimer U‐PDI2 was synthesized by heating a

solution

of

2,7‐di‐t‐butyl‐9,9‐dimethyl‐4,5‐xanthenediamine

and

N‐(1‐hexylheptyl)perylene‐3,4‐

dicarboxyanhydride‐9,10‐dicarboximide in imidazole and pyridine to 85 °C for 72 h, followed by
purification by column chromatography. As a result of its branched solubilizing 1‐hexylheptyl tails at
the ends of the two chromophores, U‐PDI2 is well soluble in a wide range of organic solvents,
allowing detailed characterization and analysis of its photophysical properties.
B. Electrochemistry. The cyclic voltammogram of U‐PDI2 in dichloromethane (DCM) shows
three reduction peaks (Figure 5.3). Based on the deconvoluted voltammogram showing a 1:1:2 pattern
for the current, the following is proposed: first one and then the other PDI unit is reduced, first
creating the mono‐anion (PDI‐PDI–) at ‐1.05 V, followed by the dianion (PDI–‐PDI–) at ‐1.24 V, and the
tetraanion (PDI2–‐PDI2–) at ‐1.42 V vs. Fc/Fc+.23 Comparison with PDI, having reduction potentials of
‐1.05 V for the mono‐anion (PDI–), and ‐1.25 V for the dianion (PDI2–) indicates a minimal effect of the
stacking on the first reduction potential of the PDI moieties in U‐PDI2. The formations of the dianion
(PDI–‐PDI–) and tetraanion (PDI2–‐PDI2–) occur at more negative potentials as a result of Coulomb
repulsion with the other negatively charged chromophore. The oxidation of U‐PDI2 occurs at a similar
potential as for PDI and is located at ca. +1.23 V vs. Fc/Fc+. The correspondence of the first electronic
oxidation and reduction waves of U‐PDI2 with those of PDI indicates the negligible influence of the
xanthene bridge itself on the electronic properties of the dimer.
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Figure 5.3. Cyclic voltammograms of PDI and U‐PDI2 in DCM. The bottom panel shows the deconvoluted
voltammogram of U‐PDI2.

C. UV/vis absorbance at T = 295 K. U‐PDI2 is highly soluble, and shows concentration‐
independent absorption spectral shapes, up to at least 10–4 M in a wide range of organic solvents. In
the concentration range used in this study (10–6–10–5 M) it behaves as a purely intramolecular dimer,
and shows nearly solvent‐independent absorption spectra in TOL, chloroform (CHCl3), chlorobenzene
(CB), 2‐Me‐THF, DCM, and o‐dichlorobenzene (o‐DCB) (shown for TOL, CB and 2‐Me‐THF in Figure
5.4). Coupling of the parallel transition dipoles of the two stacked PDI moieties leads to delocalization
of the excited state, and changes the band shape of the absorption spectrum of U‐PDI2 relative to that
of PDI. Because of a more strongly allowed transition to higher levels, the ground state absorption of
U‐PDI2 shows a blue shifted absorption maximum, and a lower‐intensity red shifted absorption
compared to PDI.17 The absorption maximum of U‐PDI2 (λmax = 491–497 nm) is blue shifted by ca. 30
nm (0.15 eV) relative to PDI (λmax = 521–531 nm) (Table 5.1), while the maximum of the lowest energy
peak (λ = 528–535 nm) in the absorption spectrum of U‐PDI2 is red shifted by ca. 5 nm, and broadened
relative to the lowest energy absorption peak of PDI, such that the absorption onset of U‐PDI2 is red
shifted by about 25 nm (0.10 eV) compared to the reference compound in the same solvent.
Hence, the splitting of energy levels caused by dipole‐dipole coupling is of similar magnitude
as the energy difference between vibronic states of PDI (0.16 eV), resulting in a similar energetic
position of the 0‐1 absorption peak of PDI and the maximum of the U‐PDI2 absorption. The weak
absorption by the lowest excited state, which is strictly symmetry forbidden for aligned dipoles,
becomes weakly allowed by a non‐perfect parallel alignment of the chromophores, which is
anticipated from the presence of the orthogonal alkyl chains at the ends of the PDI units which may
prevent perfect parallel ordering of the PDI units, and because of the relatively large distance between
the chromophores (4.5 Å) in U‐PDI2.
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Figure 5.4. Normalized UV/vis absorption (left axis) and photoluminescence (right axis) spectra of U‐PDI2 (solid
lines) and PDI (dashed lines) in TOL (a), CB (b), and 2‐Me‐THF (c) at T = 295 K. The excitation wavelength is 495
nm for all emission spectra.
Table 5.1. Solvent‐dependent fluorescence quantum yields (ΦF), fluorescence decay time constants (τi) and
corresponding amplitudes (ai) at λem = 650 nm, absorption and emission maxima (λabs and λem), and singlet
oxygen (1Δg) luminescence yields (ΦΔ) of air‐equilibrated U‐PDI2 solutions. ΦF of PDI and the relative triplet
quantum yield (ΦT,rel) of oxygen free solutions of U‐PDI2 are also given.
PDI
Solvent

εr

TOL
CHCl3
CB
2-Me-THF
DCM
o-DCB
a

From ref. 24.

a

ΦF

b

2.43 1.02
4.89 1.00
5.74 0.96
d
6.97 n.d.
9.02 n.d.
10.36 n.d.
b

U-PDI2
ΦF

b

0.17
0.15
0.13
0.06
0.05
0.02

a1

τ1 / ns

a2

τ2 / ns

0.46
0.69
0.75
0.46
0.60
0.58

0.79
1.36
1.63
1.47
1.78
1.40

0.54
0.31
0.25
0.54
0.40
0.42

27.2
21.5
21.8
9.80
9.30
4.65

λabs / nm λem / nm
494
497
496
491
493
493

655
655
655
655
e
(650)
655

ΦΔ
0.22 ± 0.02
n.d.
n.d.
0.57 ± 0.1
0.43 ± 0.1
n.d.

ΦT,rel

c

1
n.d.
n.d.
2.6
2.2
n.d.

Measured PL quantum yields (± 5%): PDI with 1‐hexylheptyl solubilizing groups in DCM was used as a

reference (ΦF = 0.99±0.05).25,26 c Triplet quantum yield relative to U‐PDI2 in TOL, determined from the photoinduced absorption
signal intensity at λ = 570 nm. d n.d.: not determined.26e There is a higher fluorescence peak at 534 nm in DCM.

D. Steady state photoluminescence at T = 295 K. Photoexcitation of U‐PDI2 in TOL with an
excitation wavelength of λ = 495 nm leads to PL emission that is heavily changed compared to that of
the reference PDI (Figure 5.4a): its emission is broad and strongly red shifted (λmax = 655 nm)
compared to that of PDI (λmax = 536 nm). Additionally, two shoulders (at λ = ca. 550 and 600 nm) are
observed in the PL spectrum. The PL quantum yield amounts to ΦF = 0.17, and is 6 times lower than
that of PDI for which ΦF = ~1 (Table 5.1).
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In solvents of higher polarity –taking the relative permittivity (εr) as a measure– there are only
minor changes to the band shapes of the emission spectra (Figure 5.4 for TOL, CB, and 2‐Me‐THF)).
The wavelength of maximal emission intensity remains unchanged in the six different solvents with εr
in the range 2.43–10.36 (λmax = 650–655 nm, Table 5.1), indicating absence of CT character of the
emissive excited state. For the three solvents of highest polarity (shown for 2‐Me‐THF in Figure 5.4c)
additional sharp emission bands (at λ = ca. 530 and 570 nm) resembling PDI emission are resolved,
which could be due to a small amount (≤ 0.6 mol%) of a fluorescent impurity. The appearance of this
structured emission is actually the consequence of a strong reduction of the PL intensity of the broad
emission in order of increasing solvent polarity from TOL (εr = 2.43) to CHCl3, CB, 2‐Me‐THF, DCM,
and o‐DCB (εr = 10.36) with ΦF = 0.17 in TOL reduced to ΦF = 0.02 in o‐DCB (Table 5.1, Figure 5.5). This
indicates the presence of a non‐radiative decay channel, involving a transition state with CT character.
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Figure 5.5. (a) Fluorescence quantum yield (left axis), and the long fluorescence decay component (τ2) of U‐PDI2
emission at 650 nm (right axis) in various solvents of different polarity at T = 295 K. (b) Corresponding radiative
(kF) and non‐radiative decay rates (kNR).

E. Picosecond photoinduced absorption. Possible decay processes of excited states at short
time after photoexcitation can be observed by picosecond pump‐probe photoinduced absorption
spectroscopy (ps‐PIA). The ps‐PIA spectra of U‐PDI2 in TOL are compared to those of PDI in Figure
5.6. The spectrum of PDI shows the bleaching bands (λ = 462, 490, and 532 nm), the stimulated
emission bands (λ = 532, 582, and 629 nm), and the S1‐Sn absorption (λ = 699 nm) (Figure 5.6a, top
panel). These signals are decaying with a decay time longer than the instrumentally accessible time
window (0–1.8 ns), in correspondence to the PL quantum yield (ΦF = ca. 1), and the PL lifetime (τ =
4.21 ns) of PDI in TOL. For U‐PDI2 the bleaching band at 490 nm also does not reveal any changes at
times shorter than 100 ps, demonstrating the absence of any fast decay to the singlet ground state. The
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580 nm transient of U‐PDI2 reveals a rise to positive ΔT/T that is followed by an ultrafast transition to
negative ΔT/T, indicating that stimulated emission is suppressed within 200 fs after photoexcitation.
The broad absorption band becomes narrower, and blue shifts by 20 nm (from λmax = 715 to 695 nm).
This leads to rises and decays in the time traces at different wavelengths. These spectral changes are
attributed to a relaxation of the lowest excited state. Finally, note that neither the initially created nor
the final state of U‐PDI2 is one with fully separated charge carriers; the spectra do not reveal any of
the characteristic (sharp) absorptions of the radical cation (at λ = 588 nm in acetonitrile)10b or the
radical anion (λ = 700, 795, 955 nm in acetonitrile or DMF)10b,27 of the PDI chromophore.
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Figure 5.6. ps‐PIA spectra (a), and decay traces (b) of PDI (top) and U‐PDI2 (bottom) in TOL at T = 295 K, and at
time delays of 0–200 ps (λexc = 530 nm). The decay traces are normalized to 1 at a time delay of 200 ps. The sign in
parentheses indicates the sign of the ‐ΔT/T signal at 200 ps, prior to normalization, i.e. “(+)” indicates reduced
transmission.

Also in DCM the ps‐PIA spectra of U‐PDI2 do not show any changes in the intensity of the
bleaching, confirming the absence of fast decay to the ground state at these short time delays (up to
200 ps). The absorption shows a spectral shift in the wavelength interval 550–800 nm, and a narrowing
in about 200 ps, but again does not reveal the formation of radical ions. Also using NIR detection (900–
1150 nm) the ps‐PIA spectra do not reveal radical anions of PDI, but only S1‐Sn absorption.
F. Time‐resolved fluorescence at T = 295 K. Time‐resolved fluorescence (TR‐PL)
measurements were carried out in the (sub‐)nanosecond time range in order to further characterize
the spectral shape of the U‐PDI2 PL emission, and to analyze the solvent dependence of the
fluorescence in more detail. Upon photoexcitation with λ = 400 nm, the time‐resolved emission spectra
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of U‐PDI2 in TOL (Figure 5.7a) show that after ~10 ns delay the emission decays monoexponentially
over the full spectral window with a PL maximum (665 nm) and shoulders (ca. 550 and 600 nm) in
perfect correspondence to the steady state PL spectrum (Figure 5.4a). The time‐integrated contribution
of this long decay component (τ2 = 27.2 ns, vide infra) amounts to ca. 90% of the total emission in the
wavelength interval 520–700 nm (Figure 5.7b). In the next section it is shown that this long‐lived
emission involves decay from an equilibrium of two excited states.
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Figure 5.7. Fluorescence decay of U‐PDI2 in TOL at T = 295 K upon excitation with λexc = 400 nm. (a) Time‐
resolved emission spectra at the indicated time windows. For the first time window the width is 2.5 ns, while it is
7.5 ns at longer delay times. (b) Time‐integrated PL spectra (at 0–90 ns time delay) for all emission (dashed line),
and for the emission having a 27.2 ns decay time (solid line). (c) Decay traces of U‐PDI2 at λ = 540 and 650 nm,
compared to that of PDI in TOL (λ = 540 nm). The inset of (c) shows the decay at short time delay, and the thin
line indicates the instrumental response function (IRF).

Analysis of TR‐PL traces (Figure 5.7c) at λem = 650 nm in terms of a sum of two exponentials
decays yields a good fit to the data, indicating the involvement of at least two excited states in the
luminescence.28 The short‐lived component (τ1 = 0.79 ns with amplitude a1 = 0.46) is shorter than the
decay time of PDI (τ = 4.21 ns), while the long‐lived component –the main contribution– has a much
longer decay component (τ2 = 27.2 ns, a2 = 0.54). At λ = 540 nm an additional intermediate decay time
of τ3 = ca. 4 ns must be added to give a proper fit to the data, which could originate from a fluorescent
impurity. In the five other solvents the TR‐PL traces also reveal a short (τ1 = ca. 1.5 ns with a1 = ca. 0.6)
and a long (τ2 = 5.65–24.8 ns with a2 = ca. 0.4) decay component at λ = 650 nm (Table 5.1). Notably, the
lifetime of the long decay component decreases with increasing εr of the solvent (Figure 5.5), along
with the reduction of the PL quantum yield. This shows that the PL quenching at higher εr is caused
by a faster non‐radiative decay of the long‐lived (equilibrium of) excited state(s), and not by
quenching of a precursor of that state. This is in correspondence to the absence of fast decay of the
bleaching band in the ps‐PIA experiments. The rates of the radiative (kF) and non‐radiative (kNR) decay
channel from the (equilibrium of) excited state(s) can be determined from ΦF and τ2, neglecting the
short decay components, by using kNR = (1 – ΦF)/τ2, and kF = 1/τ2 – kNR. From this, a nearly constant kF =
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5–7×106 s–1 is found, whereas kNR is faster and increases with a factor of 6, from 3.1×107 s–1 in TOL to
18×107 s–1 in o‐DCB (Figure 5.5b).29
In summary, the TR‐PL data analysis show that, irrespective of the solvent used, the U‐PDI2
emission is characterized by two decay times, revealing the involvement of at least two excited states.
The longer‐lived component amounts to ca. 90% of the total emission in TOL and reveals a broad
emission spectrum with a maximum at ca. 660 nm, and shoulders at 555 and 600 nm. The combined
steady‐state and time‐resolved PL data reveals that in more polar solvents the excited state(s) decay
faster, via a non‐radiative decay channel (kNR = 3–18×107 s–1). Further, the (equilibrium of) excited
state(s) has a long intrinsic decay time of τF = kF–1 = ca. 200 ns.
G. Temperature dependence of fluorescence. The spectral shape of U‐PDI2 fluorescence and
its PL yields and decay times are used as complementary tools to find information on the relaxation
processes of photoexcited U‐PDI2 in TOL and 2‐Me‐THF by temperature‐dependent studies.
T well below TmSOL. At temperatures well below the melting points of the solvents (TmTOL = 180
K, and Tm2–Me–THF = 137 K), the PL characteristics of U‐PDI2 substantially differ from those at T = 295 K.
First, in both solvents the PL quantum yields are much higher: ΦF = ~0.6 in both solvents at the lowest
temperatures, which is ca. 4 and 10 times higher than at 295 K for TOL and 2‐Me‐THF respectively
(Figure 5.8a–d). Second, the PL decay at 650 nm is much slower at low temperature, and is
characterized by two decay times: τ1 = 14.2 and 43.8 ns (a1/a2 = 1.03) in TOL at 135 K, and τ = 14.2 and
48.2 ns (a1/a2 = 1.05) in 2‐Me‐THF at 80–100 K. And third, the spectral shapes show significant changes
with respect to those at 295 K: in a glassy matrix of TOL (T = 135 K) the spectrum is blue shifted (λmax =
614 nm) and shows a distinct vibronic progression.. Also in glassy 2‐Me‐THF (e.g. at T = 100 K) the
steady state emission (Figure 5.8b) is strongly blue shifted, and a similarly structured emission is
revealed in a time‐resolved emission spectrum (Figure 5.8e), taken at a delay of 30–35 ns after
photoexcitation.
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Figure 5.8. (a,b) Temperature‐dependent steady state PL spectra of U‐PDI2 in TOL, and 2‐Me‐THF. (c,d)
Temperature‐dependent PL yields of U‐PDI2 in TOL (± 20%) and 2‐Me‐THF (± 10%), and results of TR‐PL
analyses. The vertical solid lines indicate the melting points of the solvents, and the dashed lines are a guide to
the eye. The open symbols in (c) indicates ΦE/ΦLE as determined from analysis of steady state PL spectra. e) Time‐
resolved emission spectra of U‐PDI2 in 2‐Me‐THF, at the indicated temperatures, and 30–35 ns delay after
photoexcitation with λ = 488 nm. These spectra in e) are offset for clarity.

Thus, at temperatures well below the melting points of the solvents, U‐PDI2 reveals much
more intense and longer‐lived emission than at 295 K. The emission is vibronically resolved and its 0‐0
transition matches with the onset of the corresponding absorption spectrum. The high quantum yields
and the long lifetime indicate that non‐radiative decay channels are prevented under these conditions.
This emission is assigned to the lowest singlet exciton state (LE).
T approaching TmSOL. Warming of TOL (between 135 K and Tm = 180 K) and 2‐Me‐THF
(between 110 and Tm = 137 K) invokes strong reductions of the PL decay time and the PL intensity
(Figure 5.8a–d). Starting from ca. 40 K below Tm, the short PL decay component is strongly reduced
with increasing temperature, from τ1 = 15 ns at low temperature to ca. 2 ns at Tm. Additionally, its
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intensity relative to that of the longer component (a1/a2) strongly increases in this temperature range.
Thus a non‐radiative decay channel becomes active at higher temperature. Simultaneously, a red shift
of the emission and a loss of vibronic structure are observed, revealing that a different excited state is
populated, which is prevented below Tm. The excited state is assigned to an excimer‐like state (E).
T above TmSOL. In TOL (and CB, not shown) the PL yield slightly increases with increasing
temperature above T = ca. 200 K. Simultaneously the spectra shift to higher energy and vibronic
features appear at T ≥ 290 K, at ca. 550 nm and 600 nm in both solvents (Figure 5.9a for TOL). This
demonstrates that at higher temperature the LE state is repopulated from the E state. The increasing
PL yield indicates that the LE is more emissive than the E excited state. At the highest temperatures
the PL spectrum again shows vibronic features at the high energy side close to the onset of absorption.
The low temperature (120 K) spectrum is 20 nm red shifted from the LE spectrum at 370 K, in
correspondence to a similar red shift of the low energy absorption band.
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Figure 5.9. (a) Temperature‐dependent photoluminescence of U‐PDI2 in TOL upon excitation with λ = 495 nm. (b)
PL spectra showing the contributions of the E‐type and LE‐type emission.

In TOL E‐type emission is most prominent at 175 K, next to some residual short‐lived
emission at higher energy, while LE‐type emission is virtually absent. At 370 K the emission is
dominated by LE emission, but some E‐type emission may still be overlapping. The characteristic E‐
type and LE‐type emission spectra at these temperatures are shown in Figure 5.9b, with the LE
emission corrected for some E‐type emission. These spectra were used to find the relative PL quantum
yields (ΦE/ΦLE) of the two types of emission as a function of reciprocal temperature (Figure 5.10). This
can be used to estimate the activation energy to form the LE from the E state (Ea) at the low
temperature limit, and the energy difference between the two states (ΔH) at the high temperature limit
(Figure 5.2). The slopes of ΦE/ΦLE vs. 1/T are equal to:30
⎛
Φ
d⎜⎜ log E
Φ
LE
⎝
d(1 / T )

⎞
⎟⎟
⎠ = log( e ) ΔH
kB

(1)

at the high temperature limit, and to:
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⎛
Φ
d⎜⎜ log E
Φ
LE
⎝
d(1 / T )

⎞
⎟⎟
⎠ = − log( e ) Ea
kB

(2)

at the low temperature limit, under the assumptions that the radiative decay rates of the E and LE
state are independent of temperature. At the high temperature limit it is found that the LE state is
higher in energy than the E state, by ΔH = 0.22 eV, in close correspondence to the observed red shift of
the onset of E‐type emission relative to LE‐type emission (0.23 eV, Figure 5.9b).31,32 From the low
temperature limit Ea = 0.24 eV is estimated for the barrier between the E state and the LE state (Figure
5.2).
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Figure 5.10. The temperature‐dependent relative PL quantum yields (ΦE/ΦLE) of U‐PDI2 in TOL, and the energies
derived from these.

For 2‐Me‐THF the PL spectra also shift to higher energy with increasing temperature, and
some vibronics (at ca. 550 and 600 nm) are superimposed on the PL spectrum at T = 295 K (Figure 5.8b
and e). Thus, also in 2‐Me‐THF the LE state can be repopulated from the E state at higher temperature.
Remarkably, opposite to the results in TOL, above T = 200 K the PL yield and the PL decay time
continue to drop with increasing temperature (Figure 5.8d), indicating the presence of an additional
temperature‐activated non‐radiative deactivation pathway of the equilibrated excited state in 2‐Me‐
THF that is not apparent in TOL.
H. Triplet state population via the CT transition state. At longer times after photoexcitation,
triplet excited states of U‐PDI2 are populated in TOL at T = 295 K. The near steady state PIA (ss‐PIA)
spectrum with a modulation frequency of 275 Hz reveals that the S1‐Sn absorption band at 690 nm is
replaced by a characteristic PDI T1‐Tn absorption in the same spectral region as the bleaching bands
(Figure 5.11a).10a As a check, N‐methylfulleropyrrolidine (MP‐C60) with a triplet energy of E(T1) = ca.
1.50 eV,33 was codissolved with PDI (E(T1) = ca. 1.20 eV)10 and photoexcited rendering a very similar
PDI T1‐Tn absorption spectrum via triplet energy transfer from MP‐C60 to PDI (Figure 5.11b). In U‐PDI2
the triplet states must be populated in the timescale between 0.86 ns and 150 ns, i.e. between the end of
the ps‐PIA timescale at which no T1‐Tn absorption is observed and the first nanosecond PIA (ns‐PIA)
spectrum obtained (Figure 5.11b), and after which the signal intensity decays. Thus, although the
direct conversion from the S1‐Sn to the T1‐Tn absorption of U‐PDI2 could not be visualized, the growth
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rate of the T1‐Tn absorption band can comply with the decay time (τ2 = 27.2 ns) of the long lived U‐
PDI2 emission, indicating that the triplet excited state could be formed from the emissive excited state.
The lifetime of the triplet excited state is τT = 200±50 μs in oxygen‐free TOL, in correspondence to the
lifetime of monomeric PDI.10 Upon addition of oxygen the triplet state of U‐PDI2 is quantitatively
quenched, in accord with an E(T1) higher than the energy of singlet oxygen (1Δg) above its triplet
ground state (0.98 eV). E(T1) of U‐PDI2 is likely to be similar to that of monomeric perylenediimides,
for which E(T1) = ca. 1.20 eV.10
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Figure 5.11. (a) PIA spectra of U‐PDI2 in TOL at T = 295 K using λexc = 490 nm at 0.86 ns (air‐saturated), and 150 ns
(oxygen free) delay after photoexcitation. (b) Near steady state photoinduced absorption spectra of PDI and MP‐
C60 (1:1, λexc = 351+364 nm), and U‐PDI2 (λexc = 488 nm) in oxygen free TOL at T = 295 K and using a modulation
frequency of 275 Hz.

The relative triplet quantum yields ΦT,rel of U‐PDI2 in oxygen‐free solutions were determined
from the T1‐Tn absorption intensity at 570 nm, where ground state bleaching is absent (Table 5.1). In
the more polar solvents DCM and 2‐Me‐THF more intense T1‐Tn absorption signals than in TOL were
found, by a factor of 2.6 and 2.2 times, respectively. At T = 200 K in DCM the amount of triplet
absorption reduces with about 40% with respect to 295 K. Thus in more polar solvents and at higher
temperature more triplets are formed, indicating a temperature activated process via a CT transition
state or a high‐energy intermediate CT state. The experiments cannot distinguish between these two
possibilities and the precise nature of this state is uncertain. In the following this state is denoted as
CT transition state.
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I. Singlet oxygen luminescence. Singlet oxygen (1Δg) quantum yields (ΦΔ) were determined
for U‐PDI2 in benzene, TOL, 2‐Me‐THF, and DCM by photoexcitation at 532 nm and probing the
oxygen (1Δg) phosphorescence decay with time, using:34,35

ΦΔ =

n 2 I P 0 k P (ST)
n (ST) I P 0 (ST) k P
2

(3)

Φ Δ (ST)

with n the refractive index of the solvent,24 IP0 the extrapolated phosphorescence intensity at t = 0, and
kP the rate of radiative decay from the singlet oxygen (1Δg) state, taken from Scurlock et al. who
reported kP relative to that in benzene (kP’ = kP/kP(benzene)).35 ST denotes standard: here C60 in benzene
with ΦΔ = 0.95±0.05.36,37 The singlet oxygen yields were checked with TPP (meso‐tetraphenylporphyrin)
for which ΦΔ = 0.70 in benzene, 2‐Me‐THF, as well as in DCM was obtained, and ΦΔ = 0.60 in TOL, in
good correspondence to previously determined values.34,38 The laser power‐dependence was carefully
checked in each experiment, and only at laser fluences above 6.0 J m–2 the signal intensity was found
to deviate from linearity.39 Figure 5.12 shows two luminescence decay traces at 1270 nm. At early
times (< 20 μs) the traces of the TPP and notably of the U‐PDI2 solution reveal additional short
components that are absent in the C60 trace which reveals only a rise of the oxygen (1Δg) luminescence.
These short components are probably caused by saturation of the detector by residual
photoluminescence, extending into the near infrared.40,41 After ~20 μs delay the signal intensity decays
with a similar rate constant, and these decays were used to determine ΦΔ. For U‐PDI2 ΦΔ decreases in
the order 2‐Me‐THF (ΦΔ = 0.57), DCM (ΦΔ = 0.43), TOL (ΦΔ = 0.22), and benzene (ΦΔ = 0.22), in perfect
correspondence to the relative T1‐Tn absorption intensities in oxygen free solutions measured with ns‐
PIA (Table 5.1).
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Figure 5.12. Singlet oxygen (1Δg) luminescence decay traces at a laser fluence of 4.9 J m–2, for TPP and U‐PDI2 in
DCM (λexc = 532 nm, λem = 1270 nm).

Using the relation ΦΔ = ΦT×fT×SΔ —with fT the fraction of triplet states scavenged by oxygen in
a given system and SΔ the efficiency of singlet oxygen (1Δg) generation from the quenched triplet
state— ΦΔ gives a lower limit for the triplet quantum yield (ΦT) of U‐PDI2. The relative triplet
quantum yields obtained by ns‐PIA (ΦTDCM = 0.85×ΦT2–Me–THF, and ΦTTOL = 0.38×ΦT2–Me–THF, Table 5.1)
provide upper limits for ΦTDCM and ΦTTOL. Additionally, ΦT2–Me–THF ≤ 0.94 because ΦF2–Me–THF = 0.06.
Using ΦF, ΦT, and the total non‐radiative decay rate (kNR = kISC + kNR,G, where kNR,G expresses the non‐
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radiative decay directly to the ground state) obtained in Section F, the ISC rates (kISC), and kNR,G can be
obtained using:
ΦT
k ISC =
k NR
1 − ΦF
k NR,G =

(4)

1 − ΦT − ΦF
k NR
1 − ΦF

(5)

The results are summarized in Table 5.2 for U‐PDI2 in TOL, 2‐Me‐THF, and DCM. A faster kISC
was found, by 3–12 times in more polar solvents than TOL: in 2‐Me‐THF and DCM kISC = 40–90×106 s–1,
while in TOL it is 7–13×106 s–1. The differences in the kISC between 2‐Me‐THF and DCM, and in kNR,G for
the three solvents are smaller than the experimental error.
Table 5.2. Solvent‐dependent fluorescence quantum yields (ΦF), singlet oxygen (1Δg) luminescence yields (ΦΔ) of
air‐equilibrated U‐PDI2 solutions, the triplet quantum yields (ΦT), and rate constants derived from these.
Solvent

ΦF

ΦΔ

ΦT

a

6

kF / 10 s

–1

6

kNR / 10 s

–1

6

kISC / 10 s

–1 b

6

kNR,G / 10 s

–1 b

TOL
0.17
0.22 ± 0.02
0.20–0.36
6.5
31
7.5–13 (8.2)
18–24 (23)
2-Me-THF
0.06
0.57 ± 0.1
0.47–0.94
6.3
90
45–90 (55)
0–45 (35)
DCM
0.05
0.43 ± 0.1
0.40–0.80
5.4
98
41–83 (44)
15–57 (54)
a The lower limits are obtained from ΦT ≥ ΦΔ, and the upper limits from ns‐PIA results and ΦF2–Me–THF (see text). The lower limit
for ΦTDCM results from the lower limit for ΦT2–Me–THF, and the ns‐PIA data (ΦTDCM = 0.85×ΦT2–Me–THF). b The values in parentheses
are those when using the average value of ΦΔ as a measure for ΦT, assuming fT×SΔ = 1.

5.3

Discussion
The results of the deactivation of excited states for U‐PDI2 in TOL and 2‐Me‐THF are

summarized with a schematic diagram (Figure 5.2). In TOL the LE state has a higher in energy than
the E state, by ΔH = 0.22 eV, and Ea = 0.24 eV is found as the activation barrier between the LE state
and the E state. At T = 295 K an equilibrium between the two states is present in both solvents.
Because of the absence of solvatochromism and of radical ions in the PIA spectra, it is concluded that
the E state has negligible CT character. Hence, ΔH and Ea are likely to be similar for U‐PDI2 in the
more polar solvent 2‐Me‐THF. The main difference between the two solvents is that for 2‐Me‐THF an
additional temperature‐activated non‐radiative process is active. Solvent‐dependent PL yields and
lifetimes reveal that this deactivation occurs via a CT transition state, populating –in addition to the
singlet ground state– the lowest triplet excited state much more efficient than in monomeric PDI. Once
formed the triplet excited state of U‐PDI2 shows similar characteristics (triplet lifetime, T1‐Tn
absorption spectrum) as that of monomeric PDI, indicating a localized nature of the state.
The mechanism of ISC from the CT transition state to the triplet excited state is not apparent
from the measurements and more detailed studies will be necessary to resolve this issue. However,
note that the radical‐pair intersystem crossing (RP‐ISC) mechanism in which ISC (1CT → 3CT) is
followed by a rapid spin‐allowed charge recombination (3CT → T1) requires weak electronic coupling
between the donor and the acceptor unit to allow a spin flip in the CT state. Oppositely, the spin‐orbit
intersystem crossing (SO‐ISC) mechanism in which charge recombination (1CT → T1) is accompanied
by a simultaneous change in spin‐orbit momentum, is favored by strong electronic coupling between
the radical ions. In U‐PDI2 the close proximity (ca. 4.5 Å, or less) and parallel alignment of the PDI

93

Chapter 5

units allow for strong coupling between the radical ions, and the SO‐ISC mechanism seems the most
probable candidate to explain the enhanced ISC in the dimer relative to monomeric PDI.
It is of interest to have a further look on the solvent‐dependence of the non‐radiative decay
rates, kISC and kNR,G, i.e. intersystem crossing and direct decay to the ground state from the LE and E
states. If ΦΔ is taken as a lower limit for ΦT, most differences in kISC and kNR,G are smaller than the
experimental error for the three solvents used (TOL, 2‐Me‐THF, and DCM). However, note that fT is
probably very close to unity because the long triplet lifetime of U‐PDI2 enables efficient triplet
quenching by O2. Also, SΔ of π‐π*‐excited triplet states of aromatic hydrocarbons is generally close to
unity (SΔ = 0.8–1.0).42 Hence, by assuming fT×SΔ = 1, a distinct increase of kNR,G from 23×106 s–1 in TOL,
to 35×106 s–1 in 2‐Me‐THF, and 54×106 s–1 in DCM (Table 5.2) is found. Using the same approximation
for kISC 8×106 s–1 in TOL, 55×106 s–1 in 2‐Me‐THF, and 44×106 s–1 in DCM (Table 5.2) are obtained; this is
more than an order of magnitude faster than kISC in monomeric PDI for which values below 106 s–1
have been reported.10 The increase of kISC in more polar environments is a consequence of a lowering
of the CT transition state under these conditions. This causes the increased conversion of LE/E into T
(Figure 5.2). The fact that also kNR.G increases, shows that the CT transition state is also involved in the
conversion of LE/E into the S0 ground state.

5.4

Conclusions
A cofacially stacked PDI dimer U‐PDI2 was used as a molecular model to study the enhanced

population of triplet excited states via CT states. Such enhanced triplet formation has recently been
identified in electron donor‐acceptor polymer blends and may limit the performance of future organic
photovoltaic devices.1 Figure 5.2 describes the formation and decay processes of the various singlet
and triplet excited states of U‐PDI2 following photoexcitation. Starting point is the vibrationally
relaxed lowest singlet exciton state (LE) formed by photoexcitation that structurally resembles the
ground state.
At low temperatures, where the conformation of the LE state is “frozen”, the PL spectrum of
U‐PDI2 exhibits vibronic structure with only a small Stokes shift for the 0‐0 transitions. Due to exciton

coupling in the stacked system, decay from the LE state is symmetry forbidden and, hence, the PL
decay time is long. At intermediate temperatures, conformational relaxation of the LE state leads to
the formation of an intramolecular excimer (E) state in U‐PDI2, likely having a reduced distance
between the two PDI units, enabling stronger delocalization of π‐electrons. The E‐type emission of U‐
PDI2 is unstructured, broad, and red shifted compared to LE emission. The large Stokes shift, typical

for excimers, is consistent with conformational changes in the E state. Solvatochromic shifts of the E
emission are negligible, indicating that the E state has minimal CT character.22 Although photoinduced
electron transfer does not occur in U‐PDI2, because lower energy CT states are unavailable, the
stacking of PDI chromophores creates a CT transition or intermediate state (PDI•+‐PDI•–) at energies
just above the emissive singlet states. Photoinduced absorption measurements and singlet oxygen
(1Δg) luminescence measurements demonstrate that intersystem crossing is enhanced by the presence
of this CT transition state and occurs much faster and more efficient in solvents of higher polarity,
where CT states are lowered in energy. As a consequence the quantum yield for triplet formation in
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cofacially stacked PDI dimers can be orders of magnitude higher than that of monomeric PDI
chromophores.
The high quantum yields for triplet formation (estimated to be more than 50%) in these
cofacially stacked chromophores and the role of a polar CT transition state gives strong reason to
assume that inter system crossing via CT states can represent a major loss mechanism in organic
photovoltaic cells. This calls for further investigation as well as for design of materials or architectures
that avoid it.

5.5

Experimental section
General. All reagents and solvents were used as received or purified using standard procedures. PDI,43

2,7‐di‐t‐butyl‐9,9‐dimethyl‐4,5‐xanthenediamine,44 and N‐(1‐hexylheptyl)perylene‐3,4‐dicarboxyanhydride‐9,10‐
dicarboximide,45 were synthesized following previously reported procedures. Column chromatography was
performed using Merck silica gel 60 (230–240 mesh). 1H NMR and

13

C NMR spectra were recorded at room

temperature on a Varian Mercury (400 and 100 MHz, respectively). Proton chemical shifts are reported in ppm
relative to tetramethylsilane (TMS). Infrared (FT‐IR) spectra were recorded on a Perkin‐Elmer Spectrum One
UATR FT‐IR spectrophotometer. MALDI‐TOF MS spectra were recorded on a Perspective DE Voyager
spectrometer using α‐cyano‐4‐hydroxycinnamic acid or 2‐[(2E)‐3‐(4‐tert‐butylphenyl)‐2‐methylprop‐2‐enylidene]
malononitrile (DCTB) as a matrix. Elemental analyses were carried out using a PerkinElmer 2400.
U‐PDI2. A mixture of 2,7‐di‐t‐butyl‐9,9‐dimethyl‐4,5‐xanthenediamine (40 mg, 0.113 mmol), N‐(1‐
hexylheptyl)perylene‐3,4‐dicarboxyanhydride‐9,10‐dicarboximide (215 mg, 0.374 mmol), imidazole (115 mg), and
pyridine (10 mL) was heated to 85 °C for 72 h. The crude product was purified by silica gel column
chromatography (CH2Cl2/ethyl acetate: 7/0.4) to give to give U‐PDI2 as a red‐orange solid (135 mg, 81%). IR: ν
(cm–1) 1698 and 1657 (νCO imide); 1H NMR (CDCl3, 400 MHz): δ 8.40–7.80 (m, 16H), 7.57 (d, J = 2.4 Hz, 2H), 7.04 (d,
J = 2 Hz, 2H), 5.06 (m, 2H), 2.40–0.60 (broad signals), 1.83 (s, 6H), 1.55 (s, 18H); MALDI‐TOF MS (m/z) calcd for
C97H98N4O9 = 1462.73, found [M•]+ = 1462.4. Anal. calcd: C, 79.59; H, 6.75; N, 3.83, found: C, 78.53; H, 6.81; N, 3.82.
Electrochemistry. Cyclic voltammograms were recorded in an inert atmosphere with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) in dichloromethane (DCM) as supporting electrolyte. The
working electrode was a platinum disc (0.2 cm2) and the counter electrode was a platinum electrode. The scan
was performed using a Ag/AgCl reference electrode with a ferrocene‐ferrocenium couple (Fc/Fc+) as an internal
standard (+0.35 V versus Ag/AgCl in DCM) using a μAutolab II with a PGSTAT30 potentiostat and a scan speed
of 100 mV/s. Deconvolution to remove diffusion phenomena and to have sharper curves was performed
mathematically with the Autolab software.46
Absorbance and fluorescence. The solvents for spectroscopic studies were spectroscopic grade and air‐
equilibrated unless stated otherwise. UV/vis absorption spectra were recorded using a PerkinElmer Lambda 900
spectrophotometer, and steady state fluorescence spectra were recorded on an Edinburgh Instruments FS920
double‐monochromator spectrophotometer with a Peltier‐cooled red‐sensitive photomultiplier. The emission
spectra were corrected for the wavelength dependence of the sensitivity of the detection system. Time‐correlated
single photon counting fluorescence studies were performed on an Edinburgh Instruments LifeSpec‐PS
spectrometer by photoexcitation with a 400 nm picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz and
detection with a Peltier‐cooled Hamamatsu microchannel plate photomultiplier (R3809U‐50). The data were
deconvoluted with the instrument response function of the instrument, recorded using dispersed light, and fitted
to a multiexponential function using the Fluofit package (PicoQuant, Berlin). Low‐temperature (< 300 K)
fluorescence was recorded using an Oxford Instruments nitrogen flow (CF) cryostat connected to an Oxford
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ITC601 temperature controller. A Lauda RC 20 CS refrigerated bath circulator was used to measure at
temperatures above 300 K. The samples were allowed to equilibrate for 15 minutes at each temperature.
Sub‐picosecond pump‐probe photoinduced absorption (ps‐PIA). Experiments were performed with a
Spectra‐Physics Hurricane Titanium:Sapphire regenerative amplifier system. The full spectrum setup was based
on an optical parametric amplifier (Spectra‐Physics OPA 800C) as the pump. The residual fundamental light,
from the pump OPA, was used for white light generation, which was detected with a CCD spectrograph (Ocean
Optics). The polarization of the pump light was controlled by a Berek Polarization Compensator (New Focus).
The Berek‐Polarizer was always included in the setup to provide the Magic‐Angle conditions. The probe light
was passed over a delay line (Physik Instrumente, M‐531DD) that provides an experimental time window of 1.8
ns with a maximal resolution of 0.6 fs/step. The OPA was used to generate excitation pulses at 530 nm. The laser
output was typically 3.5–5 μJ pulse–1 (130 fs FWHM) with a repetition rate of 1 kHz. The samples were placed into
cells of 2 mm path length (Hellma) and were stirred with a downward projected PTFE shaft, using a direct drive
spectro‐stir (Spectrocell). This stir system was also used for the white light generation in a 2 mm water cell. For
femtosecond transient absorption in the NIR region a Control Development NIR‐256L‐1.7T1‐USB, optical
spectrometer system, InGaAs detector with 512 element arrays responding to a wavelength range from 900–1700
nm, was used. Detection light was generated with a sapphire plate. See SI of reference 11 for optical layout.
Nanosecond pump‐probe photoinduced absorption (ns‐PIA). Spectra were recorded by exciting the
sample with pulses at 488 nm (pulse width 4 ns, repetition rate 10 Hz) obtained from an optical parametric
oscillator (OPO), pumped by the third harmonic of a Nd:YAG laser. An intensified charge‐coupled device (CCD)
camera was used to record the transmission of a tungsten‐halogen probe light through the sample after
dispersion by a spectrograph. The signal acquisition by the CCD camera was electronically gated at different time
delays after the excitation pulse. To obtain differential transmission spectra, the reference transmission was
recorded at a 20 ms delay. For the ns‐PIA experiments oxygen free solutions were prepared in a glovebox ([O2] < 5
ppm), unless stated otherwise.
Near steady‐state photoinduced absorption (ss‐PIA). Spectra were recorded between 0.35 and 2.5 eV by
excitation at either 488 nm or at 351+364 nm with a mechanically modulated (275 Hz) cw argon ion laser pump
beam and by measuring the change in transmission of a tungsten‐halogen probe beam through the sample (ΔT)
with a phase sensitive lock‐in amplifier after dispersion with a monochromator and detection using Si, InGaAs,
and cooled InSb detectors. The pump power was 25 mW with a beam diameter of 2 mm. The PIA signal (‐ΔT/T)
was corrected for the photoluminescence, which was recorded in a separate experiment. Samples were held in a
screw‐capped cell (1 mm, Spectrocell) at 295 K, or cooled using an Oxford Instruments nitrogen flow (CF) cryostat
connected to an Oxford ITC601 temperature controller.
Oxygen phosphorescence. For the singlet oxygen (1Δg) phosphorescence measurements the spectra were
recorded by exciting the sample with the second harmonic of a Nd:YAG laser (5 ns, 532 nm, 10 Hz rep. rate). The
incoming beam was filtered with a 532 nm laser line filter (Lot Oriel), and the luminescence was collected at a
straight angle to the excitation beam with a liquid‐N2 cooled ultra‐sensitive Germanium detector (Edinburgh
Instruments EI‐P) with an RG1000 (Schott) glass filter and a 1292 nm NIR‐band (T = 60% at 1270 nm, FWHM = 80
nm) pass filter (Lot Oriel). The diode signals were transferred to a PC and averaged 96 times. The samples were
air‐saturated solutions with absorbances amounting to 0.35±0.01 at 532 nm, in a quartz cell with an optical path
length of 10 mm.
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6
Photoinduced charge and energy transfer in
dye-doped conjugated polymers*

Abstract. Conjugated polymer‐molecular dye blends of MDMO‐PPV (poly[2‐methoxy‐5‐
(3ʹ,7ʹ‐dimethyloctyloxy)‐1,4‐phenylene vinylene]) and PF1CVTP (poly[9,9‐dioctylfluorene‐
2,7‐diyl‐alt‐2,5‐bis(2‐thienyl‐1‐cyanovinyl)‐1‐(3ʹ,7ʹ‐dimethyloctyloxy)‐4‐methoxybenzene‐
5ʹʹ,5ʹʹ‐diyl]) with three dipyrrometheneboron difluoride (bodipy) dyes were studied by (time‐
resolved)

fluorescence

and

photoinduced

absorption

spectroscopy

to

determine

quantitatively the relation between the electronic HOMO and LUMO levels and the
occurrence of energy or charge transfer after optical excitation. For MDMO‐PPV,
photoinduced charge transfer to the dyes occurs, while photoexcitation of PF1CVTP
exclusively results in energy transfer. The differences can be rationalized by assuming that
the energy of the charge transfer state is 0.33–0.45 eV higher than the energy determined
from oxidation and reduction potentials of donor and acceptor, respectively. This provides
an important design rule to identify appropriate materials for polymer solar cells that can
have a high open‐circuit voltage.

* This work has been published: D. Veldman, J. J. A. M. Bastiaansen, B. M. W. Langeveld‐Voss, J.
Sweelssen, M. M. Koetse, S. C. J. Meskers, R. A. J. Janssen, Thin Solid Films 2006, 511–512, 581–586.

Chapter 6

6.1

Introduction
The magnitude of the open‐circuit voltage (VOC) in a bulk heterojunction polymer photovoltaic

device (PVD) is related to the intrinsic electronic properties of the donor and acceptor materials.1–4 The
VOC reflects the energy of the charge transfer state (ECT) formed in the photoinduced charge transfer
between the donor (D) and acceptor (A) materials in the bulk heterojunction. In a first approximation,
VOC and ECT are associated with each other and with the difference between the HOMO level of the
donor and the LUMO level of the acceptor.4 Because the efficiency of photovoltaic devices depends on
VOC, increasing the energy difference HOMO(D) – LUMO(A) can improve the device performance.
However, eventually a situation will be reached where photoinduced charge transfer is hampered
because the energy gained in the transfer reaction is too small. In such cases energy transfer rather
than charge transfer may occur. For PVDs it is important to establish conditions that maximize VOC to
minimize the loss of photon energy.
The concept of using dopants to tune the emission color of a polymer light‐emitting diode
(LED) is well‐known and organic dyes have frequently been used for this purpose.5–9 The most
important process in dye‐doped polymer LEDs is energy transfer from the donor host polymer to the
acceptor molecules. A prerequisite for energy transfer is that the acceptor material contains states that
are energetically resonant with excited states of the donor material. Efficiency losses and poor charge
transport may originate when either holes or electrons are trapped on the dye while the
complementary charge favors the host material. In this respect, formation of a charge transfer state can
be a competitive process for dye‐doped for polymer LEDs.
When both energy and charge transfer can occur, it is crucial to know which of the two
processes is to be expected when designing new materials for efficient PVDs and LEDs. However, this
important issue has received remarkably little attention. Halls et al.10 have shown different behavior
for two “type 2” – i.e. the HOMO and LUMO levels of the acceptor material are lower than the HOMO
and LUMO levels of the donor material – sets of PPV‐related conjugated polymers. In one
combination effective energy transfer was the main decay process and for the other combination this
was charge transfer. Simply looking at the relative positions of HOMO and LUMO levels cannot
explain this result because in all type 2 combinations such analysis inevitably predicts that charge
transfer is favored. The fact that energy transfer is found for a type 2 combination was explained by
the notion that an additional HOMO‐HOMO or LUMO‐LUMO offset is required to account for the
difference in exciton binding energy.10 Based on quantum‐chemical calculations of the energy levels
for the PPV‐related polymer blends the minimum offset required for photoinduced charge transfer
was estimated to be 0.35 eV.
Here, the magnitude of this additional offset‐energy is investigated in type 2 bulk
heterojunctions consisting of a conjugated polymer and a molecular dye. Using (time‐resolved)
photoluminescence and photoinduced absorption spectroscopy, the photophysical processes in blends
of MDMO‐PPV (1) and PF1CVTP (2) with three different dipyrrometheneboron difluoride (bodipy)
dyes (3–5) (Figure 6.1) are studied. MDMO‐PPV and PF1CVTP have similar optical band gaps but
different oxidation potentials. The optical band gap of the dyes was tuned by introducing different
side groups. Interestingly, these modifications do not affect the LUMO level of these dyes,11 which is
convenient for the present comparison.
100

Photoinduced charge and energy transfer in dye-doped conjugated polymers

Excitation of blends of PF1CVTP and bodipy dyes leads to effective energy transfer, whereas
the combination of MDMO‐PPV with the same dyes leads to charge transfer. An extra energy for the
charge transfer state of 0.33–0.45 eV consistently explains the results for the six polymer:dye blends.
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Figure 6.1. Molecular structures and schematic representations of their (effective) HOMO and LUMO levels
determined from cyclic voltammetry (solid lines) and the optical gap (dashed lines).

6.2

Results and discussion
The energy levels of the first singlet‐excited state (E(S1)) of 1–5 were obtained from thin film

fluorescence spectra (Table 6.1). The energy of the first emission peak strongly correlates with the
onset of the absorption of the films, indicating that —at least for these materials— this method
provides a consistent estimate of the S1 energy.
Table 6.1. Singlet‐excited state energies E(S1) and the onsets of oxidation and reduction versus Fc/Fc+.
E(S1) / eV
1
2
3
4
5
a

2.11
2.13
2.07
1.97
1.90

a

EOX / V

b

ERED / V

b

EOX / V

c

ERED / V

c

0.16
0.48
-1.26
-1.23
-1.27

0.74
0.63
0.51

-1.26
-1.26
-1.29

Measured in thin films, for 3–5 in a PS matrix (1 wt.% dye). b In dichloromethane using a Ag/AgCl reference electrode with

Fc/Fc+ as internal standard (+0.35 V vs. Ag/AgCl). c In THF using a saturated calomel electrode (SCE) with Fc/Fc+ as internal
standard (+0.47 V vs. SCE).

The onsets of the oxidation and reduction waves (EOX and ERED) determined by cyclic
voltammetry (Figure 6.2) are given in Table 6.1. Fc/Fc+ was used as an internal standard in each
measurement in order to minimize experimental errors. Each determination consisted of 3 times 3
scans at different scan speeds with minimal variation (± 0.01 V). As a check, two different reference
electrodes were used to determine ERED of dyes 3–5, showing only 0–0.03 V variation between the two
datasets (Table 6.1).
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Figure 6.2. Cyclic voltammograms showing oxidation scans of polymers 1–2 and reduction scans of dyes 3–5 in
dichloromethane with 0.1 M tetrabutyl ammonium hexafluorophosphate (TBAPF6) as supporting electrolyte
using a scan speed of 100 mV/s. Ag/AgCl was used as reference electrode with Fc/Fc+ as an internal standard
(+0.35 V vs. Ag/AgCl in DCM). The solid lines indicate the determination of the onsets of oxidation for polymer 2
and reduction for dye 4. The voltammograms of 1, 2, 3 and 5 are vertically offset for clarity.

The relative positions of the HOMO and LUMO energy levels are schematically drawn in
Figure 6.1. These energy levels are based on EOX for the polymers, ERED for the dyes, and the optical
band gaps given by E(S1). Note the clear difference in oxidation potential (HOMO) between the two
conjugated polymers and the almost identical reduction potentials (LUMO) for the dyes (Figure 6.1).
The E(S1) energies in Table 6.1 indicate that energy transfer may occur from both conjugated
polymers to each of the three dyes. Brunner et al. showed that in Förster energy transfer from yellow
and green fluorescent PPVs to a range of bodipy dyes, the efficiency of the energy transfer not only
depends on the overlap of the donor emission and acceptor absorption spectra and on the distance
between donor and acceptor, but also on the S1 excited state energy difference between the two
materials.5 Only when the maximum of the dye absorption was at the low‐energy side of the polymer
emission, effective energy transfer occurred. The absorption maxima of the dyes are at the high energy
side (2.21 eV) for 3, at the same energy (2.13 eV) for 4, and at the low‐energy side (2.06 eV) for 5 of the
emission of polymers 1 (2.11 eV) and 2 (2.13 eV). Most effective energy transfer is thus expected for
polymer matrices containing dye 5.
Photoexcitation of polymer 1 blended with dyes 3–5 leads to charge transfer. The polymer
emission at 570 nm is quenched by a factor 5–6 at 1 wt.% dye compared to the pristine material
(Figure 6.3, Table 6.2). For higher concentrations of dye, the quenching is even more obvious (100–200
times, Table 6.2). At 1 wt.% dye concentration, the lifetime of the emission of 1 is reduced from 0.42 ns
to a time shorter than the instrument response (Figure 6.4a). The quenching of the polymer emission
in combination with no or only very little dye emission, is a strong indication that charge transfer
occurs, either immediately after excitation or directly after energy transfer.
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Figure 6.3. Absorption (left axis) and emission (right axis) spectra of blends of (a) polymer 1 and (b) polymer 2
containing 1 wt.% of dyes 3–5. The emission spectra of pristine films of 1 and 2 are represented by the dashed
lines. Films were excited at the absorption maxima of the polymers; i.e. 520 nm for 1 and at 505 nm for 2.

Table 6.2. Photoluminescence quenching at 570 nm (Q = PL intensity of polymer/PL intensity of blend) and
quenching quantum yield ΦQ = 1 – Q–1 for composite films of polymer 1–2 with dyes 3–5.
wt.% dye

Q

ΦQ

wt.% dye

Q

ΦQ

1
1
1
1
1
1

4.8
5.6
5.9
1.7
5.0
7.3

0.79
0.82
0.83
0.41
0.80
0.86

40
40
40
33
33
33

200
200
100
80
400
500

0.995
0.995
0.99
0.99
0.998
0.998

1:3
1:4
1:5
2:3
2:4
2:5
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Figure 6.4. Time‐resolved photoluminescence of polymers 1 (a) and 2 (b) and their blends with 1 wt.% dyes 3–5.
Photoexcitation was at 400 nm, the detection wavelengths are indicated in the graph. Panel (b) also shows traces
for dye 5 in polystyrene (squares) and of a 1 wt.% 2:5 blend at 657 nm (triangles).

103

Chapter 6
Table 6.3. Photoluminescence lifetimes recorded at 570 nm for films of polymer 2 and blends with 1 wt.% of dyes
3–5. The time traces were fitted with two lifetimes (τ1 and τ2); a1 is the relative contribution of the short lifetime
component.
2
2:3
2:4
2:5

λ / nm

τ1 / ns

a1

τ2 / ns

χ2

585
570
570
570

0.58
0.36
0.31
0.25

0.35
0.47
0.45
0.51

1.3
2.4
2.4
2.4

1.3
1.4
1.4
1.4

Further evidence for photoinduced charge transfer was obtained from near‐steady state PIA
spectroscopy. With this technique relatively long‐lived photoexcited states can be detected. The
radical cation of MDMO‐PPV has strong absorption bands at 0.4 and 1.3 eV.12 Indeed, when probing
the MDMO‐PPV:dye blends long‐lived charges are readily identified in the PIA spectrum (Figure
6.5a). In addition there is an increased triplet‐triplet absorption of MDMO‐PPV at 1.34 eV.13 This result
indicates that extra triplet states (T1) are formed after charge transfer, which is only possible when ECT
is higher than the triplet‐excited state of polymer 1.14,15 Furthermore, small contributions of the bodipy
triplet states are also present, for example for 5 with a bleaching band at 1.86 eV and triplet–
triplet absorption at 0.95 eV. This indicates that the triplet energies of the dyes are close to that of the
charge transfer state. A diagram with the relevant energy levels is shown in Figure 6.6. The triplet
origin of the band 0.95 eV band was independently verified by selective triplet sensitization and
quenching experiments on dye 5 in toluene solution, similar to the techniques presented by Monkman
et al.16
8
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Figure 6.5. Photoinduced absorption spectra of polymers 1 (a) and 2 (b) and their blends with dyes 3–5. The inset
in panel (b) shows a magnification of the 0.75–1.5 eV area to reveal more clearly the triplet features. Dye
concentrations are given in the panels. The spectra were corrected for the optical density at the excitation
wavelength (488 nm).

Photoexcitation of blends of polymer 2 with dyes 3–5 also leads to quenching of the polymer
emission at 570 nm but —unlike the blends with 1— emission of the dyes is clearly observed (Figure
6.3b, Table 6.2). The energy transfer is more effective in the order 3 < 4 < 5, thus with decreasing
optical band gap. This was anticipated since the absorption maximum of the dyes shift from the high
to the low energy side of the emission polymer 2. Time‐resolved photoluminescence recorded at 570
nm reveals that the excited state lifetime of polymer 2 is reduced in the blends compared to the
pristine polymer (Figure 6.4b). In addition, a longer living emission is observed, which is attributed to
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dye emission. Again, the quenching is increased for the dye with the lower optical band gap (the
shorter lifetime decreases in the order 3 > 4 > 5) (Figure 6.4b, Table 6.3). Probing at the maximum
emission of the dyes shows that the excited state lifetime in the blends is much longer than that in the
pristine polymer but shorter than for the dye in a polystyrene matrix (Figure 6.4b).
In contrast to blends with polymer 1, the PIA spectra of blends of dyes 3–5 with polymer 2 do
not give any evidence for charge transfer. The absorption of radical cations of polymer 2 at 0.3–0.7 eV
17

were not observed in the PIA spectra blends of 2 with 3–5 (Figure 6.5b). Instead, the triplet states of

dyes were observed exhibiting bleaching bands at 2.02eV for 3, 1.98 eV for 4, and 1.92 eV for 5

18

and

triplet‐triplet absorption bands at 0.98 eV for 4 and 0.95 eV for 5. The triplet‐triplet absorption bands
of 4 and 5 each have an additional vibronic band at 1.15 and 1.13 eV, respectively (see inset Fig 4b).
For 3 the triplet‐triplet absorption is higher than 1.0 eV. The PIA spectrum of the blend of 2 and 3 is a
superposition of the triplet spectra of both components, which indicates that the triplet states of
polymer 2 and dye 3 are of similar energy.
The two examples clearly show that the oxidation potential of the polymer is crucial in
determining the photophysics of blends of a donor polymer with an acceptor molecule. Polymers 1
and 2 have similar optical band gaps and thus energy transfer from the polymers to the dyes is
expected to occur with a comparable gain in energy. However, polymer 1 has an oxidation potential
which is 0.32 eV lower than that of polymer 2, which reduces the energy of the charge transfer state
with the same energy. Table 6.4 lists the changes in free energy for charge transfer (ΔGCT) and energy
transfer (ΔGET) starting from the S1 excited state energy of the polymers. Their difference provides the
change in free energy gain to form the charge transfer state from the S1 excited state of the dye.
Because ΔGCT – ΔGET < 0, one would expect on first hand that charge transfer would occur for all
combinations. However, as shown by Halls et al. an extra HOMO‐HOMO or LUMO‐LUMO offset is
required to account for the difference in exciton binding energy of the two states.10 They showed that
for two PPV related polymer:polymer blends the required offset was about 0.35 eV. For the six
polymer:dye combinations studied here an extra energy of 0.33–0.45 eV can explain the different
behavior of the blends with polymer 1 and 2 (Table 6.4 and Figure 6.6). Adding an extra energy in the
range of +0.33 to +0.45 eV to the value of ΔGCT – ΔGET listed in Table 6.4, will give a negative value for 1
and a positive value for 2, and thus correctly predict the occurrence of charge transfer (ΔGCT – ΔGET < 0)
as observed for 1 or energy transfer (ΔGCT – ΔGET > 0) for 2 in blends with the bodipy dyes 3–5.
Table 6.4. Change in free energy for energy transfer and charge transfer for the blends in eV, calculated from ΔGET
= E(S1)A – E(S1)D and ΔGCT = (EOXD – EREDA) – E(S1)D. The last column indicates whether charge transfer was
observed experimentally or not.
D

D:A

EOX – ERED

1:3
1:4
1:5
2:3
2:4
2:5

1.42
1.42
1.45
1.74
1.74
1.77

A

ΔGET

ΔGCT

ΔGCT – ΔGET

CT?

-0.04
-0.14
-0.21
-0.06
-0.16
-0.23

-0.69
-0.69
-0.66
-0.39
-0.39
-0.36

-0.65
-0.55
-0.45
-0.33
-0.23
-0.13

yes
yes
yes
no
no
no
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Figure 6.6. State energy diagram for polymer 1 (left), dyes 3–5 (middle), and polymer 2 (right). For the blends the
energies of the charge transfer state ECT in the blends of 1 and 2 with 3–5 were determined from EOX – ERED and
raising by an additional energy of 0.4 eV (vertical arrows) are shown directly left (1) and right (2) from the central
column. The positions of triplet states are tentative (except for 1),16 but qualitatively reflect the observations in
PIA.

6.3

Conclusions
Six polymer:dye combinations were investigated. In all blends, the dye has the lowest optical

band gap and therefore Förster energy transfer can occur from the polymer to the dye for all
combinations. Blends with polymer 2 indeed give energy transfer, but for polymer 1 charge transfer
between polymer and dye gives rise to the population of charge transfer states. The different behavior
of the blends with the two polymers with similar band gap is explained by their different oxidation
potentials with onsets at 0.16 and 0.48 V vs. Fc/Fc+ for polymer 1 and 2, respectively. This makes the
energy of the charge transfer state (ECT) 0.32 eV lower for blends of polymer 1 than for 2.
In the PIA spectra of blends of the dyes with polymer 1 both polymer radical cations and
polymer triplet states are observed at a higher concentration than in the pristine polymer. The
polymer triplet states may be populated by recombination of free charges, which is possible because
the estimated energy of the charge transfer state ECT = 1.42–1.45 eV (without the additional) is higher
than the triplet energy of polymer 1; a related polymer (MEH‐PPV) has a triplet energy of 1.27 ± 0.07
eV.16 The PIA spectra of blends of dyes with polymer 2 show the triplet absorption of the dyes. For the
blend with dye 3 the PIA spectrum is a superposition of the two separate materials, thus the triplet
energy of polymer 2 is at the same energy as that of dye 3.
The combined results show that the energy of the charge transfer state (ECT = EOXD – EREDA) as
determined from cyclic voltammetry in solution must be increased by 0.33–0.45 eV to correctly predict
the discrimination between energy and electron transfer in solid state blends of the polymers and the
bodipy dyes, when the optical band gaps are determined by fluorescence. Notably, this additional
energy corrects for the different experimental conditions in determining the relevant energies
(temperature, solution versus solid state, blend versus pure material). Nevertheless, this result can be
the starting point of an important design rule that will help to establish limiting conditions for charge
106

Photoinduced charge and energy transfer in dye-doped conjugated polymers

transfer. It is expected that at either side of this limit one may find the optimal performance of dye‐
doped light emitting diodes LEDs and bulk heterojunction photovoltaic devices.

6.4

Experimental section
MDMO‐PPV was synthesized using the sulfinyl precursor route.19 PF1CVTP 20 and the bodipy dyes (3–5)

21

were synthesized analogous to previously described methods.
Cyclic voltammograms were recorded in an inert atmosphere with 0.1 M tetrabutyl ammonium

hexafluorophosphate (TBAPF6) in dichloromethane (DCM) as supporting electrolyte. The working electrode was
a platinum disc (0.2 cm2) and the counter electrode was a platinum electrode. Three different scan speeds were
used for all compounds (10, 50 and 100 mV/s). The oxidation and reduction potentials of dyes 3–5 were measured
using a saturated calomel electrode (SCE) with Fc/Fc+ as an internal standard (+0.47 eV versus Ag/AgCl in THF)
using a Potentioscan Wenking POS73 potentiostat. Oxidation potentials of polymers 1 and 2 and reduction
potentials of dyes 3–5 were measured using a Ag/AgCl reference electrode with Fc/Fc+ as an internal standard
(+0.35 eV vs. Ag/AgCl in DCM) using a μAutolab II with a PGSTAT30 potentiostat.
UV/vis spectra were recorded using a Perkin Elmer Lambda 900 spectrophotometer and steady state
fluorescence

spectra

were

recorded

on

an

Edinburgh

Instruments

FS920

double‐monochromator

spectrophotometer with a Peltier‐cooled red‐sensitive photomultiplier. The emission spectra were not corrected
for the wavelength dependence of the sensitivity of the detection system. Time‐correlated single photon counting
fluorescence studies were performed on an Edinburgh Instruments LifeSpec‐PS spectrometer by photoexcitation
with a 400 nm picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz and detection with a Peltier‐cooled
Hamamatsu microchannel plate photomultiplier (R3809U‐50).
Near steady‐state photoinduced absorption (PIA) spectra were recorded between 0.30 and 3.5 eV by
excitation with a mechanically modulated cw argon ion laser (488 nm, 275 Hz) pump beam and measuring the
change in transmission of a tungsten‐halogen probe beam through the sample (ΔT) with a phase sensitive lock‐in
amplifier after dispersion by a monochromator and detection using Si, InGaAs and cooled InSb detectors. The
pump power was typically 25 mW with a beam diameter of 2 mm. The PIA signal (‐ΔT/T) was corrected for the
photoluminescence, which was recorded in a separate experiment. Samples were held at 80 K in an inert nitrogen
atmosphere using an Oxford Optistat continuous flow cryostat.
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7
Triplet formation from the charge-transfer state
in blends of MDMO-PPV with cyano-containing
acceptor polymers*

Abstract. Polymer blends of MDMO‐PPV with three different electron accepting cyano‐
substituted polymers have been investigated with photoinduced absorption (PIA)
spectroscopy. In these blends an efficient photoinduced charge transfer occurs that quenches
the photoluminescence and produces a significant photovoltaic effect when the blends are
incorporated as active layer into a solar cell configuration. Surprisingly, PIA spectroscopy in
the millisecond time domain reveals that in the blends neutral triplet photoexcitations are
almost exclusively formed in favor of polaronic charge carriers with yields higher than in the
individual polymers. In the blends, the triplet state resides on the component with the lowest
optical band gap. The enhanced triplet generation is rationalized by the recombination of
photogenerated charge carriers into a triplet state. This process may occur when the energy
of the charge‐transfer state is higher than that of the triplet state. This process is likely to
occur in polymer solar cells with a high open‐circuit voltage.

* This work has been published: D. Veldman, T. Offermans, J. Sweelssen, M. M. Koetse, S. C. J.
Meskers, R. A. J. Janssen, Thin Solid Films 2006, 511–512, 333–337.

Chapter 7

7.1

Introduction
Polymer solar cells use a combination of donor and acceptor materials to separate the bound

electron‐hole pairs formed by photon absorption into free charge carriers. In most polymer solar cells,
a conjugated polymer (such as MDMO‐PPV, Figure 7.1) is used as the electron donor. The choice of
the acceptor materials is more diverse. Depending on the type of acceptor three types of polymer solar
cells can be distinguished, i.e. devices in which the acceptor is (i) a small organic molecule (e.g.
fullerene or perylenediimide), (ii) an inorganic material (e.g. CdSe or ZnO), or (iii) a second (partially)
conjugated polymer.1–3 Suitable materials for type (iii) solar cells are polymers that can accept and
transport electrons. These properties can be obtained by introducing electron withdrawing (e.g. cyano)
groups on the polymer backbone that lower the energy of the LUMO. The use of cyano‐substituted
polymers has therefore received considerable attention for photovoltaic devices.4–8
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Figure 7.1. Molecular structures of the polymers and HOMO‐LUMO energy diagram constructed using the
oxidation potential of MDMO‐PPV and the reduction potentials of the acceptor polymers in combination with the
corresponding energies of the S1 state.

This study is focussed on the photophysical properties of blends of MDMO‐PPV with three
different cyano‐substituted conjugated polymers PCNEPV, PF1CVTP, and PF2CVTP with different
optical band gaps and reduction potentials (Figure 7.1). PCNEPV

7

and PF1CVTP

8

have been

successfully used as electron acceptor together with MDMO‐PPV in the active layer in photovoltaic
diodes to provide energy conversion efficiencies of 0.75% and 1.5% respectively under standard test
conditions (AM 1.5, 1000 W/m2).9 These values compete with the highest values reported for
polymer:polymer solar cells to date. Preliminary studies reveal that also MDMO‐PPV:PF2CVTP
blends afford a significant photovoltaic effect.10 In combination with MDMO‐PPV the three polymers
offer a relatively high open‐circuit voltage (VOC = 1.28–1.53 V, Table 7.1) compared to MDMO‐
PPV:PCBM (VOC = 0.82 V)11 and MDMO‐PPV:CdSe (VOC = 0.7 V)12 solar cells. For ohmic contacts in
polymer solar cells there is a direct relation between the VOC and the energy of the charge‐transfer
state (ECT) formed in the photoinduced charge transfer between the donor (D) and acceptor (A)
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materials in the bulk heterojunction.13 In first approximation, ECT is related to the difference between
the HOMO level of the donor and the LUMO level of the acceptor.
In principle a high energy of the charge‐transfer state is desirable, because it minimizes the
loss of photon energy. However such a high‐energy state opens the possibility that lower‐energy
neutral triplet states in the conjugated polymers become populated. In conjugated polymers the T1
state is typically 0.7 ± 0.1 eV below the S1 state.14 In this chapter it will be demonstrated that in blends
of MDMO‐PPV with three cyano‐substituted conjugated polymers a triplet state is formed from the
charge‐transfer state to give a significantly increased triplet yield compared to the pristine materials.
Triplet formation is thus identified as a loss mechanism for high‐VOC polymer photovoltaic devices.

7.2

Results
The UV/vis and photoluminescence spectra of the pristine thin polymers films are shown in

Figure 7.2. Compared to MDMO‐PPV the acceptor polymers have a larger (PCNEPV), similar
(PF1CVTP), and a lower (PF2CVTP) optical band gap. The energy levels of the first singlet‐excited
state (E(S1)) were determined using the first peak in the photoluminescence (Figure 7.2, Table 7.1).
This position strongly correlates with the onset of the absorption of the films and hence provides a
consistent estimate of the S1 energy. The reduction potentials (Table 7.1) were determined by cyclic
voltammetry from the onset of the reduction wave and become less negative in the series PF1CVTP <
PCNEPV < PF2CVTP. The oxidation potential of the donor polymer and the reduction potential of the
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acceptor provide a first estimate the energy of the charge‐transfer state: ECT = EOXD – EREDA (Table 7.1).

3.5

Figure 7.2. Normalized absorbance (dashed) and photoluminescence spectra of pristine thin polymers films.
Excitation was at the maximum absorption. The PL spectra have been corrected for the sensitivity of the detector
system.

111

Chapter 7
Table 7.1. Photophysical and electronic properties of the acceptor polymers and their blends with MDMO‐PPV.
Blend
MDMO-PPV:PF1CVTP
MDMO-PPV:PF2CVTP
MDMO-PPV:PCNEPV

Donor
a
Q
1.8
15
13

Acceptor
E(S1) / eV
2.13
1.96
2.30

a

Q
7
9
34

a

Q = PL intensity of pristine polymer/PL intensity of blend.

b

ECT = EoxD–EredA, with EoxD = 0.16 V (versus Fc/Fc+) for MDMO‐PPV.

ERED / eV
-1.83
-1.52
-1.65

c

For these blends MDMO‐PPV has the lowest optical band gap; E(S1) = 2.11 eV.

d

For ITO/PEDOT:PSS/blend/LiF/Al solar cell before thermal annealing.

ECT / eV
1.99
1.68
1.81

b

E(S1) – ECT / eV
c
0.12
0.28
c
0.30

VOC / V
1.53
1.25
1.38

d

Photoinduced charge transfer in a blend of two polymers can occur when the energy of the
charge‐transfer state is less than the lowest singlet‐excited state of the two polymers. For the blend
with PF1CVTP this difference is 0.12 eV, while for PF2CVTP and PCNEPV the gain in energy going
from S1 to the charge‐transfer state is 0.28 and 0.30 eV, respectively (Table 7.1). Based on these data,
charge transfer is expected for all three polymer combinations. For MDMO‐PPV:PF1CVTP the gain in
free energy is lower than for the other materials and thus charge transfer is possibly slower. These
predictions correlate with the photoluminescence quenching observed in the blends (Table 7.1). The
fluorescence of MDMO‐PPV:PF1CVTP blends is quenched by a factor 2–7 relative to the pure
polymers, while the quenching in MDMO‐PPV:PF2CVTP (9–15 times) and MDMO‐PPV:PCNEPV (13–
34 times) is larger. The remaining photoluminescence of these 1:1 polymer blends is shown in Figure
7.3. Compared to the pure polymers, the emission of the latter two polymer blends is shifted to higher
wavelength. The origin of the photoluminescence of the MDMO‐PPV:PCNEPV blend has been

Normalized PL emission

attributed to an exciplex state.15

1.0

0.5

0.0

MDMO-PPV +
PF1CVTP
PF2CVTP
PCNEPV

1.8

2.0
Energy / eV

2.2

Figure 7.3. Normalized photoluminescence spectra of thin polymer blends films. Excitation was at the maximum
absorption. The luminescence of the MDMO‐PPV and acceptor polymers is quenched for all polymer blends (Q in
Table 7.1). The spectra have been corrected for the sensitivity of the detector system.

The quenching of the photoluminescence and the significant solar cell performance (the
external quantum efficiencies are 23% for MDMO‐PPV:PCNEPV 7 and 52% for MDMO‐PPV:PF1CVTP
8

provide good evidence that charge transfer occurs in these polymer blends. Photoinduced absorption

measurements (PIA) can give further evidence for charge transfer. The radical cation of MDMO‐PPV
has strong absorption bands at 0.4 and 1.3 eV and is readily observed when charge transfer occurs.16
For MDMO‐PPV radical cations, these bands are of similar intensity and their concurrent presence
gives strong evidence of charge transfer. The PIA spectra recorded for the three blends and pristine
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polymers are shown in Figure 7.4. Surprisingly, for neither of the three polymer blends a clear signal
at 0.4 eV of MDMO‐PPV radical cations is observed, showing that these radical cations are virtually
absent. The small signal present at 0.4 eV is also observed in the pristine MDMO‐PPV film where only
few charges are formed. In the mixture with PF1CVTP there is a strong absorption signal at 1.36 eV,
which is attributed to a triplet‐triplet absorption. By comparing the bleaching band of the blend at 2.14
eV with those of the pure polymers, the triplet‐triplet absorption can be attributed to MDMO‐PPV. For
the MDMO‐PPV:PF2CVTP blend, the PIA spectrum is similar to the PIA spectrum of pure PF2CVTP,
with little or no contribution from the MDMO‐PPV triplet state. For the MDMO‐PPV:PCNEPV blend,
the MDMO‐PPV triplet‐triplet absorption signal is again enhanced compared to the pristine polymers,
with no significant contribution of the PCNEPV triplet state.
10
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Figure 7.4. Near steady state PIA spectra of thin films of the pristine polymers and their blends. Spectra were
measured at 80 K with modulated (275 Hz) photoexcitation at 488 nm (a,b) and 458 nm (c). The spectra were
corrected for the optical density at the wavelength of the photoexcitation.

Thus, where long‐lived charges were expected, the triplet states of the conjugated polymers
are almost exclusively observed in the micro‐ to millisecond time domain. In each of the three blends
the polymer with the lowest optical band gap (E(S1)) accommodates the triplet state photoexcitation.
This suggests that the T1 energy levels correlate with the S1 energies.14 The fact that an enhanced
intensity of the triplet‐triplet transition is observed under conditions where the photoluminescence is
strongly quenched, suggests that another mechanism than intrinsic intersystem crossing is operative
in populating the triplet state. Likely, in these blends the triplet states are formed by recombination of
photogenerated holes and electrons into triplet states.
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7.3

Discussion
If such a mechanism is operative, the energy of the charge transfer (ECT) state should be higher

than that of the triplet state. For the blends, ECT has been estimated from redox potentials to be 1.68–
1.99 eV (Table 7.1). These values correlate well with the VOC of the corresponding solar cells, albeit
with a constant difference of 0.43–0.46 eV. Interestingly, this difference between ECT and VOC fits very
well with the predictions that band bending created by accumulated charges at an ohmic contact
produces a loss in VOC of ~0.2 V per electrode as inferred for MDMO‐PPV:PCBM solar cells.13
The triplet energy of MDMO‐PPV is likely close to the triplet energy of the structurally similar
MEH‐PPV (E(T1) = 1.27 ± 0.07 eV)17 and less than ECT in the three blends (1.68–1.99 eV). In each blend
charge recombination into the MDMO‐PPV triplet state is therefore energetically favorable. The triplet
energies of the cyano‐substituted polymers are presently not known. However, assuming that for
conjugated polymers (E(S1) – E(T1)) is more or less constant,14 the triplet energy of PF2CVTP will be
below that of MDMO‐PPV, consistent with the PIA spectrum shown in Figure 7.4b.
A similar analysis for the MDMO‐PPV:PCBM blend reveals that recombination into triplet
states is energetically not favorable because the energy of the charge‐transfer state (ECT = 1.18 eV)18 is
lower than the triplet energy of the two materials (~1.3 eV for MEH‐PPV 17 and 1.50 eV for a fullerene
derivative or 1.57 eV for an unsubstituted C60 19). In accordance the PIA spectra of MDMO‐PPV:PCBM
blends show MDMO‐PPV radical cations.
Recently, Offermans et al. have shown that the triplet absorption band increases with
increasing electric field at negative bias in photodiodes based on a MDMO‐PPV:PCNEPV blend.15 The
mechanism proposed for this enhanced triplet formation is that at higher electrical fields the initially
formed exciplexes separate into free carriers by the electric field. A significant fraction of the carriers
may however recombine because the carriers do not have enough energy to escape from the
Coulombic attraction. The transition from a diradical state to a triplet state is not spin forbidden and
should, in first approximation, occur with a probability of 0.75. This indirect route for triplet formation
may be more efficient than the direct route for the singlet exciplex to the T1 level because the spin‐
forbidden transition is avoided.
Ford et al. recently proposed another mechanism for enhanced triplet exciton generation.20
They observed that in F8BT:PFB blends the formation of triplet excitons after photoexcitation is
approximately 10 times more efficient than in F8BT alone. Ford et al. propose that enhanced
intersystem crossing in the blends takes place in the charge‐transfer states formed after photoinduced
charge transfer, either in the geminate charge pair or in the exciplex itself. An electric field acts to
dissociate the geminate charge pairs thus reducing the probability that intersystem crossing takes
place. In contrast to the observations of Offermans et al., they observed a reduction of the triplet signal
when an electric field is applied.

7.4

Conclusions
The high open‐circuit voltage of polymer solar cells based on donor (MDMO‐PPV) and

acceptor (PCNEPV, PF1CVTP, and PF2CVTP) polymers indicates a corresponding high‐energy
intermolecular charge‐transfer state, consistent with the differences in redox potentials of the
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individual components. In these blends the energy of the charge‐transfer state is lower than that of the
lowest singlet state, but higher than the lowest triplet state. As a result, charge transfer occurs after
photoexcitation, but the photogenerated charges may recombine into the triplet state. Triplet
formation may be a significant loss channel in polymer solar cells, but can possibly be minimized
when charges quickly move away from the interface where they are formed and recombine. The fact
that external quantum efficiencies as high as 52% have been observed for MDMO‐PPV:PF1CVTP solar
cells suggests that recombination into the triplet state is not massive.8 Further research will focus to
identify the kinetics of this recombination processes and its effect on the efficiency of photovoltaic
energy conversion.

7.5

Experimental section
MDMO‐PPV (poly[2‐methoxy‐5‐(3ʹ,7ʹ‐dimethyloctyloxy)‐1,4‐phenylenevinylene]) was synthesized via

the sulfinyl route 21 and had a weight‐average molecular weight (Mw) of 570 kg/mol with a polydispersity (PD) of
5 as measured by size‐exclusion chromatography using polystyrene standards. Poly[oxa‐1,4‐phenylene‐(1‐cyano‐
1,2‐vinylene)‐(2‐methoxy‐5‐(3ʹ,7ʹ‐dimethyloctyloxy)‐1,4‐phenylene)‐1,2‐(2‐cyanovinylene)‐1,4‐phenylene]
(PCNEPV) was synthesized according to literature procedures.22,23 PCNEPV had Mw = 48 kg/mol and PD = 4.
Poly[9,9‐dioctylfluorene‐2,7‐diyl‐alt‐2,5‐bis(2‐thienyl‐1‐cyanovinyl)‐1‐(3ʹ,7ʹ‐dimethyloctyloxy)‐4‐methoxybenzene‐
5ʹʹ,5ʹʹ‐diyl]

(PF1CVTP)

and

poly[9,9‐dioctylfluorene‐2,7‐diyl‐alt‐2,5‐bis(2‐thienyl‐2‐cyanovinyl)‐1‐(3ʹ,7ʹ‐

dimethyloctyloxy)‐4‐methoxybenzene‐5ʹʹ,5ʹʹ‐diyl] (PF2CVTP) were synthesized analogous to previously described
methods.24 PF1CVTP has Mw = 14 kg/mol with PD = 2 and PF2CVTP has Mw = 54 kg/mol with PD = 3.
Thin polymer films were spin coated from chlorobenzene on glass or quartz substrates. Typical solutions
contained 0.4 wt.% of material for preparing pristine polymer films and 0.25 wt.% of each component for
composite films. The solutions were stirred at 70 °C for 1 hour immediately prior to spin coating. The films had a
thickness of around 40 nm as determined by profilometry (Tencor P10).
UV/vis absorption and fluorescence spectra were recorded with a Perkin‐Elmer Lambda 900
spectrometer and an Edinburgh Instruments FS920 double‐monochromator luminescence spectrometer using a
Peltier‐cooled red‐sensitive photomultiplier, respectively. The fluorescence spectra were corrected for the optical
density of the excitation beam and for the detection sensitivity of the photomultiplier.
Near steady‐state photoinduced absorption (PIA) spectra were recorded between 0.30 and 3.5 eV by
excitation at 2.75 eV (for MDMO‐PPV:PCNEPV) or 2.54 eV (for the other two blends) with a mechanically
modulated (275 Hz) cw argon ion laser pump beam and measuring the change in transmission of a tungsten‐
halogen probe beam through the sample (ΔT) with a phase sensitive lock‐in amplifier after dispersion with a
monochromator and detection using Si, InGaAs, and cooled InSb detectors. The pump power was typically 25
mW with a beam diameter of 2 mm. The PIA signal (‐ΔT/T) was corrected for the photoluminescence, which was
recorded in a separate experiment. Samples were held at 80 K in an inert nitrogen atmosphere using an Oxford
Optistat continuous flow cryostat.
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8
The energy of CT states in electron
donor-acceptor blends: insight into the
energy losses in organic solar cells

Abstract. A method is proposed to predict the energy of intermolecular charge‐transfer (CT)
film
states ECT
in electron donor‐acceptor (D‐A) blends used in organic bulk‐heterojunction solar

cells. The CT energy is expressed in terms of effective optical HOMO and LUMO levels of
the individual materials obtained from cyclic voltammetry (CV) in solution and UV/vis
OPT
OPT
film
( D) − ELUMO
( A)| + Δ. Δ
absorption in the solid state and a correction term Δ; ECT
=| EHOMO

represents a Coulomb term that reflects the larger electron‐hole separation distance in the
intermolecular CT state than in the intramolecular excited states of D and A. By relating
OPT
OPT
film
| EHOMO
( D) − ELUMO
( A)| with maxima of CT emission ECT,
max for a series of D‐A blends, a

value of Δ = ca. +0.3 eV is obtained. For a range of six electron donor polymers and nine
acceptor materials the occurrence of photoinduced electron transfer (PET) is correlated with
film
film
ECT
and the optical band gap Eg, showing that an offset of ECT
– Eg = ‐0.1 V suffices to

effectively populate the CT state from the lowest singlet excited state of the two materials.
film
film
The open‐circuit voltage is found to scale with ECT
, via eVOC = ECT
– 0.5 eV. This leads to the

prediction that for any D‐A organic solar cell, the maximum attainable VOC is ultimately set
by the optical band gap: eVOC = Eg – 0.6 V. The additional 0.5 eV loss is explained by injection
of charge carriers at the metallic contacts causing band bending and the intrinsic energetic
disorder of organic semiconductors. In addition to these voltage losses, charge
recombination to triplet excited states (CRT) may cause a loss in photocurrent. CRT already
film
occurs when the lowest triplet excited state (ET) is located at an energy of 0.1 eV below ECT
.

Hence, preferably ET > Eg – 0.2 eV, a condition that is not easily met in conjugated materials.
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8.1

Introduction
The energy conversion efficiency (η) of a photovoltaic device scales linearly with the short‐

circuit current (JSC) and the open‐circuit voltage (VOC). JSC relates to the quantum efficiency by which
photons can be converted into charge carriers and VOC expresses the energy (voltage) of the
photogenerated charge carriers that are collected at the electrodes. In a photovoltaic device, only
photons with energies at or above the optical band gap (Eg) of the active layer can be absorbed. The
excess energy of incident photons with energies above Eg is lost due to thermalization of hot carriers.
Hence, the band gap voltage (Vg = Eg/e) sets a limit to the maximum attainable VOC of the cell. In
practice additional losses occur and for the most efficient crystalline inorganic photovoltaic silicon (Si)
or gallium arsenide (GaAs) cells, Vg – VOC amounts to 0.35–0.37 V (Table 8.1).
Table 8.1. The maximum attainable voltage determined by the optical band gap Vg (= Eg/e), VOC and power
conversion efficiency η for the record organic and inorganic single junction photovoltaic devices.a
Photovoltaic device

Abbreviation

Crystalline gallium arsenide
Thin film gallium arsenide
Monocrystalline silicon
Multicrystalline silicon
Copper indium gallium diselenide
Crystalline indium phosphide
Gallium indium phosphide
Cadmium telluride
Nanocrystalline silicon
Amorphous silicon
Dye-sensitized
Polymer bulk-heterojunctions with PCBM:
c
PCPDTBT : [70]PCBM (ref 17)
c
PSiF-DBT : [60]PCBM (ref 18)
c
P3HT : [60]PCBM (ref 19)
c
PF10TBT : [60]PCBM (ref 20)
c
PBBTDPP2 : [70]PCBM (ref 21)
c
MDMO-PPV : [70]PCBM (ref 22)
Small molecule heterojunctions:
e
CuPc : C60 (ref 23)
f
DCV5T / C60 (ref 24)
a

c-GaAs
tf-GaAs
c-Si
mc-Si
CIGS
c-InP
GaInP2
CdTe
nc-Si
a-Si
DSSC

Crystallinity

Vg / V
1

VOC / V, η / %
2

Vg – VOC / V

crystalline
crystalline
crystalline
crystalline
crystalline
crystalline
crystalline
nano-crystalline
nano-crystalline
amorphous
nano-crystalline

1.38
3
1.38
4
1.07
4
1.08
6
1.08
7
1.31
8
1.85
10
1.50
11
1.22
12
1.65
13
1.63

1.02, 25.1
2
1.03, 24.5
4
0.70, 24.4
5
0.66, 20.3
6
0.70, 18.8
2
0.88, 21.9
9,b
1.37, 17.8
2
0.84, 16.5
2
0.54, 10.1
12
0.86, 9.50
13
0.85, 11.2

0.36
0.35
0.37
0.42
0.38
0.43
0.48
0.66
0.68
0.79
0.78

nano-crystalline
nano-crystalline
nano-crystalline
nano-crystalline
nano-crystalline
nano-crystalline

1.38
d
1.70
d
1.70
d
1.70
1.43
d
1.70

0.62, 5.5
0.90, 5.4
0.61, 4.4
1.00, 4.2
0.61, 4.0
0.77, 3.0

0.76
0.80
1.09
0.70
0.82
0.93

nano-crystalline
nano-crystalline

1.55
1.77

0.54, 5.0
0.79, 3.4

1.01
0.79

For the inorganic solar cells the data refers to certified device characteristics with an active area ≥ 1.00 cm2 under the global
○

AM1.5 spectrum (1000 W/m2) at 25 C. For the organic solar cells the device data is generally not certified.
b

17.8% is reported in ref 9, while 18.5% is the record according to the same reference.

c

PCPDTBT is poly[2,6‐(4,4‐bis‐(2‐ethylhexyl)‐4H‐cyclopenta[2,1‐b;3,4‐bʹ]‐dithiophene)‐alt‐4,7‐(2,1,3‐benzothiadiazole)]. PSiF‐

DBT is poly[2,7‐silafluorene‐alt‐4,7‐di(2‐thienyl)‐2,1,3‐benzothiadiazole]. [60]PCBM and [70]PCBM refer to the soluble fullerene
derivative [6,6]‐phenyl C61‐butyric acid methyl ester and its C70 analogue.
d

Here, Vg = 1.70 eV refers to the band gaps of [60]PCBM or [70]PCBM; Vg of the polymers is 1.91, 1.95, and 2.10 eV for P3HT,

PF10TBT, and MDMO‐PPV, respectively.
e

CuPc is copper phthalocyanine. CuPc : C60 refers to a heterojunction with a mixed CuPc:C60 layer sandwiched between

homogeneous CuPc and C60 layers.
f

DCV5T is α,α′‐bis(2,2‐dicyanovinyl)‐quinquethiophene. Here, the photoactive layer consists of a heterojunction between

intrinsic DCV5T and C60 layers.

A more complicated situation arises in organic solar cells. Here, heterojunctions between
electron donating (D) and accepting (A) materials are required to dissociate the Coulombically bound
electron‐hole pairs (excitons) that are typically formed by photoexcitation of organic semiconductors.14
At the D‐A interface photoinduced electron transfer (PET) between D and A creates a weakly bound
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electron‐hole pair (CT exciton) with the electron on the negatively charged electron acceptor and the
hole on the positively charged donor. In organic photovoltaic cells, the maximum attainable VOC is
therefore primarily set by the energy of the CT state (ECT) rather than by the optical band gap Eg of the
two materials: eVOC < ECT.15,16 In first approximation, ECT is related to the energy difference between the
highest occupied molecular orbital (HOMO) of D and the lowest unoccupied molecular orbital
(LUMO) of A, ECT ∝| EHOMO (D) − ELUMO ( A)|. Efficient generation of charge carriers can only be expected
when ECT ≤ Eg. To reduce the loss in photon energy from Eg to VOC the energy difference between ECT
and Eg, i.e. the driving force for PET (ΔGCT = ECT – Eg, Figure 8.1), should be minimized.
CT
S1

x PET

S1

ΔGCT PET

S1

CT

PET

Energy / eV

ΔGCRT CRT

T1

T1

T1
CT

ECT

x CRT

Eg
ET

0

Type 1

Type 2

Type 3

Figure 8.1. Energy diagram showing three possible arrangements of the lowest singlet (S1), triplet (T1), and
charge‐transfer (CT) excited states relative to the singlet ground state (S0) for D‐A blends: Type 1 represents D‐A
blends in which photoinduced electron transfer (PET) is absent, because the CT state is situated at energies higher
than the lowest S1 state. Types 2 and 3 show situations in which PET does occur, with (type 2) and without (type
3) charge recombination to the lowest T1 state (CRT). Note that Eg and ET represent the lowest energies of Eg(D) or
Eg(A), and ET(D) or ET(A), respectively.

Presently, the single junction organic photovoltaic cells with the best reported efficiencies
have Vg – VOC = 0.7–1.1 V (Table 8.1),17–24 but not much is known about the minimal voltage loss, or to
what extent ΔGCT, i.e. the PET step, contributes.16,25,26 Of course minimization of voltage losses, without
compromising on the fraction of charge carriers extracted per incident photon, the external quantum
efficiency (EQE), is crucial in optimization of η for a given Eg.
In relation to the PET step, Halls et al. anticipated that PET occurs between an electron
donating and an electron accepting π‐conjugated polymer in the solid state if the increase in the
electron‐hole potential energy (Δ = ca. +0.35 eV) upon going from an intramolecular excited state on D
(A) to an intermolecular CT state with larger electron‐hole distance, is compensated by a LUMO‐
LUMO (HOMO‐HOMO) offset between the two materials.27 However, it is not known how much
energy –if any– needs to be dissipated for an efficient PET (S1→CT) step; that is, how large ΔGCT
should be in D‐A blend films for photovoltaic devices. In the natural photosynthetic reaction system
the first electron transfer step from the photoexcited special pair BChl2¸ to a pheophytin BPh occurs
within ca. 3 ps with a driving force of only ΔGCT = ‐0.25 eV.28 For a linear perylenediimide‐
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perylenemonoimide electron D‐A model system in solution (see Chapter 4) a driving force of ΔGCT =
ca. ‐0.1 eV (with HOMO‐HOMO and LUMO‐LUMO offsets of ca. 0.40 and 0.45 eV, respectively) is
enough to effectively deactivate the S1 excited state of the molecule, leading to a 100‐fold
photoluminescence quenching of the S1 state. Both examples show that in solution small values for
ΔGCT suffice for the effective depopulation of charge neutral excited states. For solid state D‐A blends,
however, determining ΔGCT is challenging.
So far, the main difficulty in determining ΔGCT in the solid state has been to determine ECT.
Whereas Eg in the solid state can be easily determined from the onset of UV/vis absorption or from the
maximum PL emission of D and A, ECT is more difficult to obtain because ground state CT complex
absorption and CT emission intensities of D‐A blends are generally much weaker than the S0‐S1
transitions of the separate materials. Still, CT absorption29,30 involving absorption from a ground state
CT complex to an excited CT state, and CT emission

29c,30–32

i.e. radiative decay from the CT excited

state to the ground state, can be observed for D‐A blends using sensitive detection techniques.
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Figure 8.2. Chemical structures of the electron donating (left, D1–D6) and accepting (right, A1–A9) materials.
OPT
OPT
“HOMO” and “LUMO” indicate EHOMO
and ELUMO
, respectively; the effective, intramolecular, energies of the

frontier orbitals of the materials in the solid state.
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film
Here, a general –empirical– method is described to extract ECT for solid D‐A films ( ECT
) by

combining cyclic voltammetry in solution with UV/vis absorption in the solid state calibrated against
film
are then used to establish the minimal ΔGCT
D‐A films that show CT emission. These values for ECT

required

for

PET

using

photoluminescence,

photoinduced

absorption,

and

photovoltaic

measurements for a series of 18 different D‐A blends based on 6 different electron donors (D1–D6)
and 9 electron acceptors (A1–A9, Figure 8.2). From the minimal energy dissipated in the formation of
film
to VOC is obtained. The results
the CT state (S1→CT), also an estimate of the energy lost from ECT

provide evidence that for optimized organic bulk‐heterojunction photovoltaic devices the major
voltage‐loss results from energy losses occurring after population of the CT excited state and not in the
PET step. Further, by establishing ECT, charge recombination into a triplet excited state of D or A can
be predicted (CRT: CT → T1). CRT has recently been identified for a number of D‐A blends and
represents a possible loss mechanism, by reducing the photocurrent.15c,32e,33

8.2

Methodology
The electrochemical gap in solution vs. the optical gap in the solid state. Oxidation and

reduction potentials of π‐conjugated materials are easily determined in solution using cyclic
voltammetry (CV). The difference between the onsets of the oxidation and reduction waves defines
sol
o
o
= e( EOX
– ERED
)), and can be compared to the low‐energy onset
the electrochemical gap ( ECV

absorption, the optical gap in a thin film ( Eg,film
OPT ). Note that in this respect:
(i)

EOX and ERED typically are determined in a solution with higher relative permittivity (e.g.

εro‐DCB = 10.36) than that of a conjugated material in a thin film (εr ~ 2–4), and in the presence of
additional electrolyte (typically 0.1 M tetrabutylammonium hexafluorophosphate, TBAPF6).
These factors cause a considerable gain in solvatation energy for an ion in solution, and hence
sol
relative to Eg,film
a reduction of ECV
OPT .

(ii)

In a CV experiment, EOX is determined separately from ERED, hence the cation and ion are
created at infinite e–‐h+ distance. In contrast, Eg,film
OPT provides the energetic difference for an
intramolecular, excitonic state, with the hole and the electron stabilized by Coulomb attraction
of the opposite charge in the LUMO and HOMO, respectively. This causes a reduction of
sol
Eg,film
OPT relative to ECV .

(iii)

Some materials show a strong reduction of their (optical) HOMO‐LUMO gap upon going
from solution to the (semi‐)crystalline solid state as a result of interchain interactions.

(iv)

o
o
and ERED
, are lower and higher, respectively, than
The oxidation and reduction onsets, EOX
1/2
1/2
the half wave potentials, EOX
and ERED
.

1/2
1/2
The last point is not an issue here because —in contrast to the difference ( EOX
– ERED
) in half‐
o
o
wave potentials— Eg,film
OPT and ( EOX – ERED ) both correspond to the onset of the electronic gap.
film
sol
can be higher than ECV
of a material whereas (ii)
Regarding the other three issues, (i) makes that EOPT

and (iii) may cause the opposite.
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sol
The differences between ECV
and Eg,film
OPT can be determined experimentally, and used to
OPT
OPT
) and LUMO ( ELUMO
) energies of the separate materials. These
obtain the “effective” HOMO ( EHOMO

energies take into account the intramolecular exciton binding energy in the solid state. In the next
OPT
OPT
section EHOMO
of D and ELUMO
of A will be used as a starting point to describe an intermolecular D‐A
OPT
OPT
o
CT state involving lower exciton binding energies. EHOMO
and ELUMO
can be obtained from EOX
and
o
sol
ERED
respectively, by assuming that the correction term ECV
– Eg,film
OPT can be equally divided over the
OPT
OPT
and ELUMO
of the materials (Figure 8.3a) are
HOMO and the LUMO of the material. Hence, EHOMO

estimated and recalculated to electron volts versus vacuum level using a potential value of ‐5.23 eV 34–
for Fc/Fc+:

36

OPT
HOMO

E

o
sol
= −5.23 eV − e EOX
+ 12 ( ECV
− Eg,film
OPT )

(1)

OPT
o
sol
ELUMO
= −5.23 eV − e ERED
− 12 ( ECV
− Eg,film
OPT )

(2)

OPT
OPT
− ELUMO
| of a material (D or
Note that, by this definition, the “effective” HOMO‐LUMO gap | EHOMO

A) is equal to the optical gap Eg,film
OPT of that material in the solid state, hence one could argue that these
“effective” HOMO and LUMO levels incorporate the exciton binding energy.

o
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Figure 8.3. HOMO‐LUMO (a), and Jablonski (b) energy level diagram for a D‐A blend with the lowest excited S1
state on the electron acceptor (A), and the lowest excited T1 state on the electron donor (D). Note that in (a) α =
sol
½( ECV
– Eg,film
).
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The energy of D‐A CT states. The energy of an intermolecular D‐A or CT state depends on the
difference between the HOMO level of D and the LUMO level of A. Due to the larger electron‐hole
separation in such a CT state than for an intramolecular excitation, the CT state will be higher than
this difference, by a Coulomb term, Δ (Figure 8.3):
film
OPT
OPT
ECT
= | EHOMO
( D) − ELUMO
( A) | + Δ

Δ

(3)

depends on the increase in the center‐to‐center electron‐hole separation distance RCC, and on the

relative permittivity εr of the medium. For a film with εr = 3–4, Δ is expected to be on the order of +0.2
eV.
o
o
and ERED
from CV measurements, and Eg,film
Thus, using EOX
OPT from UV/vis absorption of D
film
and A, the energy of CT states in a D‐A blend ( ECT
) can be estimated from equations 1–3, once a

value for Δ ≥ 0 has been determined. The driving force for electron transfer from the material with the
film
lowest singlet excited state ( Eg,film
OPT (D) or Eg,OPT (A)) to the intermolecular CT state (Figure 8.3b) is equal

to:
film
OPT
OPT
film
ΔGCT = ECT
− Eg,film
OPT = | EHOMO ( D) − ELUMO ( A) | − Eg,OPT + Δ

In the following a value for

(4)

Δ will be experimentally determined, which will be used to find

the minimal ΔGCT required for effective charge transfer between D and A.

8.3

Results
A. Optical and electrochemical properties of the materials. The optical gaps of the materials

sol
D1–D6 and A1–A9 (Figure 8.2) in the solid state ( Eg,film
OPT ) and in solution ( Eg,OPT ) were determined

from the low‐energy onsets of UV/vis absorption in thin films, and in o‐DCB, respectively. From the
o
o
and ERED
, of the oxidation and reduction waves vs. Fc/Fc+ in o‐
differences between the onsets, EOX
sol
DCB, the electrochemical band gaps ( ECV
) in solution were also determined (Table 8.2), and are
sol
compared with Eg,film
OPT and Eg,OPT in Figure 8.4a.
sol
) is wider than the
For some materials (e.g. D2–D4 and A5, A9) the electrochemical gap ( ECV
sol
optical gap in solution ( Eg,solOPT ), while for other materials (e.g. D5 and A1–A4) ECV
< Eg,solOPT (c.f. — and
sol
+ in Figure 8.4a). These small differences between ECV
and Eg,solOPT indicate that the magnitude of the

opposing effects of the lower εr and shorter e–‐h+ separation distance in the materials than in the CV
measurements are of similar magnitude, and that it depends on the material which is the dominating
effect. The largest difference is found in A5 (PCBM) for which the electrochemical gap was found to be
wider than the optical gap by 0.45 eV in correspondence to previous reports on PCBM and C60.40,37 This
correlates with the result by Lof et al. that solid C60 films show an exciton binding energy on the order
of 0.6 eV.38 The extent of the red shift upon solidification is also different from material to material (c.f.

+

and

o
— in Figure 8.4a) with the largest red shift (0.34 eV) for D4 (P3HT).39 Using eq 1 and 2, EOX

o
and ERED
are converted to the effective intramolecular HOMO and LUMO energies in the solid state.

The correction factors spread between

1
2

sol
( ECV
− Eg,film
OPT ) = ‐0.01 eV for D5 and A3 and +0.24 eV for A5
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(Table 8.2) and are +0.08 eV on average, indicating that the HOMO and LUMO levels relative to Fc/Fc+
are mostly positioned within the electrochemical gap (c.f. — and — in Figure 8.4b).
Table 8.2. Optical band gaps,a onsets of oxidation and reduction waves,b values derived from these, and triplet
excited state energies for D1–D6 and A1–A9.

MDMO-PPV
PF2T
PF1CVTP
P3HT
PF10TBT
PBBTDPP2
PBBTDPP2
Bodipy 1
Bodipy 2
Bodipy 3
PDI
PCBM
PCNEPV
PF2CVTP
PF1CVPP
a

D1
D2
D3,A7
D4
D5
f
D6C
f
D6O
A1
A2
A3
A4
A5
A6
A8
A9

E g,solOPT
/ eV
2.20
2.41
2.29
2.25
1.96
1.72
1.72
2.08
1.99
1.90
2.27
1.72
2.45
2.07
2.69

E g,film
OPT
/ eV
2.10
2.41
2.15
1.91
1.95
1.67
1.43
2.01
1.92
1.84
2.09
1.70
2.38
1.95
2.57

c

o
E OX

o
E RED

sol
E CV

/V
0.02
0.34
0.54
0.07
0.30
0.22
0.22
0.76
0.69
0.53
1.16
g
1.08
0.82
0.56
0.85

/V
-2.19
-2.36
-1.86
-2.29
-1.62
-1.43
-1.43
-1.27
-1.23
-1.29
-0.99
-1.09
-1.62
-1.53
-2.03

/ eV
2.21
2.70
2.40
2.36
1.92
1.65
1.65
2.03
1.92
1.82
2.15
g
2.17
2.44
2.09
2.88

1
2

sol
(E CV
−E g,film
OPT )
/ eV

OPT
E HOMO

/ eV
-5.20
-5.43
-5.65
-5.07
-5.55
-5.46
-5.34
-5.98
-5.92
-5.77
-6.36
-6.09
-6.02
-5.72
-5.93

0.05
0.15
0.13
0.23
-0.01
-0.01
0.11
0.01
0.00
-0.01
0.03
0.24
0.03
0.07
0.16

d

OPT
E LUMO

d

/ eV
-3.09
-3.01
-3.49
-3.16
-3.59
-3.91
-3.97
-3.97
-4.00
-3.93
-4.27
-4.36
-3.64
-3.77
-3.35

E Tfilm
/ eV
1.40
1.70
1.50
1.40
1.35
1.00
0.85
1.50
1.40
1.30
1.10
1.50
1.70
1.30
1.90

e

b
From the UV/vis absorption onsets in o‐DCB ( Eg,solOPT ), and in a thin film ( Eg,film
OPT ). Cyclic voltammetry in o‐DCB/TBAPF6 (0.1 M)

sol
o
o
= e( EOX
– ERED
). d From eq 1 and 2, relative to vacuum.34 e See Appendix. f The subscripts “C” and
in V relative to Fc/Fc+. c ECV
sol
o
sol
o
from ref. 40, and using EOX
= ECV
/e + ERED
.
“O” for D6 denote films spin cast from chloroform and o‐DCB, respectively. g ECV

3
sol
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sol
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film
Eg,OPT
(eV)

a)

2

0
o

ERED (V)

-3

-2

-4

-1
Fc/Fc

0
o
EOX
(V)

+

-5
OPT
-6 EHOMO (eV)

1

b)

OPT
ELUMO
(eV)

D1 D2 D3 D4 D5 D6C D6O A1 A2 A3 A4 A5 A6 A8 A9
A7

sol
Figure 8.4. (a) Electrochemical band gaps of D1–D6 and A1–A9 in o‐DCB ( ECV
, —) compared to their optical
sol

band gaps in o‐DCB ( Eg,OPT ,

+ ) and in thin films ( Eg,film
OPT , —). (b) Oxidation and reduction onset potentials vs.

Fc/Fc+ in o‐DCB (—, left axis), and HOMO and LUMO levels derived thereof in thin films vs. vacuum (—, right
axis) using eq 1 and 2. The subscripts “C” and “O” for D6 denote films spin cast from chloroform and o‐DCB,
respectively.
OPT
B. CT emission energies versus | EOPT
HOMO (D) − E LUMO (A)| and VOC. For four blends (D1:A6–A8

and D5:A5)30,15c the CT state decays radiatively to the ground state and the difference between the
PL
energetic maximum of CT emission ECT,
max of these blends and the effective HOMO‐LUMO gap
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OPT
OPT
| EHOMO
(D) − ELUMO
(A)| provides a measure for the increase in Coulomb energy upon going from an
PL
intramolecular to an intermolecular excited state. The maximum ECT,
max is consistently Δ = 0.28(±0.05)

OPT
OPT
film
(D) − ELUMO
(A)| ( = ECT
−Δ in Table 8.3).
eV higher in energy than | EHOMO
PL
OPT
OPT
Furthermore, ECT,
max and | EHOMO ( D) − ELUMO ( A)| are proportional to the VOC of photovoltaic

devices (Table 8.3) prepared from these blends (Figure 8.5):

2.0

PL

ECT,max / eV

1.5
1.5
1.0
1.0
0.5

1.0

| EHOMO(D) - ELUMO(A) | / eV

OPT
OPT
PL
| EHOMO
( D) − ELUMO
( A)| / e = ECT,
max / e − 0.28 V = 0.97( ±0.13)VOC + 0.21( ±0.14) V .

1.5

VOC / V
Figure 8.5. The energy of maximum CT emission ({, left axis) and the donor‐acceptor HOMO‐LUMO difference
OPT
OPT
( , right axis) versus VOC. The line is a linear fit through the data: | EHOMO
( D) − ELUMO
(A)| /e = 0.97(±0.13)VOC +
OPT
OPT
PL
0.21(±0.14) V, with | EHOMO
( D) − ELUMO
( A) | /e = ECT,
max / e – 0.28 V.

Table 8.3. Lowest optical band gap energy ( Eg,film
OPT ), lowest triplet energy (ET), uncorrected HOMO‐LUMO
PL
film
difference ( ECT
– Δ),a VOC, and the spectral maximum of CT emission ( ECT
) for electron D‐A blends.

E g,film
OPT

D1:A1
D1:A2
D1:A3
D1:A4
D2:A4
D3:A1
D3:A2
D3:A3
D3:A4
D1:A5
D4:A5
D5:A5
f
(D6:A5)C
f
(D6:A5)O
D1:A6
D1:A7
D1:A8
D1:A9
a

film
E CT
−Δ

ΔGCT −Δ

/ eV

/ eV

/ eV

2.01
1.92
1.84
2.09
2.09
2.01
1.92
1.84
2.09
1.70
1.70
1.70
1.67
1.43
2.10
2.10
1.95
2.10

1.23
1.20
1.27
0.93
1.16
1.68
1.65
1.72
1.38
0.82
0.70
1.17
1.09
0.96
1.56
1.70
1.43
1.84

-0.79
-0.73
-0.58
-1.17
-0.94
-0.34
-0.28
-0.13
-0.72
-0.88
-1.00
-0.53
-0.59
-0.46
-0.55
-0.40
-0.53
-0.26

b

PET?

c

E Tfilm

/ eV
41

1.40 (D1)
yes (Q )
41
yes (Q )
1.40 (D1/A2)
41
1.30 (A3)
yes (Q )
yes (Q,P)
1.10 (A4)
yes (Q,P)
1.10 (A4)
41
1.50 (D3)
no (Q )
41
1.40 (A2)
no (Q )
41
1.30 (A3)
no (Q )
yes (Q,P)
1.10 (A4)
47
43
42
yes (Q ,P ,S ) 1.40 (D1)
48
44
42
yes (Q ,P ,S )
1.40 (D4)
30
30
20
1.35 (D5)
yes (Q ,P ,S )
21
yes (S )
1.00 (D6C)
21
yes (S )
0.85 (D6O)
15c
45
1.40 (D1)
yes (Q ,S )
15c
46
yes (Q ,S )
1.40 (D1)
15c
1.30 (A8)
yes (Q )
no (P,S)
1.40 (D1)

ΔGCRT +Δ

d

CRT?

e

Type VOC

/ eV
+0.18
+0.21
+0.03
+0.18
-0.06
-0.28
+0.58
+0.70
+0.18
-0.09
-0.11
-0.16
-0.30
-0.13
-

/V
41

yes, D1
41
yes, D1
41
yes, D1
no
yes, A4
yes, A4
43
no
44
no
30
yes, D5
f
n.d.
f
n.d.
15c
yes, D1
15c
yes, D1
15c
yes, A8
-

2
2
2
3
2
1
1
1
2
3
3
2
2/3
2/3
2
2
2
1

0.85
0.60
1.00
0.78
0.63
1.38
1.53
1.25

PL
E CT,
max

/ eV

1.50

1.85
1.93
1.75

film
OPT
OPT
From eq 3: E CT
−Δ = (| E HOMO
( D) − E LUMO
( A )|) . b From eq 4. c Does PET occur? Determined from PL quenching relative

to pristine films (Q), from the presence of cationic absorption bands in ss‐PIA spectra (P), or from the realization of efficient
(EQE > 20%) solar cells (S). If no reference is indicated, the results are reported in this work.

d

From eq 5. e Does CRT occur?

Determined from ss‐PIA relative to the pristine films for blends with 20–80 wt.% of electron acceptor. f The subscripts “C” and
“O” for D6:A5 denote films cast from chloroform and o‐DCB, respectively. Additional measurements are required to determine
if T1 states are populated in these films.
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C. Photoinduced electron transfer. Three categories of D‐A blend films, spin cast from
solution, were investigated. These categories are polymer:dye (D1–D3 with A1–A4), polymer:PCBM
(D1, D4, D5 and D6 with A5), and polymer:polymer (D1 with A6–A9). Note that the polymer
PF1CVTP is used as an electron donor (D3) as well as an electron acceptor (A7). For each D‐A blend
film
OPT
OPT
ECT
− Δ (eq 3) and ΔGCT − Δ (eq 4) are determined from Eg,film
OPT , EHOMO (D), and ELUMO (A). Here,

Eg,film
OPT is the optical band gap of the material with the lowest energy (Table 8.3). ΔG CT − Δ will be

related to the presence or absence of photoinduced electron transfer (PET) (S1 → CT) in the series of D‐
A blends.
In order to establish whether PET occurs upon photoexcitation of the blends, two criteria have
been used: (1) the occurrence of PL quenching of the electron donor as well as the acceptor relative to
pristine films, and (2) the realization of efficient photovoltaic devices. In some cases, near‐steady state
photoinduced absorption (ss‐PIA) measurements add additional evidence for PET by the presence of
cationic polaron bands at the NIR part (e.g. 0.3–1.0 eV for the radical cation of D1, D1•+) of the spectra.
However, the absence of these bands does not preclude PET because recombination of CT states to
triplet excitons (CRT) may occur at earlier times than measured with ss‐PIA.
100:0
99:1
90:10

Absorbance / OD

0.0

a)

2

D1:A4
0

1

0.2
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0
400

0.0
0.2
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600

D2:A4

0

Photoluminescence / a.u.

0.3

3

c)
0.0

400

D3:A4
500
600
Wavelength / nm

700

0

Figure 8.6. UV/vis absorption spectra (left axis) of films of D1 (a), D2 (b) and D3 (c) and PL emission spectra of
blends of D1 (λexc = 520 nm), D2 (λexc = 485 nm), and D3 (λexc = 505 nm) with 1 ( ) and 10 ({) wt.% A4. In (b) the
absorption spectrum of the 90:10 blend is also shown. The inset in (b) shows the normalized UV/vis absorption
and PL spectra of 1 wt.% A4 in a film of polystyrene.

Polymer:dye blends. In Chapter 6 it was shown that photoexcitation of blends of D1 with A1–
A3 results in charge transfer, while photoexcitation of blends of D3 with the same dyes does not.41
These results are based on PL quenching of D and A for the blends with D1, while for D3 energy
transfer from the polymer to A1–A3 was observed without any indication for charge transfer: in these
blends with D3 the dyes strongly emit.41 Additional support for PET for the blends with D1 comes
126

The energy of CT states in electron donor-acceptor blends

from the presence of radical cation absorption bands of D1 in ss‐PIA spectra of the blends at 0.3–1.0 eV
and 1.2–2 eV.41 The strong differences between the two polymers with similar optical gaps can be
film
, and a more
explained by the higher oxidation potential of D3, causing a higher energy for ECT

positive ΔGCT for its blends than for blends with D1, preventing charge separation energetically.

Here, additional data is presented on blends of D1–D3 with A4. For each polymer, D1–D3
addition of A4 strongly quenches the emission of the polymers (Figure 8.6). A4 is a highly fluorescent
dye which has a PL quantum yield of unity in solution, and also a polystyrene film with 1 wt.% of A4
strongly emits upon photoexcitation (inset Figure 8.6b), showing bands at 539 nm (from non‐
complexed A4) and at 605 nm (from aggregated A4). The absence of any emission from A4 in the PL
spectra of the blends with D1–D3 resolves that PET occurs. The results are summarized in Table 8.3.
Polymer blends with PCBM (A5). Efficient photovoltaic devices with power conversion

efficiencies of 3–5% and EQEs above 40% have been obtained for blends of A5 with D1, D4, and
D5.20,42 In order to achieve such high charge carrier extraction, a rapid depopulation of the S1 states of

the polymer and A5 must occur, giving evidence for efficient PET from the polymers to A5. This is
supported by PL quenching studies. For these blends the material with the lowest optical band gap
energy is the electron acceptor ( Eg,film
OPT (A5) = 1.70 eV), such that the depopulation of the polymer S1
state may occur by electron as well as energy transfer. Hence, in order to give further evidence for PET
the emission of A5 should be examined. Indeed, for the blends with D1,47 D4,48 and D5

30

the PL

quenching of the polymeric electron donors and A5 has been reported for 1:1 blends relative to pristine
donor films, and relative to films with higher A5 content, respectively. Additional evidence for PET
between A5 and D1,43 D4,44 and D5

30

results from the presence of polaronic absorption bands in the

NIR region (0.3–1.0 eV) of near steady‐state photoinduced absorption spectra (Table 8.3). For the
D6:A5 blends, D6 has the lowest optical band gap energy: Eg,film
OPT (D6) = 1.67 and 1.43 eV in films cast
21 Due to reduced sensitivity of the
from chloroform and o‐DCB, respectively, vs. Eg,film
OPT (A5) = 1.70 eV.

optical detection systems below 1.45 eV, the emission of D6 and blends with A5 is more difficult to
study experimentally. However, also for the D6:A5 blends η = 1.1% and EQEmax = 13% and η = 3.2%
and EQEmax = 42% have been obtained for active layers cast from chloroform and o‐DCB respectively,
indicating that PET occurs effectively in the blends (Table 8.3).21
Polymer:polymer blends. Also for blends of D1 with A6 and A7 the evidence for the

occurrence of PET comes from complementary studies on efficient photovoltaic devices and PL
quenching: photovoltaic devices showing efficiencies of η = 0.75% (EQEmax = 23%)45 and η = 1.50%
(EQEmax = 52%)46 have been reported based on D1:A6 and D1:A7 blends, respectively. Additionally,
strong PL quenching of the electron donor and acceptor material is observed in 1:1 blends relative to
pristine donor and acceptor films.45,46,15c Although photovoltaic devices based on the D1:A8 blend were
slightly less efficient (η = 0.40%, EQEmax = ~15%),49 strong PL quenching of D and A was also reported
for this blend, indicating efficient PET.15c Additional evidence for the occurrence of charge transfer
PL
between D1 and A6–A8 comes from the presence of weak CT emission with PL maxima at ECT,
max =

1.43–1.70 eV (Table 8.3). The maxima show a red shift with increasing electron accepting ability of the
polymers in the order A7, A6, A8.15c In contrast, the fourth polymer blend (D1:A9) does not reveal any
PL quenching of D1: addition of D1 to A9 causes a reduction of A9 emission and a rise of D1 emission
intensity due to energy transfer. Specifically, for blends containing 50 or 95 wt.% of D1, near
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quantitative energy transfer from A9 to D1 occurs because the PL intensity is the same as for the
pristine D1 film (Figure 8.7). Additional evidence for the absence of PET for this blend comes from the
PL decay time at 585 nm (τ ≈ 0.5 ns) of the 50:50 and 95:5 blends which is the same as for the pristine
D1 film (inset Figure 8.7).
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Figure 8.7. PL emission spectra of D1:A9 blends with 0 ( ), 5 ({), 50 (U), 95 (V), and 100 () wt.% of D1. All
spectra were corrected for the number of absorbed photons at the excitation wavelength (λexc = 390 nm). For the
pristine film of D1 an excitation wavelength of λexc = 520 nm was used. The inset shows the time‐resolved decay
traces of the blends at 585 nm upon excitation with λexc = 400 nm.

D. Driving force for electron transfer. The results regarding occurrence –or absence– of PET

(S1→CT) as inferred from PL quenching (Q), photoinduced absorption (P), or photovoltaic activity (S)
are summarized in Table 8.3 for the 18 blends. For 4 blends (D3:A1–A3 and D1:A9) PET does not
occur, while for the other 14 blends efficient PET occurs. These results reveal for each material
combination whether the S1 state or the CT state (in the absence or presence of PET, respectively) is
OPT
OPT
lowest in energy. These results can be related to eq 4, ΔGCT − Δ = | EHOMO
( D) − ELUMO
( A) | − Eg,film
OPT , in

which Eg,film
OPT is the lowest optical band gap energy of the two materials of each blend (Table 8.3 and

Lowest excited state

Figure 8.8).

S1

CT

0.0

-0.5
-1.0
ΔGCT-Δ / eV

Figure 8.8. Comparison of the occurrence of PET upon photoexcitation of the 18 D‐A blends with ΔGCT − Δ . The
symbols indicate the different electron donors: D1 ( ), D2 ({), D3 (U), D4 (V), D5 (), and D6 ( ). The data
with D1 as electron donor which leads to CT have been given an offset for clarity.
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ΔGCT − Δ < 0 is obtained for all blends, with the least negative values for the blends not

showing PET. Actually, for all blends with ΔGCT − Δ ≥ −0.34 eV it is found that the S1 state is lowest in
energy, while the CT state has the lowest energy for blends with ΔGCT − Δ ≤ −0.40 eV (Figure 8.8). In
summary, efficient PET from S1 to CT occurs if ΔGCT − Δ ≤ −0.37 ± 0.03 eV .
E. Charge recombination to triplet excited states. Charge recombination to triplet excited

states (CRT) can only occur if the energy of the lowest T1 excited state of the two materials has a lower
energy than the CT state. In other words, the driving force for CRT (Figure 8.3b):
film
OPT
OPT
ΔGCRT = ETfilm − ECT
= ETfilm −| EHOMO
( D) − ELUMO
(A)| − Δ
film
T

must be negative, with E

(5)

the energy of the lowest T1 state energy of D and A in the solid state.

Hence the triplet energies of the materials in the solid state (see Appendix, Table 8.2) can be
related to the occurrence of CRT (CT→T1), to find information on ΔGCRT and Δ. For 9 of the 14 blends
that revealed PET upon photoexcitation, higher triplet yields of either of the two materials were
observed than in pristine films of the separate materials, showing evidence for CRT (Table 8.3). This
was previously reported for blends of D1 with A1–A3

41

and A6–A8,15c and for D5:A5 blends.30

Additionally, blends of D2 (Figure 8.9b) and D3 (not shown) with A4 show the T1‐Tn absorption of A4
50

in the spectral region 2.2–2.5 eV with higher intensities than in a pristine A4 film.
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Figure 8.9. ss‐PIA spectra of thin films of (a) D1, and (b) D2 as pristine films (dashed), and as blends with A4
(solid lines), recorded at T = 80 K with a modulation frequency of 275 Hz using a 50 mW excitation beam of 2.54
eV.

For a blend of D1 with A4 CRT does not occur. Instead, only absorptions by D1 radical cations
(broad: 0.4–0.8 eV, and 1.15–2.00 eV) and A4 radical anions (at 1.72, 1.54, and 1.28 eV) are present in
the PIA spectrum of the blend (Figure 8.9a). For the four other blends CRT was not studied (D6c:A5,
and D6o:A5), or does not occur at high concentration (D1:A5, and D4:A5).43,44 The results are
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OPT
OPT
summarized in Figure 8.10: if ΔGCRT + Δ (= ETfilm −| EHOMO
( D) − ELUMO
( A)| , eq 5) ≥ +0.18(±0.1) eV, CRT

does not occur, whereas if ΔGCRT + Δ ≤ +0.21(±0.1) eV, CRT takes place. Altogether, if ΔGCRT + Δ ≤

Lowest excited state

+0.19(± 0.09) eV, CRT occurs.

CT

T1

0.8

0.4
0.0
ΔGCRT+Δ / eV

-0.4

Figure 8.10. Comparison of the occurrence of CRT upon photoexcitation with ΔGCRT + Δ for the 14 D‐A blends
that revealed PET. If CRT occurs, T1 is the lowest excited state. If it does not occur, CT is the lowest excited state.
The symbols indicate the different electron donors: D1 ( ), D2 ({), D3 (U), D4 (V), and D5 (). The data with
D1 as electron donor which leads to CRT have been given an offset for clarity.

8.4

Discussion
film

OPT
OPT
In Section 8.3 | EHOMO
( D) − ELUMO
( A)| for a series of D‐A blends was related to ECT , VOC, and

the occurrence of PET and CRT. These results can be combined into a consistent description for the
OPT
OPT
energetics in the D‐A blends. Taking the effective HOMO‐LUMO gap | EHOMO
(D) − ELUMO
(A)| as an

experimental measure, it is observed that:
(i)

film
OPT
OPT
= | EHOMO
The CT energy in the film is: ECT
( D) − ELUMO
(A)| + 0.28 eV (Table 8.3).

(ii)

OPT
OPT
PET occurs when: Eg,film
OPT ≥ | EHOMO ( D) − ELUMO ( A)| + 0.37 eV (Figure 8.8).

(iii)

OPT
OPT
VOC is given by eVOC = | EHOMO
(D) − ELUMO
(A)| – 0.21 eV (Figure 8.5).

(iv)

OPT
OPT
CRT occurs when ETfilm ≤ | EHOMO
(D) − ELUMO
(A)| + 0.19 eV (Figure 8.10).

The combined results are summarized in Figure 8.11, where the energies are rounded to nearest tenths
of an eV to express the experimental uncertainties.
(i) and (ii) show that a driving force for charge transfer of ‐ΔGCT = ca. 0.1 eV is sufficient to
effectively depopulate the lowest singlet excited state (S1→CT). (i) and (iv) show that a driving force of
‐ΔGCRT = ca. 0.1 eV is required for charge recombination to triplet excited states. Note that a driving
force of 0.1 eV (= ca. 4kBT at room temperature) is enough to drive an equilibrium between two excited
states towards a 98% population of the lowest excited state, provided that the lifetimes of the states are
longer that the (inverse) rates for interconversion. The estimates for the lower limits of 0.1 eV for ‐ΔGCT
film
PL
= ECT,
and ‐ΔGCRT are correlated to the assumption that ECT
max . Often the CT emission is quite broad,

which reflects a distribution of CT energies, e.g. as a result of a spread in D‐A distances. If the onset of
PL
the CT emission would be at 0.1 eV above ECT,
max , the minimal ‐ΔGCT for PET would even be less (ca. 0
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eV), while the limit for CRT would be ‐ΔGCRT = ca. 0.2 eV. Such an apparent 0.2 eV surplus of driving
force for the CRT step could be explained by an energetic relaxation of CT excitations in time, by
hopping to energetically lower lying CT states. This would lead to a lowering of ECT relative to ET in
time, and hamper CRT. Hence, the actual energy loss upon going from Eg to ECT could even be lower
than the ‐ΔGCT = 0.1 eV described above.
film
Eg,OPT
film
T

Energy / eV

E

> 0.6

ΔGCRT

ΔGCT

film
ECT

Δ = 0.3
> 0.4

OPT
OPT
|EHOMO
(D)-ELUMO
(A)|

0.2

ΔGCT < -0.1 eV enables S1
ΔGCRT < -0.1 eV enables CT

0

eVOC

CT
T1
S0

OPT
OPT
Figure 8.11. Summary of the relations with | EHOMO
( D) − ELUMO
(A)| in Figures 7, 8 and 10.

The loss in energy for PET (‐ΔGCT = ca. 0.1 eV) further implies –via (i) and (iii)– that the energy
film
loss from ECT
to eVOC is ca. 0.5 eV. Hence, for organic (bulk‐)heterojunction solar cells the minimum of

loss in voltage compared to lowest optical band gap energy of either D or A (Vg = Eg/e), amounts to Vg
– VOC = ca. 0.6 V. This value is in accordance with the VOC found for the most efficient organic solar
cells, where Vg – VOC = 0.7–1.1 V (Table 8.1).16a Schüppel et al. recently came to a similar conclusion for
heterojunctions with C60 by studying the photophysical properties of a homologous series of acceptor‐
substituted oligothiophenes. They found that charge separation on the heterojunction with C60 (Vg =
1.7 eV) was hampered if VOC increases above 1.0–1.1 V.16c
film
It is worthwhile to address the origin of the 0.5 V loss from ECT
/ e to VOC. To a large extent,

the loss can be explained by diffusion of charge carriers into the active layer in the vicinity of the metal
electrodes. When Ohmic contacts are applied, selective diffusion of holes (from the ITO/PEDOT:PSS
electrode) and electrons (from the Al/LiF electrode) into the active layer causes significant band
bending in the vicinity of metal contacts, which leads to a reduction of the voltage at which flat band
conditions are reached in the bulk of the device.51 Mihailetchi et al. have shown that for an MDMO‐
PPV:PCBM blend at room temperature, band bending accounts for a 0.38 eV loss from the energy
difference between the transport levels (Et) to eVOC.51c This ~0.4 eV difference places Et under these
conditions at 0.1 eV below ECT. The additional ~0.1 eV that is lost from ECT to eVOC is attributed to be a
combination of the balance of Coulomb energy and polarization energy in the dissociation of CT states
into free charge carriers, and the disordered nature of organic semiconductors in general, where the
typical width (σ) of the density of states is 0.1 eV.51c
The minimum value of Vg – VOC = 0.6 V that emerges from this work can be compared to the
best organic and inorganic solar cells to date (Table 8.1). It appears that the best devices prepared from
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crystalline materials show Vg – VOC = 0.35–0.50 V, while the best devices from amorphous or nano‐
crystalline materials reveal Vg – VOC = 0.65–0.80 V (Figure 8.12). This supports the idea that disorder in
the organic bulk‐heterojunction solar cells causes an additional loss with respect to crystalline
materials.
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Figure 8.12. The power conversion efficiency of the record organic and inorganic single junction photovoltaic
devices as a function of their voltage loss with respect to their optical gap (Table 8.1).

8.5

Conclusions
A simple, general method was established to predict the energy of intermolecular CT states in

film
D‐A blends ( ECT
) from the UV/vis absorption in thin films and the electrochemical measurements in

solution on the electron donor and the acceptor. By correlating with the CT emission, it was found that
an experimental term of Δ = ca. +0.3 eV must be added to the difference in energy between the
effective optical HOMO level of the electron donor and LUMO level of the electron acceptor. The Δ
energy is ascribed to the increase in Coulomb energy upon going from an intramolecular to an
intermolecular excited state. Knowing the energy of the CT state, it is observed that a minimal driving
force of ‐ΔGCT ≥ ca. 0.1 eV suffices to effectively populate the CT state in D‐A blends from the lowest
energy S1 state of D or A. The study of the recombination of CT states into the lowest T1 state (CRT)
reveals that CRT occurs if ‐ΔGCRT ≥ ca. 0.1 eV . This shows that for an optimized organic D‐A blend
with minimal offset ( ‐ΔGCT = ca. 0.1 eV ) between the S1 and CT energies, a maximum singlet‐triplet
energy gap of ΔEST of ca. 0.2 eV is allowed to prevent charge recombination into triplet excited states.
This is lower than what is typically found for π‐conjugated polymers (ΔEST = 0.5–0.7 eV), and stresses
the importance of triplet state energies when designing materials for organic solar cells with minimal
film
ΔGCT .16c Additionally, in organic bulk‐heterojunction solar cells ca. 0.5 eV is lost from ECT to VOC.

This is mainly due to the injection of charge carriers at the metallic contacts that cause band bending,
and to stabilization effects by the medium and the intrinsic energetic disorder of organic
semiconductors that cause relaxation of charge carriers in the density of states in the active layer.
Together with the criterion for the minimal –ΔGCT, this leads to the prediction that for any D‐A organic
solar cell, the maximum attainable VOC is ultimately set by the lowest optical band gap energy of either
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donor or acceptor material via: eVOC = Eg – 0.6 eV. Presently the best organic solar cells approach this
criterion.

8.6

Experimental section
For general procedures on cyclic voltammetry, UV/vis absorption, steady‐state and time‐resolved

photoluminescence, and photoinduced absorption measurements the reader is referred to Chapter 9. J. Sweelssen,
J. J. A. M. Bastiaansen, B. M. W. Langeveld‐Voss and M. M. Koetse (TNO Science and Industry) are kindly
acknowledged for generous gifts of MDMO‐PPV, PF2T, PF1CVTP, PF2CVTP, PF1CVPP, PF10TBT, PCNEPV, and
Bodipy dyes A1–A3. MDMO‐PPV was synthesized using the sulfinyl precursor route.52 The preparation of
PF1CVTP, PF2CVTP and PF1CVPP,53 PF10TBT,54 PCNEPV,55,56 and the Bodipy dyes (A1–A3)57 is described
elsewhere. S. M. A. Chopin (TU/e) and M. Turbiez (Ciba Specialty Chemicals) kindly provided PDI

58

and

PBBTDPP2,59 respectively, which were prepared according to literature procedures. PCBM (Solenne) and P3HT
(Rieke Metals) were purchased.
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8.8

Appendix to Chapter 8: determining triplet energies
Triplet excited states of dyes A1–A5 in solution. The triplet energies of A4 and A5 in solution

are assumed to be equal to ETsol (A4) = 1.20±0.07 eV and ETsol (A5) = 1.50 eV above their singlet ground
state, based on comparison with structurally related PDI 1 and fullerene derivatives,2 respectively. ETsol
of dyes A1–A3 were deduced from ss‐PIA in oxygen free toluene by triplet sensitization using
compounds with known ETsol : a fullerene derivative (MP‐C60, 1.50 eV),2 meso‐tetraphenylporphyrin
(TPP, 1.43 eV),3 and tetracene (TC, 1.27 eV).3 Measurements on 5×10–4 M solutions of dyes A1–A3 in
toluene did not result in detectable PIA intensities due to the low triplet yields of these dyes which
typically have high fluorescence quantum yields (ΦF > 0.8).4 The T1 states can be populated via triplet
energy transfer from the high‐energy T1 state of MP‐C60 which shows a characteristic triplet‐triplet (T1‐
Tn) absorption with a peak at 1.78 eV and a shoulder at 1.54 eV, and which is formed with near unit
efficiency upon photoexcitation.2 For a 1:1 mixture with A1 the T1‐Tn absorption intensity of MP‐C60 is
slightly reduced compared to a solution of only MP‐C60 (Figure A8.1a), while additional low‐intensity
absorption bands are observed at 1.16 and 1.28 eV that are attributed to T1‐Tn absorption of A1. The
bleaching band of A1 that is —based on its ground state absorption— expected between 2.1 and 2.3
eV, is not revealed in this measurement: its low‐intensity band is probably compensated by residual
absorption of triplet excited MP‐C60. Because the T1‐Tn absorption of MP‐C60 is hardly quenched in the
1:1 mixture, while that of A1 is weak, we conclude that ETsol (A1) ≥ 1.50 eV. This is confirmed by
measuring an ss‐PIA spectrum of TPP with A1 in toluene: in a 1:1 mixture the PIA intensity of TPP
is hardly affected, showing a characteristic superposition of its T1‐Tn absorption and ground state
bleaching signals in the spectral region 1.5–2.3 eV (solid line in Figure A8.1b), whereas T1‐Tn
absorption and bleaching of A1 are of very low intensity. This shows that ETsol (A1) > 1.43 eV, in
agreement with the MP‐C60 data,
Mixtures of dyes A2 and A3 with MP‐C60 show a complete quenching of the fullerene T1‐Tn
absorption, and reveal high intensity ground state bleaching bands at 2.14 and 2.08 eV for A2 and A3,
respectively, next to T1‐Tn absorption bands at 1.00 eV and 1.5–2.0 eV (Figure A8.1a), from which it can
be concluded that ETsol < 1.50 eV for both dyes. The TPP:A2 mixture shows the TPP absorption and
bleaching bands, while those of A2 are about half the intensity of the MP‐C60:A2 mixture. This
indicates that ETsol (A2) ≈ ETsol (TPP) = 1.43 eV. For the TPP:A3 mixture the TPP triplet is completely
quenched, populating the T1 state of A3 with similar intensity as for the MP‐C60:A3 mixture, hence
ETsol (A3) < 1.43 eV. Addition of TC to the TPP:dye mixtures completely quenches the spectra of the

three dyes, setting a lower limit of ETsol > 1.27 eV for A1–A3. The results of the triplet sensitization
measurements on A1–A3 and their ETsol values (with uncertainties of ca. 0.1 eV) are summarized in
Table A8.1, and follow the same trend as their optical band gaps in solution.
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Figure A8.1. ss‐PIA spectra of A1 ( ), A2 ({), and A3 (U) in toluene solution with MP‐C60 (a), and TPP (b) at
concentrations of 2.5+2.5×10–4 M. Spectra of MP‐C60 (a) and TPP (b) in toluene are shown as thin solid lines (5×10–4
M). All spectra were recorded at T = 295 K with a modulated frequency of 275 Hz, and were corrected for the
amount of absorbed light at the excitation beam (2.54 eV, 25 mW). The asterisk (*) in (a) indicates a dip due to
imperfect PL correction as a result of the low PIA signal, and the high PL yield of photoexcited A1.
Table A8.1. Triplet energies of A1–A3, D1, D4, and D5 in solution ( ETsol ), determined by triplet sensitization with
references. The signs indicate that ETsol of the compound is smaller (“<”), higher (“>”), or similar but higher (“≥”)
than that of the reference, while “≈” indicates a similar ETsol . For an identical compound “=” is used.
references

E
A1
A2
A3
D4
D1
D5
a

sol
g,OPT

MP-C60
PCBM
/ eV

2.08
1.99
1.90
2.25
2.20
1.96

E

sol
T

/ eV
c

1.55
1.45
1.35
c
1.65
1.45
1.35

1.50
≥
<
<
>
<
<

a

TPP
1.43

b

>
≈
<
>
>
<

From ref 2. b From ref 3. c No upper limit found, however, we estimate

A2 and A3, and

TC
1.27
>
>
>
>
>
>

D4

D1

D5

=
<
<

>
=
<

>
>
=

b

ETsol (A1) ≈ 1.55 eV assuming a similar S1‐T1 gap as for

ETsol (D4) ≈ 1.65 eV from reports on structurally related poly(3‐alkylthiophenes): P3OT in benzene (ref. 5), and

P3MBET in xylene and o‐DCB (ref. 6).

Triplet excited state energies of the conjugated polymers in solution. ETsol of polymers D1,
D4, and D5 were also determined by triplet sensitization with MP‐C60, TPP, and TC in toluene
solution: we found ETsol = >1.50, 1.45, and 1.35 eV for D4, D1, and D5, respectively. The order of
decreasing triplet energies follows that of the optical band gaps in solution, and was confirmed by
triplet sensitization studies on mixtures polymer mixtures in solution (Table A8.1). For P3HT (D4) no
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upper limit was found for its triplet energy, however ETsol (D4) = ca. 1.65 eV based on comparison with
structurally related poly(3‐alkylthiophenes): P3OT in benzene ( ETsol =1.65 eV),5 and P3MBET in xylene
and o‐DCB ( ETsol =1.65±0.09 eV).6
For the remaining six polymers (D2, D3, D6, and A6–A9) we used the onsets of ground state
absorption ( Eg,solOPT in Table A8.3) to estimate their triplet energies in solution on the basis of quantum
chemical estimates relating the energies of the triplet and singlet excited states:7
ETsol

=

Eg,solOPT − 0.70( ±0.1) eV

(A1)

From a series of conjugated polymers a different relation between the optical gap and the triplet state
energy was determined:8
ETsol = 1.13 Eg,solOPT (abs) − 1.43( ±0.25) eV

(A2)

with Eg,solOPT (abs) explicitly determined from the optical absorption maximum. Except for D2 and D6
the values obtained from eq. 2 are within 0.2 eV from those predicted by eq. 1 (Table A8.2).
Table A8.2. Triplet energies of D2, D3, D6, and A6–A9 in solution ( ETsol ) –predicted from eq A1 (±0.1 eV) and eq
A2 (±0.2 eV)– and in the solid state ( ETfilm). ETfilm is compared to limits set by ss‐PIA measurements on blends with
D1 and A1. The signs (>, <, and ≈) are explained in the caption of Table A8.1.

E g,solOPT / eV

E Tsol (eq A1) / eV

E Tsol (eq A2) / eV

E Tfilm (eq A1) / eV

E Tfilm (eq A2) / eV

limits

2.41
2.29
1.72
2.45
2.07
2.69

1.70
1.60
1.00
1.75
1.35
2.00

1.45
1.65
0.75
1.75
1.25
2.20

1.70
1.50
1.00
1.70
1.30
1.90

1.45
1.55
0.70
1.70
1.20
2.10

> A1 (1.50 eV)
≈ A1 (1.50 eV)
> D1 (1.40 eV)
< D1 (1.40 eV)
> D1 (1.40 eV)

D2
D3/A7
D6C
A6
A8
A9

Triplet excited state energies in the solid state. Upon going from solution to the solid state,
T1‐Tn absorption bands measured with ss‐PIA generally shift to lower energy. Such shifts are generally
larger for materials that also show large changes of the ground state (S0‐S1) absorption upon
solidification, indicating a relation between shifts of singlet and triplet excited states relative to S0. An
example is given for D4 in Figure A8.2a: the S0‐S1 absorption shifts by 0.34 eV upon solidification
(Table A8.3), while the T1‐Tn absorption maximum shifts by 0.46 eV (Figure A8.2b). We estimate the
triplet energies (S0‐T1) in the solid state ETfilm (Table A8.3) by assuming that the ratio E T / Eg,OPT remains
constant:
E film
= E sol
( E g,film
/ E g,solOPT )
T
OPT
T

(A3)

Using eq A3 we find that the T1 energy of D4 is reduced by 0.25 eV from ca. 1.65 to ca. 1.40 eV for D4,
and hence that the Tn states are lowered by ~0.7 eV (Figure A8.2a).
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Figure A8.2. In (a) the suggested energetic changes of T1 and Tn, relative to the S0 state, are given for D4 upon
going from toluene solution (dashed) to the solid state (solid lines), in comparison to the reduced S1‐S0 gap. (b) ss‐
PIA spectra of a thin film of D4 at T = 80 K (solid line) and a 0.5 mg/ml toluene solution at T = 340 K (dashed line),
recorded with a modulation frequency of 275 Hz using a 50 (solid state) or 25 mW (solution) excitation beam of
2.54 eV.

≈ 0.1 eV
Eq A3 was also used for the other materials, resulting in shifts of generally ETsol − E film
T

(Table A8.2). The triplet energies of all materials are summarized in Table A8.3.
Table A8.3. Optical band gaps,a and triplet excited state energies for D1–D6 and A1–A9.

D1
D2
D3,A7
D4
D5
f
D6C
f
D6O
A1
A2
A3
A4
A5
A6
A8
A9

sol
E g,
/ eV
OPT

E g,film
/ eV
OPT

E Tsol / eV

2.20
2.41
2.29
2.25
1.96
1.72
1.72
2.08
1.99
1.90
2.27
1.72
2.45
2.07
2.69

2.10
2.41
2.15
1.91
1.95
1.67
1.43
2.01
1.92
1.84
2.09
1.70
2.38
1.95
2.57

1.45
d
1.70
d
1.60
e
1.65
c
1.35
d
1.00
d
1.00
c
1.55
c
1.45
c
1.35
g
1.20
h
1.50
d
1.75
d
1.35
d
2.00

sol

c

E Tfilm / eV b

1.40
1.70
1.50
1.40
1.35
1.00
0.85
1.50
1.40
1.30
1.10
1.50
1.70
1.30
1.90

film

a

From the UV/vis absorption onsets in o‐DCB ( E g,OPT ), and in thin films ( E g, OPT ). b From eq A3. c From this work. d From eq A1.

e

From reports on structurally related poly(3‐alkylthiophenes): P3OT in benzene (ref. 5), and P3MBET in xylene and o‐DCB (ref.

6). f The subscripts “C” and “O” for D6 denote films spin cast from chloroform and o‐DCB, respectively. g From ref. 1. h For MP‐
C60 (ref. 2).
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The solid state triplet energies obtained from triplet sensitization, and eqs A1—3 were verified
with ss‐PIA data in the solid state: for all materials except D6 additional measurements were carried
out for thin film blends. For example, from blends with A1 we find that ETfilm(D2) > ETfilm(A1) (not
shown), while ETfilm(D3) ≈ ETfilm(A1),9 in correspondence to the predictions by eq A1 and 3, while the
values predicted with eq A2 and A3 are slightly off: ETfilm(D2) = 1.45 eV is predicted by eq A1, which is
0.05 eV lower than ETsol (A1), opposite to the suggestion by the measurements. Thus we use the
estimates by eq A1 as the triplet energies of the polymers in solution.
Earlier studies on blends with D1 have shown that ETfilm of A1–A3, A6 and A7 are higher than
ETfilm(D1), while ETfilm(D1) > ETfilm(A8).9,10 This is in correspondence to the determined triplet energies:

only for ETfilm(A3) = 1.30 eV a lower triplet energy is estimated than ETfilm(D1) = 1.40 eV. This small
difference is within experimental error. Also blends of D3 with A1–A3 were studied earlier, from
which we concluded that ETfilm(D3) ≈ ETfilm(A1) > ETfilm(A2) and ETfilm(A3),9 again in correspondence to the
estimates of the triplet energies reported here.
In blends of D1 with D4, D1 with D5, and D4 with D5 in various ratios, T1‐Tn absorptions of
both polymers appear in the ss‐PIA spectra (not shown), in line with the similar triplet energies for the
three polymers ( ETfilm = 1.35–1.40 eV, Table A8.3).
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9
Compositional and electric field dependence of
CT exciton dissociation in alternating
polyfluorene copolymer/fullerene blends*
Abstract. The electro‐optical properties of thin films of electron donor‐acceptor blends of a
fluorene copolymer (PF10TBT) and a fullerene derivative (PCBM) were studied.
Transmission electron microscopy shows that in these films nanocrystalline PCBM clusters
are formed at high PCBM content. For all concentrations, a charge transfer (CT) transition is
observed with absorption spectroscopy, photoluminescence, and electroluminescence. The
CT emission is used as a probe to investigate the dissociation of CT excited states at the
donor‐acceptor interface in photovoltaic devices, as a function of an applied external electric
field and PCBM concentration. The maximum of the CT emission shifts to lower energy, and
decreases in intensity with higher PCBM content. The red shift of the emission and the
lowering of the open‐circuit voltage (VOC) of photovoltaic devices prepared from these blends
is explained with the higher relative permittivity of PCBM (εr = 4.0) compared to that of the
polymer (εr = 3.4), stabilizing the energy (ECT) of CT states and of the free charge carriers in
blends with higher PCBM concentration. The CT state has a short decay time (τ = ca. 4 ns)
that is reduced by the application of an external electric field or with increasing PCBM
content. The field induced quenching can be explained quantitatively with the Onsager‐
Braun model for the dissociation of the CT states when including a high electron mobility in
nanocrystalline PCBM clusters. Furthermore, photoinduced absorption spectroscopy shows
that increasing the PCBM concentration reduces the yield of neutral triplet excitons forming
via electron‐hole recombination, and increases the lifetime of radical cations. The presence of
nanocrystalline domains with high local carrier mobility of at least one of the two
components in an organic heterojunction may explain efficient dissociation of CT states into
free charge carriers.
* This work has been published: D. Veldman, Ö. Ípek, S. C. J. Meskers, J. Sweelssen, M. M. Koetse, S.
C. Veenstra, J. M. Kroon, S. S. van Bavel, J. Loos, R. A. J. Janssen, Journal of the American Chemical Society
2008, 130, 7721–7735.
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9.1

Introduction
The most efficient polymer solar cells to date use a phase‐separated composite blend of two

materials with complementary electron donating and electron accepting properties. Excitons created
by absorption of light in either of the two materials give rise to charge formation when they diffuse to
the interface of the two components and are dissociated by a charge transfer reaction. The
photogenerated holes and electrons are then transported and collected at opposite electrodes to
sustain a photovoltaic effect. In general, polymer solar cells use a conjugated, semiconducting p‐type
polymer as electron donor, while the electron acceptor is either a small molecule (e.g. a fullerene
derivative), a second conjugated n‐type polymer, or an inorganic nanocrystalline semiconductor (e.g.
CdSe or ZnO).1
Among the various materials combinations that have been investigated, blends of conjugated
polymers with the electron accepting C60‐fullerene derivative [6,6]‐phenyl‐C61‐butyric acid methyl
ester (PCBM), or its C70 analog, take a prominent place because they provide power conversion
efficiencies (η) that presently exceed 5%.2 Within this class, the most extensively studied materials
combinations are blends of PCBM with poly[2‐methoxy‐5‐(3,7‐dimethyloxtyloxy)‐1,4‐phenylene
vinylene] (MDMO‐PPV) or regioregular poly[3‐hexylthiophene] (P3HT) that provide η = 2.5–3%,3 and
η = 4–5%,4 respectively. In these devices, charge generation and collection is very efficient as
evidenced by internal quantum efficiencies that approach unity for the best devices. Despite these
high quantum efficiencies, the process of charge separation from the interface in these devices and its
dependence on the composition are only partially understood.
For MDMO‐PPV:PCBM blends photoexcitation is followed by ultrafast (τ = 45 fs)
photoinduced charge transfer producing MDMO‐PPV radical cations and PCBM radical anions with
high efficiency, effectively quenching any competing photophysical pathway.5 As the photoinduced
electron transfer occurs over short distances, the initially created state will be characterized by a short
electron‐hole distance. At such short distance (e.g. 1 nm) the electron and hole are expected to be
Coulombically bound by an energy (~0.5 eV) that exceeds thermal energy (~0.025 eV). This poses an
intriguing question: how can electrons and holes effectively dissociate from the interface and how is
geminate recombination of initially created electron‐hole pairs prevented.
This crucial question has been addressed by several authors.6 Mihailetchi et al. have developed
a model, based on Onsager‐Braun theory,7 describing the dissociation of Coulombically bound
electrons and holes by an external electric field to explain the current density‐voltage (J‐V) curves of
organic photovoltaic devices.8 Using electron and hole mobilities determined by space charge limited
current (SCLC) measurements on actual photovoltaic devices, they fit the experimental J‐V
characteristics using the rate for geminate charge recombination (kF) as a parameter. For MDMO‐
PPV:PCBM excellent agreement was found for τF = kF–1 = 2.5–40 μs.9 More recently this model has also
been used to describe P3HT:PCBM10 and polymer:polymer11 blends. In the latter case a very long
decay time (τF = 10 ms)11 is required to describe the J‐V characteristics. Other device models also often
use charge carrier lifetimes on the order of microseconds.12
These long decay times strongly contrast with results from transient spectroscopy on
conjugated oligo(p‐phenylene vinylene)‐fullerene and oligothiophene‐fullerene dyads that show
recombination of the charge separated state within 100 ps.13 In addition, transient absorption studies
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on electron donor‐acceptor blends reveal that charge recombination, either geminate or non‐geminate,
already occurs in the nanosecond time domain.14,15 Time‐delayed collection field measurements offer a
separate method to determine the lifetime of charge carriers and show that at a delay time of 1 μs after
photoexcitation of MDMO‐PPV:PCBM blends, less than 0.5% of the charge carriers survive.16
Although long‐lived (up to the microseconds) charge carriers have frequently been observed in these
electron donor‐acceptor blends, there is little evidence that they represent a significant fraction (e.g.
10% or more) of the initially created photoinduced charge carriers.
Apart from these apparent discrepancies, another captivating issue in the field of
polymer:PCBM photovoltaic blends is the relatively high fullerene content required to achieve high
performance. For the semi‐crystalline P3HT:PCBM blends4 the optimal ratio is approximately 1:1, but
for many other, often amorphous polymers, the optimal ratio is around 1:4 by weight.4 In each case
the optimal PCBM concentration is much higher than the percolation threshold (17 vol.% for spheres).
Since PCBM gives only a small contribution to the total absorption of light and has a high electron
mobility compared to the hole mobility of most polymers, a PCBM concentration higher than ~50
wt.% would not be expected to increase the performance. For MDMO‐PPV:PCBM blends a relation
was found between the morphology of the active layer and device performance.17,18 Only at high
loading (> 50 wt.% PCBM) phase separation occurs, and essentially pure nanocrystalline PCBM
domains form in an intimately mixed MDMO‐PPV:PCBM blend. The strong enhancement in device
efficiency when going from 20 to 80 wt.% PCBM has been explained by a surprising, yet very
significant, two orders of magnitude increase in hole mobility (μh) at high PCBM concentration that
was found when measuring hole‐only devices in the dark. The increase coincides with the onset of
phase separation.9 Although this gives full understanding of the device performance, the effect of
PCBM concentration and morphology on charge generation, has not been addressed.
One possibility to gain detailed insight into these issues, and possibly resolve the apparent
discrepancies is offered by materials that provide a charge transfer (CT) emission. CT emission is the
radiative recombination of electrons and holes from a (photogenerated) charge separated state. Such
an emissive charge separated state is often referred to as a CT state, as it is related to the ground state
by a charge transfer transition. CT emission has been observed in a few polymer:PCBM blends,19,20,21
and a number of polymer:polymer blends.22,23 In such blends, CT emission is sometimes referred to as
exciplex emission when the corresponding CT absorption is not observed or hidden, however an
exciplex is defined as an electronically excited complex of definite stoichiometry, ʺnon‐bondingʺ in the
ground state. The decay time of this CT (or exciplex‐like) emission is typically a few, or a few tens of
nanoseconds, but, notably, does not extend into the microsecond regime. For example, for MDMO‐
PPV:PCNEPV blends the CT (exciplex) emission was τF = 1.6 ns,23 i.e. more than six orders of
magnitude shorter than the value that emerged from fitting the J‐V curve (τF = 10 ms).11
Until recently, most materials combinations that exhibit CT emission did not provide very
efficient solar cells. One noticeable exception, however, are blends of poly[2,7‐(9,9‐dialkylfluorene)‐alt‐
5,5‐(4´,7´‐di‐2‐thienyl‐2´,1´,3´‐benzothiadiazole)] (PFnTBT, n being the number of carbons of the alkyl
substituents, Figure 9.1) with PCBM for which both efficient photovoltaic devices,24,25,26,27,28 and CT
emission have been described.21 PF10TBT:PCBM (1:4 by wt.) blends reach an AM 1.5 power
conversion efficiency of η = 4.2%, owing to a favorable high open‐circuit voltage (VOC = 999 mV) and
internal quantum efficiency (IQE = 75%).25,28 Transient absorption measurements on PF8TBT:PCBM
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blends have revealed a fast (~0.2 ps) charge transfer process, followed by charge separation of CT
states into free charge carriers (~30 ps), and geminate charge recombination of free charge carriers on a
~30 ns time scale.15,29
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Figure 9.1. Chemical structures of PF10TBT and PCBM (top). (a) Jablonski diagram showing the singlet and
triplet excited state energies of PF10TBT and PCBM, and the CT state, relative to their ground states. The dashed
arrow represents absorption from a ground state D/A complex. The CT state can also be populated from S1 states
of PF10TBT or PCBM by charge transfer (kCT). (b) Schematic energetic distribution of the CT states for two
different PF10TBT:PCBM ratios, based on the results described in this work.

Here a comprehensive study of the CT emission is presented with (time‐resolved)
photoluminescence of different PF10TBT:PCBM blends in films and in solar cell devices to investigate
the kinetics, field dependence, and composition dependence of the electron‐hole dissociation process.
The presence of PCBM clusters in films with high PCBM content strongly influences the photophysical
properties. First, the higher relative permittivity (εr) of PCBM compared to PF10TBT causes the energy
of the CT state (ECT) and the VOC to be lowered with increasing PCBM concentration. Second, the
average decay time of the relatively short‐lived (<τ> = ca. 4 ns) CT emission is further reduced with
increasing PCBM concentration or by the application of an electric field. Using the Onsager‐Braun
model of geminate recombination the field‐ and concentration‐induced dissociation of the bound
electron‐hole pairs is related to the presence of larger crystalline domains of PCBM at high fullerene
loading. A high electron mobility inside these clusters enables the dissociation of the CT excitons,
despite their short lifetime.
The presence of nanocrystalline domains is important for the performance of polymer solar
cells by allowing dissociation of CT excited states.
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9.2

Results and Discussion
A. Solar cell performance at different compositions. The J‐V characteristics of

PF10TBT:PCBM devices containing 0, 5, 20, and 80 wt.% PCBM recorded under white light
illumination reveal clear trends with increasing PCBM concentration (Table 9.1, Figure 9.2). First, the
open‐circuit voltage (VOC) decreases from 1.44 V for the device without PCBM to 1.15, 1.08, and 1.00 V
for those containing 5, 20, and 80 wt.% PCBM. Second, the short‐circuit current density (JSC), and the
fill factor (FF) strongly increase with fullerene loading, resulting in a doubling of the estimated
efficiency (η) when increasing the PCBM concentration from 20 to 80 wt.%. The device containing 20
wt.% PCBM absorbs more white light than that with 80 wt.% PCBM, because of the strong absorption
by PF10TBT in the visible range, explaining why at high reverse bias (V < ‐1.85 V) the photocurrent of
the 20 wt.% device is actually slightly higher than that of the 80 wt.% device. De et al. recently
reported on concentration‐dependent transient absorption studies of blends of PF8TBT and PCBM on
the sub‐ps timescale.15,29 They concluded that at PCBM concentrations of 20 wt.% and above, charge
carriers are quantitatively formed upon photoexcitation, in accordance with this result. The higher JSC
for the 80 wt.% device therefore results from a higher collection efficiency at short‐circuit. The device
data can be directly compared to those reported by Moet et al. on the same PF10TBT:PCBM blends
with intermediate PCBM concentrations (50, 67 and 80 wt.% PCBM in Table 9.1, Figure 9.2b and c).25
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Even though different illumination setups were used –which may in particular have its influence on
JSC (and thus on η)– the results follow the same trend. For PF8TBT:PCBM blends similar effects of the
PCBM concentration on device performance were recently reported.26,27
In summary, the increases in JSC and FF with PCBM concentration result in a strongly
increased photovoltaic performance at 80 wt.% PCBM. Concomitantly, a small but distinct, reduction
in VOC is observed.
Table 9.1. Active layer thickness (d), and J‐V characteristics of PF10TBT:PCBM devices containing different
amounts of PCBM.

a

wt.% PCBM

d / nm

VOC / V

0
5
20
b
50
b
67
b
80
80

135
135
220
80–115
125–170
110–236
210

1.44
1.15
1.08
1.05–1.08
1.01–1.03
0.99–1.01
1.00

–2

JSC / mA cm
0.033
0.12
5.26
5.0–7.5
7.1–8.1
6.5–9.0
8.08

a

FF

η/%

0.29
0.24
0.32
0.34–0.38
0.42–0.49
0.50–0.61
0.49

0.014
0.034
1.85
1.8–3.0
3.4–3.7
3.7–4.6
3.95

Estimated efficiency: not corrected for the lamp spectrum. b From ref 25.

B. Blend morphology at different compositions. Thin free standing films (50–90 nm) of
PF10TBT:PCBM blends (0, 10, 20, 50, 80, and 100 wt.% PCBM) were investigated with transmission
electron microscopy (TEM). Bright‐field TEM images shown in Figure 9.3a–c for the 20, 50, and 80
wt.% PCBM films show that no significant phase separation is discernable for PF10TBT:PCBM ratios
up to 50 wt.% PCBM. For the highest PCBM concentration (80 wt.%, Figure 9.3c) darker regions of 50–
100 nm in diameter appear in a brighter background. In agreement with previous studies the darker
regions are attributed to nanocrystalline PCBM domains that have a higher density than the polymer
and appear at higher PCBM concentrations.17,30 Selected area electron diffraction (SAED, Figure 9.3d)
of PF10TBT films reveals some ordering as evidenced from a diffuse diffraction ring corresponding to
a d‐spacing of 4.9 Å, tentatively ascribed to a π‐π stacking distance. For nanocrystalline PCBM films d
is 3.1 and 4.6 Å (Figure 9.3i).31 For PF10TBT:PCBM blends (10–80 wt.% PCBM, Figure 9.3e–h) the
SAED is composed of the PF10TBT and PCBM Debye‐Scherrer rings. Although below 50 wt.% PCBM
the rings are of low intensity, there is still ordering of both phases, even at lower PCBM concentration.
Atomic force microscopy (AFM) (Figure 9.3j–l) on the same blends revealed very smooth
surfaces with root mean square roughness values of Rrms = 0.47–0.72 nm, measured at an area of 1×1
μm2. The film containing 80 wt.% PCBM showed height variations (~3.0 nm) that were much larger
than for the other films (~1.0 nm). The height profile of the film containing 80 wt.% PCBM showed
comparable sizes (50–100 nm in diameter) as were found by TEM (compare Figure 9.3c and 3l).
In summary, the AFM and TEM measurements demonstrate that nanoscale (> 10 nm) phase
separation occurs at high fullerene concentration and results in 50–100 nm sized PCBM clusters at 80
wt.% PCBM for PF10TBT:PCBM films spin cast from chlorobenzene. SAED measurements indicate the
presence of nanocrystalline PCBM clusters also for lower concentrations that do not show up in the
bright field TEM image. Overall the phase separation in PF10TBT:PCBM blends is very similar to that
observed for MDMO‐PPV:PCBM blends.17,18
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Figure 9.3. TEM (a–c) and AFM height (j–l) images of PF10TBT:PCBM films containing 20 (a and j), 50 (b and k)
and 80 (c and l) wt.% PCBM. The size of each image is width×height = 1.25×1.25 μm2, the horizontal scale bar in
images a–c and j–l is 200 nm and the vertical range of graphs j–l is 6 nm. d–i show the SAED patterns of PF10TBT
films containing 0, 10, 20, 50, 80, and 100 wt.% PCBM, respectively.

C. CT absorption and emission of PF10TBT:PCBM blends. The ground state absorption
spectrum of PF10TBT reveals two bands, with maxima at about 400 and 560 nm. Photoexcitation of a
PF10TBT film at 560 nm results in a broad photoluminescence (PL) band with a maximum centered at
660–680 nm (Figure 9.4a). The PL emission intensity of PF10TBT (λexc = 400 or 560 nm, λem = 680 nm) is
reduced by more than two orders of magnitude upon addition of only 10 wt.% PCBM. Recently De et
al.15 and Loi et al.21 also reported such strong PL quenching for PF8TBT:PCBM blends. The strong PL
quenching can be explained by rapid energy or electron transfer to PCBM. Next to the quenching of
PF10TBT emission, photoexcitation of the PF10TBT:PCBM blends also reveals a broad, red‐shifted
emission between 700 and more than 840 nm (Figure 9.4c). After correcting for the residual PF10TBT
emission, a broad band with a maximum at about 785 nm is obtained for the 10 wt.% blend (Figure
9.4d). This emission does not originate from PCBM having an emission maximum at 720 nm with a
shoulder around 800 nm for a thin film (Figure 9.4b). The broad and red‐shifted luminescence is
attributed to CT emission from a singlet CT state. In first approximation, this emission involves a
transition of an electron from the LUMO (lowest unoccupied molecular orbital) of PCBM to the
HOMO (highest occupied molecular orbital) of PF10TBT:PCBM. Loi et al.21 observed similar emission
characteristics for a PF8TBT:PCBM blend and also attributed it to emission of CT excitons. The CT
state is primarily formed via photoexcitation of PF10TBT or PCBM in a very fast (~ps) electron transfer
reaction from PF10TBT to PCBM that effectively quenches the PL of the two components (kCT in Figure
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9.1a). As will be show in the following, the CT state can also be formed by direct excitation in a weak
CT absorption band or via recombination of free electrons and holes (section D). The low overall
intensity of the PL at 785 nm suggests that the intrinsic quantum yield of CT emission is low and that
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Figure 9.4. Normalized absorbance (left axis, open symbols) and photoluminescence (right axis, closed symbols)
spectra of thin (a) PF10TBT ( ,), (b) PCBM (,¡), and (c) PF10TBT:PCBM 90:10 (U,S) and 80:20 ({,z) blend
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containing 10 (U) and 20 ({) wt.% PCBM compared to films of the pristine materials (left axis), and
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the amount of photons absorbed at the excitation wavelength (λexc = 560 nm, right axis). The feature at 820 nm (*)
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Time‐resolved photoluminescence (TR‐PL) measurements have been performed for
PF10TBT:PCBM blends (0, 10, 20, 80, and 100 wt.% PCBM) (Figure 9.5). For pristine PF10TBT, global
analysis of multiple wavelength decay traces reveals two decay times, with the major decay
component, τ1 = 1.17 ns, accounting for about 90% of the emission (Figure 9.5). When 10 wt.% PCBM is
added to the film the PL lifetime of the PF10TBT singlet excited state (selectively probed at 670 nm) is
strongly reduced. The decay time is shorter than the response time of the setup (τ1 < 50 ps, Figure
9.5a). This is in good agreement with the steady state PL results because quenching of the polymer
emission by more than two orders of magnitude implies a PL decay time τ < τ1(PF10TBT)/100 = 12 ps.
The PL decay recorded at 710 nm and 780 nm, where predominantly PCBM and CT emission are
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probed (Figure 9.5b and 5c), were fitted to an exponential decay with three components (Table 9.2).
Again, the shortest PL decay time, arising from residual PF10TBT emission, was too short to be
accurately determined and was fixed at τ1 = 25 ps, while the other two decay components were free
parameters. Selecting a shorter τ1 has only a minor influence on the magnitudes of τ2 and τ3, and their
relative amplitudes. For the 10 wt.% blend, relatively short (τ2 = 0.5 ns) and relatively long (τ3 = 3–4 ns)
decay components were found with lifetime weighted fractional intensities, αi, that are a factor of 3–9
larger for the longer component (Table 9.2). The longest decay component (τ3 = 3.94 ns at 780 nm) is
actually longer than the lifetime of the pristine materials (τ = 1.15 and 1.17 ns for PCBM and PF10TBT).
Such increased decay times are typical for CT emission in blends of conjugated polymers.22,23 Loi et al.
reported decay times of τ1 = 0.32 ns and τ2 = 3.1 ns to describe the PL decay of a PF8TBT:PCBM 33:67
blend at 820 nm.21
1000
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Figure 9.5. Time–resolved photoluminescence of PF10TBT:PCBM blends and pristine PF10TBT and PCBM films
on quartz, probed at 670 nm (a), 710 nm (b), and 780 nm (c). The thin solid line in (a) is the instrument response
function (IRF). All films were excited at 400 nm.

The multiexponential character of the CT emission decay could result from a distribution of
CT states with different electron‐hole distances or from an equilibrium between charge carrier
dissociation and recombination. The longer decay times at longer wavelength (compare 780 and 710
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nm in Table 9.2) point to a relaxation of CT states to lower energy with time. However, a contribution
from the decay of the (quenched, τ ≤ 1.15 ns) PCBM singlet state at 710 nm cannot be excluded.
The longest lifetime component of the CT state of 1.5–4 ns (Table 9.2), is somewhat shorter
than the geminate recovery time of the ground state (~30 ns) measured by De et al. for
PF8TBT:PCBM.15 This suggests that the recovery of the ground state is also due to non‐radiative
recombination of free charges.
Table 9.2. Analysis of TR‐PL decay traces of PF10TBT:PCBM blends.
wt.% PCBM

λ / nm

10
20
80
100
10
20
80
100
a

τ1 / ns

α1

c

710
710
710
710
780
780
780
780

0.025
c
0.025
c
0.025
1.15
c
0.025
c
0.025
c
0.025
1.15

a

τ2 / ns

0.41
0.47
0.28
1.0
0.11
0.06
0.09
1.0

α2

a

τ3 / ns

α3

a

0.53
0.42
0.32

0.15
0.25
0.45

2.78
2.26
1.04

0.44
0.28
0.28

0.57
0.58
0.37

0.09
0.25
0.48

3.94
2.98
1.48

0.79
0.69
0.43

αi is the lifetime weighted fractional intensity of each component.

b

χ

2

1.07
0.86
0.85
0.97
1.27
1.04
d
4.3
d
8.8

<τ > / ns

b

2.21
1.39
0.60
3.60
2.34
0.89

The average lifetime of the longer decay times: <τ> =

(α2τ2+α3τ3)/(α2+α3). c The shortest decay time was fixed to τ1 = 25 ps for the fit of the other decay times, because it is shorter than
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Figure 9.6. (a) Normalized absorbance (left axis, open symbols) and excitation (right axis, closed symbols, probed
at λem = 780 nm) spectra of thin PF10TBT (, ) and PF10TBT:PCBM 90:10 (S,U) films. The inset magnifies the
spectra between 625 and 800 nm. (b) Difference absorbance (left axis,

) and difference excitation (right axis, )

spectra of a normalized PF10TBT:PCBM 90:10 film and a normalized PF10TBT film (solid lines). The dotted line is
a scaled absorption spectrum of PCBM on quartz.

Comparison of the UV/vis absorption spectrum of the pristine PF10TBT film to those of the
blend containing 10 wt.% of PCBM (Figure 9.4) reveals only minor differences, even though the
emission of the blend at 780 nm arises predominantly from CT emission (Figure 9.4c), demonstrating
that the interaction between PF10TBT and PCBM in the ground state is weak. However, in the
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wavelength region λ > 600 nm a slightly enhanced absorption is observed in the blend relative to the
pristine film (Figure 9.4c). The difference spectrum (ΔOD) of the PF10TBT:PCBM 90:10 blend and
pristine PF10TBT and PCBM films shows a clear band at 628 nm (1.97 eV) with a near Gaussian line
shape (Figure 9.4d). This band was also observed in the differential photoluminescence excitation
spectrum (Figure 9.6), and its shape is typical for CT absorption observed for small molecule electron
donor‐acceptor combinations in solution.32 The presence of a CT absorption band evidences a non‐
negligible interaction in the ground state between PF10TBT and PCBM, as previously reported in
other conjugated polymer:PCBM blends.20,33 By blending the two materials, a different polymer
interchain interaction could also cause changes in the absorption spectrum. However, the expected
reduced interchain interactions upon blending would reduce the intensity at the red edge of the
absorption band and lead to a negative differential absorption at λ > 600 rather that the positive band
which is observed here.
In summary, upon photoexcitation the polymer emission of a PF10TBT:PCBM film with 10
wt.% PCBM is strongly quenched compared to a pristine PF10TBT film, and a broad, longer‐lived, red
shifted emission band appears, assigned to a CT transition. The corresponding CT absorption band
can be observed in the differential absorption (and PL excitation) spectra. The CT emission arises from
a state that is formed by charge transfer (kCT in Figure 9.1) from a photoexcited singlet PF10TBT or
PCBM state or by direct absorption from a PF10TBT:PCBM complex in the ground state (dashed
arrow in Figure 9.1). For a blend containing 10 wt.% PCBM the optical density of the CT band at 628
nm is about a factor of 25 lower than that of PF10TBT at 560 nm, and the contribution of CT absorption
to the total absorbance at 560 nm is less than 1%.
D. CT emission in electroluminescence. In addition to photoexcitation, CT emission can also
be created by charge carrier injection. The electroluminescence (EL) of the (photovoltaic) devices
containing 0, 20, and 80 wt.% PCBM was measured and the results are shown in Figure 9.7. The steady
state EL spectra (Figure 9.7a) recorded at +4 V bias resemble the PL spectra in Figure 9.4a and c. The
device containing only PF10TBT shows a broad emission with a maximum at 685±5 nm and the device
containing 20 wt.% PCBM reveals a 50 times less intense, broad emission with a maximum at 800 nm.
A distinct difference between the PL and EL spectra of the blends is the absence in the EL spectrum of
any emission from either of the two separate components, demonstrating that in EL, PF10TBT and
PCBM are not directly excited. Instead electrons, injected from the LiF/Al electrode into the LUMO of
PCBM, and holes, injected from PEDOT:PSS into the HOMO of PF10TBT, recombine at the interface of
the two materials, populating the intermolecular excited CT state.
Figure 9.7b shows the J‐V and light output‐voltage characteristics of the three devices. These
plots show three important effects. First, the devices containing blends of PF10TBT and PCBM have an
onset voltage for light output, Von = 1.13±0.04 V, that is ca. 0.65 V lower than that of the device
containing only PF10TBT (Von = 1.79 V), and the onset matches with a sharp rise in current density.
The lower Von in the blends corresponds to an easier injection of electrons in the LUMO of PCBM
o
o
= ‐1.08 V vs. Fc/Fc+) than in that of PF10TBT ( ERED
= ‐1.62 V versus Fc/Fc+), showing that excited
( ERED

PF10TBT:PCBM CT states are created by hole and electron injection into the HOMO of PF10TBT and
the LUMO of PCBM, respectively, without prior formation of excited PF10TBT. Second, Von is lower
for the film containing 80 wt.% (Von = 1.09 V) than for that containing 20 wt.% of PCBM (Von = 1.17 V),
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indicating that energetically lower states can be accessed in films with higher PCBM concentration.
Third, Figure 9.7b shows that above 1.4 V the light output for the device containing 80 wt.% PCBM is
lower than that containing 20 wt.%, while the current density is higher. This indicates less charge
recombination or more non‐radiative recombination in the 80 wt.% device.
In summary, excited CT states can be formed by recombination of injected charge carriers in
addition to photoexcitation. The onset voltage for carrier injection and light output in the
PF10TBT:PCBM blend is less than in the pristine materials and is lowered with increasing PCBM
concentration.
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Figure 9.7. (a) Electroluminescence spectra of devices containing thin films of PF10TBT:PCBM blends with 0 (■),
20 (●), and 80 (▼) wt.% PCBM. The operating voltage is +4 V and intensities are relative to the device containing
only PF10TBT. (b) J‐V (left axis) and light output‐voltage (right axis) characteristics of the three devices.

E. Effect of PCBM concentration on CT emission. Because the morphology of
PF10TBT:PCBM blends changes considerably upon going from 20 to 80 wt.% PCBM, it is of interest to
study the optical properties of the different blend compositions. The intensity of the CT absorption
band increases with the amount of PCBM added to the PF10TBT film, at least up to 50 wt.%. This is in
agreement with reports on other polymer:PCBM blends,20,33b and can be explained by the fact that
more PF10TBT:PCBM contact pairs are present in films with higher PCBM concentration. Remarkably,
while the CT absorption band does not change its position, the CT emission gradually shifts to the red
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with higher PCBM concentration (Figure 9.4d). The shift —from 785 nm (1.58 eV) at 5 and 10 wt.%, via
810 nm (1.53 eV) for 20 wt.%, to > 840 nm (< 1.48 eV) at 50 wt.% and higher PCBM concentrations—
indicates a reduction of the singlet excited CT state energy (ECT). The lower ECT can be explained by
the higher relative permittivity of PCBM (εr = 4.0±0.1)34,35 than that of PF10TBT (εr = ca. 3.4),36,37 as
suggested by Loi et al.21 The spatially averaged relative permittivities amount to <εr> = 3.5 for 20 wt.%
and <εr> = 3.85 for 80 wt.% PCBM.38 These values can be used to predict ECT, by using the equation for
the Gibbs free energy of photoinduced electron transfer:39
⎛ 1
1 ⎞⎛ 1 1 ⎞ Z ⎛ 2 ⎞
−
ECT = ΔGET 0 + E(S1 ) = e[ E0 (D/D+ ) ‐ E0 (A/A‐ )] − Z⎜⎜
⎟⎟⎜ + + r − ⎟ − ε ⎜⎜ R ⎟⎟
<
ε
ε
⎠ r ⎝ CC ⎠
r > ⎠⎝ r
⎝ ref

(1)

with Z = e2/(8πε0) and e and ε0 the electron charge and the vacuum permittivity, respectively. For
PCBM E0(A/A–) = ‐1.08 V vs. Fc/Fc+ was obtained by cyclic voltammetry, while for PF10TBT the onset
of oxidation, Eonset(D/D+) = +0.30 V versus Fc/Fc+ was found, both in o‐dichlorobenzene (εref = 9.93). The
radius of the cation was set to r+ = 4.5 Å, and that of the anion to r– = 5.6 Å.48a In Figure 9.8 these values
are used to estimate ECT as a function of <εr> and the center‐to‐center cation‐anion separation (RCC) that
seems reasonable for emissive CT states. At short RCC, the energy will increase when radical cation
and radical anion come within the sum of their van der Waals radii. This is tentatively represented by
the dashed line in the graph for the 99:1 blend. From eq 1 a stabilization energy of 60±20 meV is found
for the film containing 80 vs. that containing 20 wt.% PCBM for RCC = 10–20 Å, induced by the more
polar medium given by PCBM. This corresponds to the observed > 50 meV shift of the PL maximum.
Although ECT predicted with eq 1 is sensitive to the choice of the values for r+ or RCC, the stabilization
energy —the difference between ECT in 20 and 80 wt.% PCBM mixtures— is nearly independent on r+
or RCC.
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Figure 9.8. ECT vs. RCC as determined from eq 1 for different spatially averaged relative permittivities, <εr>,
representing different weight ratios of PF10TBT and PCBM (see legend). At short cation‐anion distances (RCC < 12
Å) a dashed line is added which tentatively takes into account the repulsion of cation and anion (see text). The
dotted line indicates the PCBM S1 energy.

The reduction of Von of EL by 70 meV (from 1.16 V to 1.09 V, vide supra), and of VOC by 80 meV
(from 1.08 V to 1.00 V) upon increasing the PCBM concentration from 20 to 80 wt.% PCBM correlate
with the red shift of the PL maximum of the CT emission (ECT in Figure 9.2c), resulting in the apparent
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relation VOC = (1/e)(ECT – 0.45±0.05 eV). This observation indicates that not only the energy of bound
electron‐hole pairs, but also that of free charge carriers in the blend is reduced with increasing PCBM
concentration, via its higher εr. The energy of free charge carriers may be estimated by eq 1, by taking
RCC = ∞. Hence, eq 2 can be used to describe the dependence of the VOC on PCBM content by the
average <εr> of the blend (Figure 9.2c):
VOC = [E0 (D/D + • ) - E0 (A/A- • )] −

Z⎛ 1
1 ⎞⎛ 1
1
⎟⎜ + ⎞⎟ − Δ
⎜
−
e ⎜⎝ εref < εr > ⎟⎠⎝ r + r − ⎠

(2)

It is generally observed that VOC of organic photovoltaic devices is almost linearly dependent
on the difference between the HOMO of the electron donating material and the LUMO of the electron
accepting material,40 and here, it is added that the energetic positions of the HOMO and LUMO levels
are dependent on εr. Δ describes energetic losses of the charge pair after its dissociation, and before
entering the external electric circuit. One of the factors influencing Δ is band bending at the electrodes
as a result of a build‐up of charge carriers,41 which can be dependent on PCBM concentration.
However, by using a model presented by Kemerink et al.,42 only a minor influence of the PCBM
concentration on the VOC is expected (<0.025 V) between 20 and 80 wt.% PCBM using a constant offset
between the HOMO of the donor and the LUMO of the acceptor material, i.e. excluding the second
term in eq 2. This indicates that the influence of εr on the variation of VOC is the major contributor in
this concentration range.
Next to the wavelength shift of the maximum of the CT emission there is a strong drop in
intensity by almost a factor of 10 upon increasing the PCBM concentration from 5–10 wt.% to 65–80
wt.% PCBM (Figure 9.4d). This reduction indicates the presence of an additional, competing non‐
radiative decay pathway for excited CT states at higher fullerene concentrations. Time‐resolved
photoluminescence measurements were carried out to elucidate the nature of this additional pathway.
The analysis of the TR‐PL data at 710 and 780 nm at high PCBM concentration (Figure 9.5) resulted in
decay times with shorter decay components for both τ2 and τ3 (Table 9.2) than for the 10 wt.% PCBM
blend film. Furthermore the fractional intensity of the shorter decay component (τ2) increases relative
to that of the longer one (τ3) with fullerene loading. The shorter decay time is consistent with the
strongly reduced CT emission, and supports the presence of an additional non‐radiative decay
pathway for CT states at higher PCBM concentration. A likely mechanism involves dissociation of CT
states into electrons and holes with longer separation distance that do not recombine radiatively. The
products of this dissociation can be investigated with photoinduced absorption measurements.
In summary, at higher PCBM concentration, the CT state shifts to lower energy as a result of
the increased permittivity, also causing a reduction of VOC. Additionally, with increasing PCBM
concentration, the decay time of CT states is reduced via an additional non‐radiative pathway.
F. Photoinduced absorption of PF10TBT:PCBM blends. The effect of increasing the amount
of PCBM from 0 to 80 wt.% in PF10TBT on the formation of long‐lived excited states was further
studied using near steady‐state photoinduced absorption (PIA) measurements at T = 290 K (Figure
9.10). Photoexcitation of pristine PFnTBT films results in the formation of a triplet state that absorbs
between ~1.1 and 1.9 eV with a maximum at ca. 1.5 eV.43 The attribution to a triplet‐triplet (T1‐Tn)
absorption is based on the similarity to the PIA characteristics of PF10TBT in dilute toluene solution,
showing a 0.1 eV blue shifted T1‐Tn absorption, with a lifetime of τ = 10 μs that is reduced upon
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addition of triplet sensitizers, and can be sensitized via the PCBM triplet.44,45 In the film, the lifetime of
the PF10TBT triplet exciton is about 1 μs at 290 K.46
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Figure 9.9. Photoinduced absorption of PF10TBT:TCAQ (1:1 by weight) at T = 290 K, scaled (at 0.5 eV) to that of
PF10TBT:PCBM (1:4 by weight).

Photoexcitation of the PF10TBT:PCBM blend containing 80 wt.% PCBM, on the other hand,
produces the PIA spectrum of the radical cation of PF10TBT that exhibits a strong band maximizing
below 0.4 eV and a two‐fold weaker band at 1.25 eV, and has a decay time of τ = 25–30 μs. There are
two strong indications that the PF10TBT radical cation is the only significant contributor to the
photoinduced absorption spectrum of the PF10TBT:PCBM 1:4 blend at 290 K: (1) an identical spectrum
is found for a blend of PF10TBT with TCAQ (a stronger electron acceptor) at 290 K (Figure 9.9), and (2)
fits of the frequency dependence resulted in exactly the same lifetime (τ = 25–30 μs) at 0.48, 1.30, and
1.70 eV. If the triplet absorption would substantially (> 10%) contribute to the spectrum, the decay
time at the high energy band would be shorter. The long lifetime (25–30 μs) is associated with a
minority population of trapped charge carriers that have escaped the much faster geminate
recombination that occurs with a decay time on the order of 30 ns.15 The fullerene anion has a weak
absorption band around 1.2 eV that only weakly contributes to the PIA spectra of the
polymer:fullerene blends, and is likely superimposed on the 1.25 eV band.47
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Figure 9.10. (a) PIA spectra recorded at 290 K of spin cast PF10TBT:PCBM thin films containing 0 (), 10 (▲), 20
({), and 80 (V) wt.% PCBM, excited at λ = 514 nm. The spectra are corrected for the amount of photons absorbed
at the excitation wavelength. The intensity of the 20:80 spectrum is divided by a factor of three. The irregularities
in the spectrum of the pristine PF10TBT film between 1.4 and 2.0 eV are a result of the high fluorescence intensity
(ΔT/T = 6×10–4 at 1.85 eV) relative to the PIA signal, such that the fluorescence correction is very sensitive to small
fluctuations in the laser intensity. (b) Normalized intensities of the CT emission (U, left axis), and PF10TBT
emission ( , right axis), and (c) Normalized PF10TBT radical cation absorption at 0.5 eV (▲, left axis), and the
PF10TBT T1‐Tn absorption at 1.35 eV (, right axis) as a function of the PCBM concentration. The triplet
absorption was corrected for that of the radical cation at 1.35 eV, assuming that PF10TBT triplet excitons are
absent in the PF10TBT:PCBM 20:80 blend. The lines are a guide to the eye.

For the 10 and 20 wt.% blends the spectra are a superposition of the spectra of the PF10TBT
triplet exciton and the PF10TBT radical cation. At these lower PCBM concentrations, the decay time of
the PF10TBT radical cation is less than 10 μs (measured at 0.48 eV), and hence significantly shorter
than for the 80 wt.% PCBM blend. The decay time of the PF10TBT triplet could not be determined due
to the low signal intensity and the overlap with the absorption of the radical cation.
The PIA intensities of the PF10TBT radical cation (at 0.5 eV) and the triplet exciton (at 1.35 eV,
and after correcting for the overlapping radical cation absorption) are compared to that of PF10TBT
fluorescence and PF10TBT:PCBM CT emission in Figure 9.10b and c. At 10 wt.% PCBM the PF10TBT
singlet emission is fully quenched, but that for the same film the intensity of the PF10TBT triplet
absorption is even somewhat higher than that of the pristine PF10TBT film. This enhanced formation
of triplet PF10TBT excitons under conditions where the PF10TBT singlet state is short‐lived (τ < 12 ps,
vide supra) indicates that the triplet state is not formed via inter system crossing from the singlet
excited state of the polymer. Instead, at 10 wt.% PCBM, triplet excitons appear to be efficiently formed
via the CT state. Notably, at this PCBM concentration the CT state energy (ECT = 1.53 eV) is well above
the triplet energy of the polymer (E(T1) = ~1.4±0.05 eV from triplet sensitization),44 making this process
exoenergetic. This is shown in the Jablonski diagram of Figure 9.1a that includes the singlet excited
state energies of PF10TBT (1.82 eV), PCBM (1.72 eV), and PF10TBT+:PCBM– for the 80:20 blend (1.53
eV), and the triplet energy of PCBM (1.50 eV).48 Charge recombination of the electron on PCBM and
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the hole on a conjugated polymer into the neutral polymer triplet exciton was previously proposed by
Scharber et al.49 to explain their data for low concentrations of PCBM in MDMO‐PPV. Such a process is
commonly observed for polymer:polymer blends,40c,50 and was more recently also described for
polythiophene:PCBM blends.51
Upon a further increase of the PCBM concentration to 20 and 80 wt.%, the triplet absorption
intensity reduces, and that of PF10TBT radical cations strongly increases (Figure 9.10c). At very high
PCBM concentration (80 wt.%), PF10TBT radical cations completely dominate the PIA spectrum, and
PF10TBT triplet excitons no longer contribute significantly. These results are explained with the
energy drop of free and weakly bound charge carriers at higher PCBM concentration. The low energy
tail of the density of CT states, stabilized by the higher εr, shifts to energies below the energy of the
neutral PF10TBT triplet exciton (E(T1) = 1.4±0.05 eV), preventing charge recombination to that neutral
PF10TBT triplet excited state, because the CT excitons will instead diffuse to these CT states with
lowest energy. The density of states (DOS) for CT states is schematically drawn in Figure 9.1b for 20
and 80 wt.% PCBM. The maxima in the DOS correspond to the maxima of the CT emission at these
concentrations. The broad CT emission implies a distribution of CT states and for the higher PCBM
concentrations the low energy tail of the DOS drops below the PF10TBT triplet energy.
In summary the PIA data recorded at 290 K show that at low (10 wt.%) PCBM concentration
the CT state may decay to the neutral PF10TBT triplet excited state, whereas at higher PCBM
concentration the amount of triplet excitons is drastically reduced. The lifetime of the PF10TBT radical
cation is significantly enhanced at higher PCBM concentration to 25–30 μs at 80 wt.%. The long
lifetime indicates minor overlap between the electron and hole wave functions, which is interpreted as
being due to (trapping at) a large distance. Overall, the PIA data support the proposition made in the
previous section that at high PCBM concentration emissive CT states are quenched by forming long‐
lived charge carriers that eventually recombine non‐radiatively.
G. Quenching of the singlet CT exciton by an electric field. The PL of a PF10TBT:PCBM
80:20 blend, photoexcited at 560 nm, is quenched upon the application of an externally applied electric
field (Figure 9.11). The differential emission (ΔPL, solid line) measuring at ‐20 V and +1 V (VOC) in
Figure 9.11a shows that the electric field exclusively and quantitatively quenches the CT emission, and
not that of the remaining neutral singlet excited states because the ΔPL spectrum has a band shape
that is virtually identical to the CT emission spectrum. For comparison a PL spectrum (dashed line) of
a 80:20 blend, showing both CT emission and residual PF10TBT and PCBM emission between 600 and
750 nm, is plotted in the same graph. Importantly, the shape of the ΔPL spectrum accurately
corresponds to the EL spectrum. At the maximum of the CT emission (820 nm) the quenching
amounts to 87% at ‐20 V relative to +1 V. The PL maximum of the remaining emission has shifted from
820 nm at +1 V to 720 nm at ‐20 V and hence resembles pure PCBM emission. This shows that at ‐20 V
the CT emission is fully quenched.
Electric field‐dependent TR‐PL measurements were conducted to investigate whether the
quenching of CT emission is a result of a deactivation of excited CT states or if their formation is
prevented. Figure 9.11b shows the corresponding decay traces between 0 and ‐10 V (λexc = 400 nm, λem
= 780 nm), and reveals that the application of a reverse bias voltage reduces the decay time of the CT
emission. Already at a small internal bias (e.g. at V = 0 V) the decay is faster than at V = 1.0 V (the
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internal bias in the cell is V0 – V, where V0 ≈ 1 V is the compensation voltage at which the net
photocurrent is zero, Jph = JLight – JDark = 0).
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Figure 9.11. Effect of an applied external electric field on the luminescence of a device containing a thin film of
PF10TBT:PCBM with 20 wt.% PCBM. (a) Differential PL spectrum at ‐20 V vs. that at +1 V applied bias voltage
upon excitation at λexc = 560 nm (solid line); the emission is quenched at reverse bias. For comparison the EL
spectrum of the same device at +2 V applied bias voltage (dashed‐dotted line), and the steady state PL spectrum
of a thin film on quartz (dashed line) are shown. (b) Field‐dependent TR‐PL at 780 nm (λexc = 400 nm); each trace
was collected during 20 minutes. (c) Results of fits of the TR‐PL data in (b): τi ( and

, left axis), and Ai (z and

{, right axis). Also shown is the steady state CT emission yield at 780 nm normalized to 1 for V0 – V = 0 (×).
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Analysis of the TR‐PL traces using a biexponential decay reveals that the sum of the pre‐
exponential factors (A1 + A2) remains constant, whereas the decay times (τ1 and τ2) are gradually
reduced with stronger internal electric field (Figure 9.11c). As a result, the reduction in PL decay time
(squares) follows the steady state PL yield (× in Figure 9.11c). This demonstrates that the field‐
dependent PL quenching at 780 nm is caused by the dissociation of emissive CT excitons, because an
equal amount of CT excitons is created at each applied voltage (A1 + A2 being constant), and only their
decay times (characterized by τ1 and τ2) are reduced.
H. Modeling the field‐dependent and PCBM concentration‐dependent CT exciton
dissociation. A model that is frequently used to describe the field‐dependent dissociation of CT
excitons has been introduced by Braun et al.7 and is based on Onsager theory. This model can describe
the PL quenching of films of conjugated polymers upon application of an electric field,52 and was
recently applied successfully to describe the device characteristics of organic photovoltaic devices.8,9 In
these studies the decay rate of the initially formed CT state to the ground state was used as a fitting
parameter, providing kF–1 = 2.5–40 μs.
In the previous sections the decay time of the initially created emissive CT excitons was
typically a few nanoseconds and is reduced in an externally applied electric field (Figure 9.11). If such
a short decay time is used in combination with typical values for the other parameters (RCC, <εr>, and
<μ>, the spatially averaged sum of electron and hole mobilities) used in the device modelling,8,9 charge
recombination would prevail over dissociation at each applied electric field. This is in strong contrast
with the efficient photovoltaic devices prepared from PF10TBT:PCBM blends exhibiting internal
quantum efficiencies (IQE) of 75% at short‐circuit.28 The decay time of the CT exciton was determined
experimentally. Hence, this rate at low PCBM concentration (<τ> = kF–1 = 4 ns, Table 9.2) is used as a
starting point to describe their PCBM concentration‐ and field‐dependent dissociation of CT states.
The probability (P) that a CT state is dissociated can be described by a field dependent
dissociation rate kD and a (field independent) decay rate kF of the CT state:
P( E) =

k D ( E)
k D ( E) + k F

(3)

Braun derives kD(E) to be7:
k D ( E) = k R

J ( 2 − 2b )
e − EB / k BT 1
4πRCC
− 2b

3

(4)

3

where RCC is the initial anion‐cation separation distance of the charge transfer exciton, EB = e2/4πε0εrRCC
is the binding energy of the CT exciton, kB is the Boltzmann constant, J1 is the Bessel function of order
1, and b = e3E/8πε0εrkB2T 2. Braun uses Langevin’s model for electron‐hole recombination which gives kR
= e<μ>/ε0<εr>. Following a slight modification of the model of Mihailetchi et al. a Gaussian distribution
of anion‐cation separation distances (x > 0) is assumed,8 around the value of RCC with a width σ to
account for disorder in the blends: F( x) =

1 −( x − RCC )2 / 2σ 2
e
, with N a normalization factor. Thus eq 3
N

should be integrated over that distribution:

P( E) = ∫0∞ P( E, x)F( x)dx

(5)
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This model can be used to fit the field‐dependent (Figure 9.12a), and PCBM concentration‐dependent
(Figure 9.12b) quenching of the emissive CT exciton.
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Figure 9.12. (a) Fits (lines, left axis) of eq 5 to the field‐dependent PL quenching of the CT emission (¡, left axis) of
the device containing 20 wt.% PCBM assuming 20% quenching at V0 – V = 0 and 100% quenching at ‐20 V.
Parameters used for the fit were kF–1 = 4 ns, <εr> = 3.5, σ = 0.55 nm, and <μ> and RCC are indicated in the graph. Jph‐
V curves (right axis) of devices containing PF10TBT:PCBM blends with 20 ( ) and 80 (V) wt.% PCBM are also
plotted. The photocurrent was corrected for the dark current (Jph = JL – JD) prior to the analysis. (b) Normalized PL
quenching at the peak wavelength (S, left axis) and average decay time at 780 nm ( , right axis, Table 9.2) of the
CT emission in PF10TBT:PCBM blends as a function of the PCBM concentration. The PL data of one series is
connected by dotted lines. The dashed line indicates the zero field quenching of CT emission for high PCBM
concentration as predicted by eq 5 using E = 0, <μ> = 0.4 cm2V–1s–1, RCC = 2.5 nm, and σ = 0.55 nm. The solid line is
a prediction that uses the same values except for <μ> which was set to 2.0×10–4 cm2V–1s–1. For both predictions <εr>
is varied between 3.4 and 4.0 for 0–100 wt.% PCBM.

The CT emission intensity was normalized to unity for PF10TBT:PCBM blends with 5 and 10
wt.% PCBM (Figure 9.12b). Since at 20 wt.% PCBM, the CT emission is 20% lower, it is assumed that in
160

Compositional and electric field dependence of CT exciton dissociation

this blend 20% of the CT excitons are dissociated at V0 – V = 0 V. In an electric field the CT emission is
fully quenched at V0 – V = 19 V (see Section G) and hence the field‐dependent quenching of CT
emission can be depicted as in Figure 9.12a (closed diamonds). The (dashed, dotted, and dashed‐
dotted) lines through the data are fits of eq 5 using kF–1 = 4 ns (Table 9.2), and <εr> = 3.5
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as fixed

parameters, and <μ>, RCC, and σ as fitting parameters. If values of <μ> in the range of 0.6–3×10–2
cm2V–1s–1 are used with RCC between 1.5 and 2.0 nm, and σ = 0.55 nm, the CT emission quenching can
be accounted for. A value of RCC on the order of 1.5 nm is an anticipated electron‐hole separation
distance in a CT exciton. The relatively high value of <μ> can be interpreted as being mainly
determined by the high electron mobility in PCBM clusters. The electron mobility in a microcrystalline
PCBM powder is μe = 8.0×10–2 cm2V–1s–1 (by flash‐photolysis time‐resolved microwave conductivity,
FP‐TRMC),53 which is much higher than the hole mobility of PFTBT (μh = 6–8×10–5 cm2V–1s–1 from
SCLC measurements available only).25,26 The value of μe determined by FP‐TRMC is 3–40 times higher
than those obtained by SCLC measurements,34,54,55,56 which is generally explained by the fact that the
TRMC measurements probe the local electron mobility inside a PCBM crystal, whereas by SCLC the
mobility through a complete layer (including grain boundaries) is probed. It can be argued that for
describing the field dependent dissociation of CT states, the local mobility is a more descriptive
parameter than the device mobility.
The size of PCBM clusters, which is not included in the model, is expected to have a major
effect on CT state dissociation. The capture radius (rc = kB4πε0εrT/e2), being the distance that an electron
should travel before it can escape the attraction from the hole, amounts to rc = 15±1 nm for the relative
permittivity (εr = 3–4) in these blends at room temperature, and gives a minimal length scale over
which the high electron mobility should be attained to ensure efficient CT dissociation.
The model is able to follow the observed quenching of CT emission down to V0 – V ≈ 0 at
which about 20% of the CT states are dissociated. The PL quenching curve can be compared to the
photocurrent density measured on the same device, normalized to unity at high reverse bias (Figure
9.12a, squares). The normalized photocurrent is always lower than the quenching (1 – I/I0) of the
emissive CT exciton. Thus, although the absolute initial quantum yield of the (emissive) CT excitons is
not known, it is possible that these states are precursors to all charge carriers extracted from the
device. Following this interpretation the offset between the yield of extracted charge carriers and the
quenching of CT emission can be explained by recombination losses. At low electric fields (V0 – V) the
charge carriers move mainly via diffusion in either direction and thus have a long residence time,
giving ample time for bimolecular decay (e.g. to neutral triplet states or the ground state) or collection
at the ‘wrong’ electrode, and explaining the relatively large offset between the quenching of CT
emission and photocurrent.
Having analyzed the field‐dependent quenching of the CT emission, the PCBM concentration‐
dependent quenching of the CT exciton (Figure 9.4d) in absence of an electric field is considered. After
normalization of the PL yield of the CT emission for the blends containing 5 and 10 wt.% PCBM, eq 5
—in absence of an electric field J1 ( 2 − 2b ) / − 2b = 1— can be used to analyze the data (Figure 9.12b),
assuming that dissociated CT excitons have a much lower probability to recombine radiatively. The
high amount of CT emission quenching at 65 and 80 wt.% PCBM can be explained when large values
of RCC and <μ> are used. For example the dashed line in Figure 9.12b is obtained by using RCC = 2.5
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nm, σ = 0.55 nm and <μ> = 0.4 cm2V–1s–1. It is interesting to compare this result with those of recent
optical methods determining charge carrier mobilities in films containing PCBM in the sub‐
picosecond time domain. High charge (electron and/or hole) mobility in PCBM films were found on
the order of 0.1 cm2V–1s–1,57 and a mechanism of fast carrier drift towards interdomain boundaries is
proposed.57,58 This allows the electron on PCBM to escape from geminate recombination if it is in such
a cluster. Oppositely, in order to explain the lack of quenching of CT emission at low PCBM
concentration, a low value of <μ> in the order of 10–4 cm2V–1s–1 must be used. The strong increase of
<μ> with PCBM concentration is consistent with the expectation that the electron mobility in PCBM
clusters is higher than the hole mobility in the PF10TBT phase.
Since the high μe of PCBM is related to the presence of microcrystalline clusters, these play a
crucial role in effectively separating the charge carriers by ensuring a high <μ>. Hence, the increased
performance at high PCBM concentration, is directly associated with the presence of larger PCBM
crystals in the blends and the possibility of electrons to escape beyond the capture radius.
The quenching of CT exciton emission in a blend containing 80 wt.% of PCBM, without any
applied electrodes (1 – I/I0 = 0.9, Figure 9.12b), can be explained by CT exciton dissociation using the
Braun model, and is high enough to explain the photocurrent (Jph/Jph,max = 0.5, Figure 9.12a) of the
device with the same fullerene content at low applied electric field (V0 – V = 0.1 V).59 Hence, this
enhanced CT exciton dissociation allows for high photocurrents when the cell is operated close to VOC.
This is a prerequisite to achieve a high fill factor.

9.3

Conclusions
The performance of photovoltaic devices made from blends of PF10TBT and PCBM strongly

depends on the PCBM concentration, which was related to the formation of larger PCBM clusters at
high fullerene content. In the ground state absorption spectra of these blends an additional band is
observed which is attributed to a ground state CT transition. The formation and decay of emissive CT
excited states via electron transfer from photoexcited PF10TBT or PCBM (Figure 9.1a) in these blends
is confirmed by steady state and time‐resolved photoluminescence measurements. The CT states can
also be created electrically in electroluminescent devices prepared from PF10TBT:PCBM blends.
At low PCBM concentration, the CT emission has an average decay time of about <τ> = 4 ns.
The emission intensity and lifetime of these CT states are strongly reduced by the application of an
external electric field for a blend containing 20 wt.% PCBM, and is also effectively quenched at higher
PCBM concentrations in blends without any applied electrodes. Additionally, the CT emission shifts
to lower energy with increasing PCBM concentration. The reduction of the energy (ECT) of the CT
states for increasing PCBM concentration correlates with the open‐circuit voltage of photovoltaic
devices prepared from these blends by VOC = (1/e)(ECT – 0.45±0.05 eV), if ECT is determined from the
maximum CT emission. The higher relative permittivity (εr) of PCBM compared to that of PF10TBT
quantitatively explains the reduction of ECT, as inferred from a continuum model (eq 1), and also infers
a lower energy for free charge carriers, influencing the VOC (eq 2). Finally, at low PCBM concentration
CT states recombine to the triplet state of PF10TBT. At high PCBM concentrations, however, the tail of
the energetic distribution of CT states drops below that of the PF10TBT triplet, which inhibits this
additional recombination pathway of CT states. The higher εr of PCBM, which reduces ECT, thereby
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enables formation of longer‐lived charge carriers, possibly having a favorable effect on the device
efficiency, because they can more easily be extracted.
The concentration‐ and field‐dependent quenching of CT emission can be accounted for by an
Onsager‐Braun model assuming high average charge carrier mobility in the vicinity of the dissociating
CT exciton. This high mobility can be interpreted in terms of an electron mobility in PCBM clusters in
the order of μe = 0.1 cm2V–1s–1. The sum of the field‐independent and field‐dependent quenching of CT
emission is always larger than the amount of photocurrent relative to the maximum photocurrent at
high reverse bias. This allows for the possibility that each extracted charge carrier has passed through
the CT state with an intrinsic lifetime of <τ> = 4 ns. Notably, for a blend with 80 wt.% PCBM ca. 90% of
the emissive CT states is dissociated into free charge carriers without any applied electrodes.
The experimental recombination time of

the CT exciton of <τ> = kF–1 = 4 ns in the

PF10TBT:PCBM blend is three orders of magnitude less than typical values found polymer:PCBM
blends by fitting the J‐V curves when using charge carrier mobilities that represent the macroscopic
transport through the blends.8–11 The Onsager‐Braun model can reconcile such short lifetime of the
interfacial CT state with the high IQE = 75%,25,28 only when a relatively high local charge carrier
mobility (on the order of 0.1 cm2V–1s–1) exists. Because the absolute initial quantum yield of the
(emissive) CT excitons is not known, a contribution of directly formed free charge carriers cannot be
excluded. Note furthermore that also in other polymer:PCBM blends, where CT emission is not
observed because of low intensity, or because it may appear in a region where detection is usually less
sensitive (> 850 nm), CT excitons may exist. Actually, CT absorption is commonly observed for
polymer:PCBM blends.20,33 Hence, also here the dissociation of CT excitons into more free charge
carriers by high mobility, crystalline polymer or PCBM phases is a possible mechanism.
From this work it is concluded that the improved device efficiency of the PF10TBT:PCBM
devices with larger phase separation is closely related to an improved separation of bound electron‐
hole pairs at the donor‐acceptor interface due to formation of PCBM crystals. While the improvement
of charge transport by domain formation and crystallization of either donor or acceptor has often been
used to explain the improved device performance,3,4,60–62 this study reveals that domain formation
enhances the generation of free charge carriers.6a–d This conclusion is supported by the result that also
for conjugated polymer:polymer blends, a reduction of CT emission and enhanced performance is
observed when increased phase separation is induced by thermal annealing.62 Apparently, a lowering
of the interface area upon phase separation is effectively counteracted by more facile generation of
free charge carriers.
Altogether the presented data support the hypothesis that the presence of PCBM clusters is
crucial for efficient generation of free charge carriers in photovoltaic devices prepared from blends of
conjugated polymers and PCBM, as the high local electron mobility in these clusters enables the
efficient dissociation of short lived CT excitons that may otherwise recombine radiatively or non‐
radiatively.

163

Chapter 9

9.4

Experimental section
The preparation of PF10TBT (Mw = 34.9 kg/mol, PDI = 3.6) has been described previously.25 In this study

the same batch was employed that was formerly used to make η = 4.2% cells,28 PCBM was obtained from Solenne
BV.
Sample preparation for optical spectroscopy. Thin (100–200 nm) films for UV/vis absorption, steady
state and time‐resolved photoluminescence (PL and TR‐PL), and photoinduced absorption (PIA) were spin cast
from chlorobenzene on quartz substrates. Typical solutions contained 1.0 wt.% of material for preparing pristine
PF10TBT films, and 1–2 wt.% total concentration for composite films. The solutions were stirred at 85 °C for at
least 1 h prior to spin coating. The film thickness was determined by profilometry (Tencor P‐10).
Preparation of photovoltaic devices and light‐emitting diodes. Glass substrates with patterned indium
tin oxide (ITO) were cleaned by scrubbing with a soap solution, followed by ultrasonic treatments using acetone
and isopropanol. Then, the glass/ITO substrates were treated in a UV/O3 photoreactor. Poly[3,4‐
ethylenedioxythiophene]:poly[styrenesulfonate] (PEDOT:PSS, dispersion in water, HC Starck electronic grade
Baytron P VP AI4083), filtered through a 5.0 μm hydrophilic PVDF filter, was applied by spin coating. The
resulting PEDOT:PSS layers (50 nm) were annealed at 200 °C during 2 min. Layers of PF10TBT, with or without
PCBM (135–220 nm) were spin coated from hot solutions in chlorobenzene on top of the PEDOT:PSS layer. A
LiF(1.2 nm)/Al(80 nm) metal electrode was applied by evaporation through a shadow mask in a vacuum
evaporator (10−5 mbar) that was placed in a glove box filled with nitrogen ([O2],[H2O] < 1 ppm).
Sample preparation and characterization by AFM and TEM. Thin films (50–90 nm) of PF10TBT:PCBM
blends were cast on a PEDOT:PSS layer (50 nm) from hot solutions of 0.8–1.2 wt.% total concentration. Atomic
force microscopy (AFM) measurements were performed under ambient conditions on a Digital Instruments
Dimension 3100 with Nanoscope IIIa controller. NT‐MDT NSG10 (force constant typically 11.5 N/m) cantilevers
were used in tapping mode measurements. All measurements are repeated with different scan parameters and on
several spots on the same sample to warrant reproducibility, and to exclude scan artifacts.
For transmission electron microscopy (TEM) measurements the PF10TBT:PCBM layers were floated onto
the surface of de‐ionized water, and finally picked up by a 400 mesh copper grid. The bright‐field morphology
observation and selected area electron diffraction (SAED) measurements were conducted on a TECNAI G2 20
transmission electron microscope (FEI Co, The Netherlands) operated at 200 kV. For SAED the instrument was
calibrated with the diffraction pattern of gold.
Absorption and photoluminescence measurements. UV/vis absorption and steady state PL spectra
were recorded with a Perkin‐Elmer Lambda 900 spectrometer and an Edinburgh Instruments FS920 double‐
monochromator luminescence spectrometer using a Peltier‐cooled red‐sensitive photomultiplier, respectively.
The fluorescence spectra were corrected for the optical density of the sample at the excitation wavelength, and for
the detection sensitivity of the photomultiplier. Time‐correlated single photon counting fluorescence studies were
performed on an Edinburgh Instruments LifeSpec‐PS spectrometer by photoexcitation with a 400 nm picosecond
laser (PicoQuant PDL 800B) operated at 2.5 MHz and detection with a Peltier‐cooled Hamamatsu microchannel
plate photomultiplier (R3809U‐50). Each intensity decay curve was fitted by a multi exponential fit by
reconvolution of the instrument response function (IRF) using I (t ) =

t

∫

−∞

amplitude of the i

th

n

−

t −t '

IRF (t ' ) ∑ Ai e τ i dt ' , where Ai is the
i =1

component with a lifetime τi. The decay parameters were recovered using the software

package FluoFit version 4.1 supplied by PicoQuant GmbH, implementing the “nonlinear least‐squares” method.
The lifetime weighted fractional amplitude αi corresponding to the lifetimes τi is given by

αi =

Aiτ i . Note
∑i Aiτ i

that for the determination of αi only positive values of Ai (corresponding to decay times) are taken into account.
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Photoinduced absorption. Near steady‐state photoinduced absorption (PIA) spectra were recorded
between 0.35 and 2.5 eV by excitation at 514 nm (2.41 eV) with a mechanically modulated (275 Hz) cw argon ion
laser pump beam and by measuring the change in transmission of a tungsten‐halogen probe beam through the
sample (ΔT) with a phase sensitive lock‐in amplifier after dispersion with a monochromator and detection using
Si, InGaAs, and cooled InSb detectors. The pump power was typically 25 mW with a beam diameter of 2 mm. The
PIA signal (‐ΔT/T) was corrected for the photoluminescence, which was recorded in a separate experiment.
Samples were held at either 80 or 290 K in an inert nitrogen atmosphere using an Oxford Optistat continuous
flow cryostat.
Electrochemistry. Cyclic voltammograms were recorded in an inert atmosphere with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) in o‐dichlorobenzene as supporting electrolyte. The
working electrode was a platinum disc (0.2 cm2) and the counter electrode was a platinum electrode. Three
different scan speeds were used for all compounds (10, 50 and 100 mV/s) using a Ag/AgCl reference electrode
with the ferrocene/ferrocenium couple (Fc/Fc+) as an internal standard (+0.41 eV vs. Ag/AgCl in o‐
dichlorobenzene) and using a μAutolab II with a PGSTAT30 potentiostat.
Electroluminescence was characterized by a low‐noise single‐channel DC power source that can act as a
voltage source or current source and as a voltage meter or current meter (Keithley 2400, Keithley Instruments). In
a typical characterization of an LED the voltage is increased stepwise from ‐2.0 to +5.0 V, and back. Light from the
diode is coupled into a silicon photodiode with photopic filter (Hamamatsu S9219) and read out by a current
meter (Keithley 2400). Calibration of the photodiode was performed with a luminance meter (Minolta LS‐110).
For recording the electroluminescence spectra a fiber‐coupled spectrograph (Avantes USB‐2000) was used. The
spectrometer was calibrated in wavelength and intensity. A positive bias voltage is defined as the PEDOT:PSS
electrode being charged positive with respect to the Al/LiF such that electrons, from Al/LiF and holes, from
PEDOT:PSS can be injected.
Photovoltaic characterization. Current‐voltage characteristics were measured with a Keithley 2400
source measurement unit. Illumination was carried out with UV (GG 385) and infrared (KG1) filtered light from
an uncalibrated tungsten halogen lamp (~75 mW/cm2). The mismatch factor of this lamp to the AM1.5 (100
mW/cm2) spectrum was not determined for the PF10TBT:PCBM devices.
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Charge Generation in Molecular Materials
Photophysics of organic photovoltaics

Summary
Solar cells directly convert sunlight into electricity via the photovoltaic effect, providing clean
energy without carbon dioxide emission. In recent years, solar cells based on organic materials are
widely investigated because they offer the potential to be processed on large scale via cheap
manufacturing processes. One of the key steps for the operation of these devices is the generation of
free charge carriers (electrons and holes). As opposed to inorganic materials, molecular materials
generally have a low relative permittivity and charge carrier mobility, which complicates electron‐hole
separation. Although much progress has been made in improving the efficiency of converting solar
light into electricity, a full understanding of the charge generation process in organic solar cells is
lacking. This thesis contains spectroscopic studies of the photophysics of organic photovoltaics with a
focus on the formation and decay of charge‐transfer (CT) states between electron donor and acceptor
materials. The principal question that will be addressed is: “How can electrons and holes be
effectively dissociated with minimum energy losses?”. By answering this question this thesis allows a
more directed approach towards materials and concepts for higher power conversion efficiencies.
The photoactive layer of an organic solar cell is based on semiconducting π‐conjugated
molecules. In these thin –about 100 nm thick– films the absorbed light creates pairs of an electron and
a hole which need to be separated and transferred to the opposite electrodes. A charge transfer step
from an electron donating to an electron accepting material is the first step of electron‐hole separation
after photoexcitation, creating charge‐transfer (CT) states. These CT states with a hole on the electron
donor and an electron on the electron acceptor play a crucial role in organic solar cells. This thesis
shows that a low amount of energy is required to create CT states, but that 0.5 eV is lost after the
formation of CT states. In Chapters 2 to 5 the local interactions between electron donating and
accepting materials in the ground and excited state have been studied in solution, and in Chapters 6 to
9 the photophysics of donor‐acceptor blends in the solid state have been linked with device
characteristics and to provide insights in the influence of blend morphology.
Photophysics in solution. In Chapter 2 CT absorption bands of ground state complexes of a
series of π‐conjugated polymers and oligomers codissolved with electron acceptors have been
identified. A linear relation is observed between the peak maxima of the CT absorption bands and the
difference between the oxidation potential of the donor and the reduction potential of the acceptor.
Concentration‐dependent studies give information on the strength of the interactions in terms of
association constants and extinction coefficients. Chapter 3 shows that ground state CT interactions
are also present for the prototypical electron donor‐acceptor combination of the π‐conjugated polymer
MDMO‐PPV and the fullerene‐derivative PCBM in solution. The interactions are inferred from
absorption measurements and from static photoluminescence quenching. A comparison with the
intensity of CT absorption in the solid‐state shows that almost all PCBM molecules in the solid state
are involved in a ground state CT complex with MDMO‐PPV. This explains the rapid deactivation of
both photoexcited polymer and PCBM molecules in such blends. Furthermore, the ground‐state

interactions in solution may affect the film morphology by preventing severe phase separation during
film processing.
In Chapters 4 and 5 the population and recombination of CT states is investigated with
solvent‐ and temperature‐dependent photoluminescence and photoinduced absorption measurements
on covalently linked chromophores. A detailed study on the relaxation process of a photoexcited
linear donor‐acceptor dimer (Chapter 4) shows that near quantitative electron transfer occurs if the CT
state is more than 100 meV below the charge neutral singlet excited state. For a higher lying CT state
back electron transfer to the charge neutral excited state deactivates the CT state during its lifetime.
Additional singlet oxygen (1Δg) luminescence measurements reveal that charge recombination from
the CT state to the charge neutral triplet excited state occurs faster and more efficiently than
intersystem crossing from the singlet excited state. Notably, its rate competes with charge
recombination to the ground state, signifying the importance of this decay channel for CT states.
Chapter 5 demonstrates that cofacial stacking of two chromophores can also increase the rate of
intersystem crossing. Here, a high‐energy polar (CT‐state‐like) intermediate allows the formation of
the triplet excited state. The role of a polar CT (transition) state and the high quantum yields for triplet
formation (estimated to be more than 50%) strongly indicates that charge recombination to triplet
excited states can prevent efficient collection of charge carriers in organic photovoltaic cells.
Photophysics in the solid state. In Chapter 6 the optical band gaps of a series of polymer:dye
blends is determined and compared with the occurrence of photoinduced charge transfer. This is used
to find how the energy of CT states can be obtained from electrochemistry. Chapter 7 demonstrates for
polymer:polymer blends that charge recombination of high‐energy CT excited states into triplet
excited states generally occurs with enhanced yields compared to photoexcitation of the separate
polymers. The high energy of the CT states also leads to a high open‐circuit voltage (VOC) for devices
prepared from these blends. Chapter 8 shows which energy losses occur in organic solar cells by
combining the results of Chapters 6 and 7. The CT step itself requires only a very small driving force
from the lowest band gap. Overall, however, a loss in photon energy of at least 0.6 eV is found, even if
optimal energy level‐offsets are used. This is the energy difference between the material with the
lowest band gap and the maximum attainable VOC. The explanation for this loss is injection of charge
carriers at the metallic contacts, and the intrinsic energetic disorder of organic semiconductors. For a
series of donor‐acceptor combinations the CT and triplet excited state energies were related with to
the occurrence of enhanced triplet state population. The conclusion is that for blends with optimal
energy level‐offsets, charge recombination into triplet excited states can only be prevented if the
singlet‐triplet energy gap of the material with the lowest band gap is less than 0.2 eV.
Chapter 9 shows that fullerene clusters have a positive effect on the power conversion
efficiency of photovoltaic devices prepared from a blend of a polyfluorene copolymer (PF10TBT) and
a fullerene derivative (PCBM). The high electron mobility in these clusters enables the dissociation of
short‐lived CT states that would otherwise decay to the ground or triplet excited state. Furthermore,
the higher relative permittivity of the fullerene compound lowers the energy of CT states. This has a
minor effect on the VOC and prevents recombination into triplet states at high fullerene loading.

Ladingsgeneratie in Moleculaire Materialen
Fotofysica van organische zonnecellen

Samenvatting
Zonlicht is een onuitputtelijke bron van schone energie. Via het fotovoltaisch effect zetten
zonnecellen zonlicht direct om in elektriciteit zonder koolstofdioxide‐emissie. De laatste jaren worden
organische zonnecellen intensief onderzocht. Dit type zonnecel is gebaseerd op moleculaire
materialen en biedt de mogelijkheid om op grote schaal en via goedkope productieprocessen
geproduceerd te worden. Eén van de cruciale stappen in een zonnecel is het opwekken van vrije
ladingsdragers (elektronen en gaten). In tegenstelling tot anorganische halfgeleiders hebben
moleculaire materialen een lage relatieve permittiviteit en een lage mobiliteit van ladingsdragers wat
elektron‐gat dissociatie bemoeilijkt. Ondanks de enorme vooruitgang die is geboekt in het verhogen
van het energierendement van organische zonnecellen, ontbreekt een volledig begrip van de
ladingsgeneratie in moleculaire materialen. Dit proefschrift bevat spectroscopische studies naar de
fotofysica van organische zonnecellen. De nadruk wordt hierbij gelegd op de vorming en het verval
van CT (charge‐transfer) toestanden tussen elektrondonoren en elektronacceptoren. De kernvraag is:
“Hoe kunnen elektronen en gaten effectief gedissocieerd worden met minimale energieverliezen?”.
Door een antwoord te geven op deze vraag draagt dit proefschrift bij aan een meer doelgerichte
ontwikkeling van materialen en concepten voor organische zonnecellen met een hoger rendement.
De fotoactieve laag van een organische zonnecel is gebaseerd op halfgeleidende π‐
geconjugeerde moleculen. In deze dunne –ongeveer 100 nm dikke– films creëert het geabsorbeerde
licht paren van elektronen en gaten die gescheiden van elkaar getransporteerd moeten worden naar
tegenoverliggende elektrodes. De eerste stap in het scheiden van het elektron en het gat na foto‐
excitatie is ladingsoverdracht van een elektrondonerend naar een elektronaccepterend materiaal.
Hierbij worden CT‐toestanden gevormd. Dat zijn elektron‐gat paren met het gat op de elektrondonor
en het elektron op de elektronacceptor. Dit proefschrift laat zien dat het weinig energie kost om CT‐
toestanden te vormen, maar dat er daarna nog minstens 0.5 eV verloren gaat per geabsorbeerd foton.
In hoofdstukken 2 tot 5 zijn de lokale interacties tussen elektrondonoren en ‐acceptoren bestudeerd in
oplossing, en in hoofdstukken 6 tot 9 is de fotofysica van donor‐acceptor‐mengsels in de vaste stof in
verband gebracht met zonnecelkarakteristieken.
Fotofysica in oplossing. In hoofdstuk 2 zijn CT‐absorptiebanden van grondtoestand‐
complexen geïdentificeerd voor een serie π‐geconjugeerde polymeren en oligomeren met
elektronacceptoren in oplossing. Er blijkt een lineaire relatie te bestaan tussen de maxima van de CT‐
absorptiebanden en het verschil tussen de oxidatiepotentiaal van de donor en de reductiepotentiaal
van de acceptor. Door de concentraties te variëren is de sterkte van de interacties bepaald in termen
van associatieconstanten en extinctiecoëfficiënten. Hoofdstuk 3 laat zien dat CT‐interacties in de
grondtoestand ook plaatsvinden tussen de prototypische donor‐acceptor‐combinatie van het π‐
geconjugeerde polymeer MDMO‐PPV en het fullereenderivaat PCBM in oplossing. Dit blijkt uit
absorptiemetingen en statische doving van fotoluminescentie. Een vergelijking met de intensiteit van
CT‐absorptie in de vaste stof toont aan dat bijna alle PCBM moleculen in de vaste stof
grondtoestandcomplexen vormen met MDMO‐PPV. Dit verklaart de snelle deactivering van

fotogeëxciteerde toestanden in het polymeer en in PCBM voor mengsels van deze materialen.
Bovendien kunnen de grondtoestandinteracties in oplossing de morfologie van de film beïnvloeden
door grootschalige fasescheiding tijdens de vorming van de films te voorkomen.
In hoofdstukken 4 en 5 wordt de vorming en recombinatie van CT‐toestanden bestudeerd met
behulp van oplosmiddel‐ en temperatuurafhankelijke fotoluminescentie en fotogeïnduceerde
absorptie metingen aan covalentgebonden chromoforen. Een gedetailleerde studie naar het
relaxatieproces van een fotogeëxciteerd lineair donor‐acceptor‐dimeer (hoofdstuk 4) laat zien dat
kwantitatieve elektronoverdracht plaats kan vinden als de CT‐toestand meer dan 100 meV lager ligt
dan de ladingsneutrale aangeslagen singlettoestand. Singlet zuurstof (1Δg) luminescentiemetingen
tonen aan dat ladingsrecombinatie van de CT–toestand naar de neutrale aangeslagen triplettoestand
snel en efficiënt plaatsvindt. Deze recombinatiesnelheid is zelfs sneller dan directe recombinatie naar
de grondtoestand. Hoofdstuk 5 laat zien dat een parallelle stapeling van twee chromoforen ook de
snelheid van intersystem crossing kan verhogen. Hier zorgt een nabijgelegen CT‐toestand met een
hogere energie voor de vorming van de aangeslagen triplettoestand. De rol van een CT‐
(overgangs)toestand en de hoge opbrengst van triplettoestanden (meer dan 50% van het aantal
geabsorbeerde fotonen) toont aan dat recombinatie naar triplettoestanden een efficiënte collectie van
ladingsdragers in organische zonnecellen in de weg kan staan.
Fotofysica in de vaste stof. In hoofdstuk 6 wordt de optische bandafstand van een serie
polymeer:kleurstof mengsels bepaald en vergeleken met het plaatsvinden van fotogeïnduceerde
ladingsoverdracht. Dit wordt gebruikt om de energie van CT‐toestanden vast te kunnen stellen met
behulp van elektrochemie. Hoofdstuk 7 laat zien dat foto‐excitatie van een aantal mengsels van twee
polymeren via de bevolking van hoogenergetische CT‐toestanden tot meer aangeslagen
triplettoestanden leidt dan in films van de afzonderlijke polymeren. De hoge energie van CT‐
toestanden leidt ook tot een hoge open‐klemspanning (VOC) voor zonnecellen gemaakt van deze
blends. Hoofdstuk 8 toont welke energieverliezen er optreden in organische zonnecellen door de
resultaten in hoofdstukken 6 en 7 te combineren. De CT‐stap zelf heeft slechts een kleine drijvende
kracht nodig vanaf het materiaal met de laagste bandafstand. In totaal gaat er echter minstens 0.6 eV
aan fotonenergie verloren als optimale energieniveauverschillen gebruikt worden. Dit is het
energieverschil tussen het materiaal met de laagste bandafstand, en de maximaal haalbare VOC. De
verklaring voor dit verlies is injectie van ladingsdragers aan de contacten met de metaalelektrodes, en
de intrinsieke energetische wanorde van organische halfgeleiders. Voor een serie donor‐acceptor‐
combinaties zijn de CT‐ en tripletenergieën gerelateerd aan extra tripletvorming. De conclusie is dat
voor mengsels met optimale energieniveauverschillen recombinatie naar triplettoestanden alleen
voorkomen kan worden wanneer het verschil tussen de laagste singlet‐ en tripletenergie van het
materiaal met de laagste bandafstand minder dan 0.2 eV bedraagt.
Hoofdstuk 9 laat zien dat fullereenclusters een positief effect hebben op het rendement van
zonnecellen gemaakt van een mengsel van een polyfluoreen copolymeer (PF10TBT) en PCBM. De
hoge elektronenmobiliteit in deze clusters zorgt voor dissociatie van kortlevende CT‐toestanden die
anders zouden recombineren naar de grondtoestand of de aangeslagen triplettoestand. Verder zorgt
de hogere relatieve permittiviteit van PCBM ervoor dat de energie van de CT‐toestanden verlaagd
wordt. Dit heeft een kleine invloed heeft op de VOC en zorgt ervoor dat recombinatie naar de
triplettoestand wordt voorkomen bij een hoge fullereenconcentratie.
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