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Preface

Over the past 25 years or so there has been a revolution in the develop-
ment of functional polymers. While many polymers as commodities represent
huge markets, new materials with a high degree of functionality have been
developed. Such specialty polymers play important roles in our day-to-day
lives. The current volumes 213 and 214 of Advances in Polymer Science focus
on photoresponsive polymers. In particular polymers that can either change
the properties of a beam of light that passes through them or who change
their properties in response to light. Volume 213 starts with an introduc-
tion to two-photon absorption by Rumi, Barlow, Wang, Perry, and Marder.
In this chapter they develop the basic concepts of two-photon absorption,
and describe structure-property relationships for a variety of symmetrical
and unsymmetrical molecules. The applications of these materials in 3D mi-
crofabrication of polymers, metals, and oxide materials are detailed in the
chapter entitled “Two-Photon Absorber and Two-Photon Induced Chemistry”
contributed by the same group of authors. Then Belfield, Bondar, and Yao
describe the molecules, dendrimers, oligomers, and polymers that can be ex-
cited by two-photon absorption and their application in processing materials
with three-dimensional spatial control in their chapter entitled “Two-Photon
Absorbing Photonic Materials.” Specifically they describe the development of
symmetrical and polar conjugated materials for two-photon absorption and
their use as photo-initiators for 3D microfabrication. Juodkazis, Mizeikis, and
Misawa also explore multiphoton processing of materials in their chapter, and
provide more focus on the processing aspects of these materials and discuss
the state-of-the-art in resolution.

In Volume 214, Hoppe and Sariciftci describe how organic semiconduct-
ing polymers can be used to produce electrical power when excited by light
in the chapter entitled “Polymeric Photovoltaic Devices.” In particular the
authors review approaches based upon blends of conjugated polymers with
small molecules that are approaching a point where they can be considered for
commercialization. This is followed by a chapter by McGrath and D’Ambru-
oso entitled “Energy Harvesting in Synthetic Dendritic Materials” where they
describe dendritic materials that can absorb light across various parts of the
UV-visible spectrum and funnel energy down to a low energy absorber, which
can be useful for a variety of applications including photovoltaics. Finally,



x Preface

Baldeck and Andraud provide a chapter entitled “Exitonic Coupled Oligomers
and Dendrimers for Two-Photon Absorption,” wherein the concepts of exci-
tonic coupling are developed and their relevance to multi-photon absorption
processes are described.

The editors hope that these volumes will provide the reader with an overview
of various aspects of photoresponsive polymers. We recommend that readers
also examine other volumes in this series to learn more about related topics.
In addition the editors thank the authors of the chapters in these volumes
and the staff of Springer for their contribution to these volumes and accept
responsibility for any errors or inaccuracies.

Atlanta & Daejeon, May 2008 S. R. Marder and K.-S. Lee
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Abstract Polymer solar cells, a highly innovative research area for the last decade un-
til today, are currently maturing with respect to understanding of their fundamental
processes of operation. The increasing interest of the scientific community is well re-
flected by the—every year—dynamically rising number of publications. This chapter
presents an overview of the developments in organic photovoltaics employing conju-
gated polymers as active materials in the photoconversion process. Here the focus is on
differentiating between the various material systems applied today: polymer-fullerene,
polymer-polymer, polymer-nanoparticle hybrids, and polymer-carbon nanotube combi-
nations are reviewed comprehensively.

1
Introduction

A polymer solar cell is defined by applying semiconducting conjugated poly-
mers [1-3] as active components in the photocurrent generation and power
conversion process within thin film photovoltaic devices that convert so-
lar light into electrical energy. In the year 2000, Heeger, MacDiarmid, and
Shirakawa received the Nobel Prize for Chemistry for the “discovery and de-
velopment of conducting polymers”, representing a new class of materials.
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Conducting polymers generally exhibit an alternating single bond-double
bond structure (conjugation) based on sp?-hybridized carbon atoms. This
leads to a highly delocalized m-electron system with large electronic polar-
izability. This enables both absorption within the visible light region, due to
n-nt* transitions between the bonding and antibonding p, orbitals, and elec-
trical charge transport—two requirements that need to be met by semicon-
ductors for power generation in solar cells. Using conjugated polymers to fab-
ricate optoelectronic devices such as organic light-emitting diodes (OLEDs),
organic field-effect transistors (OFETs), and organic solar cells (OSCs) is at-
tractive because of their unique processability from solution [4]. Conjugated
polymers, functionalized by solubilizing side-chain derivations, can be read-
ily dissolved in common organic solvents—or even water—and thus can be
used as “ink” for all kinds of deposition processes forming thin and homo-
geneous films. This property is especially interesting when combined with
classical printing techniques, as it enables both spatially localized deposition
(e.g., by inkjet or offset printing) and large area roll-to-roll manufacturing,
allowing high-throughput production easily surmounting those achieved by
classical semiconductor batch processing.

Charge carrier mobilities in organic semiconductors are generally much
lower than those of their inorganic counterparts [5]. This disadvantage is
partly balanced by high absorption coefficients [6,7] and long-lived charge
carriers [8-10], for example in polymer-fullerene blends. Furthermore,
recent charge carrier mobilities obtained in polymer [11] and fullerene
films [12], which are close to or even larger than those obtained in amorphous
silicon films, make them an interesting alternative for, e.g., thin film transistor
(TFT) arrays as used in liquid crystal (LCD) or OLED displays.

The structures of several conjugated polymers used in organic solar cells,
along with a fullerene, are illustrated in Fig. 1. Three important and com-
monly used hole-conducting, donor-type polymers are MDMO-PPV (or
OC;Cyo-PPV) (poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylene-
vinylene), P3HT (poly(3-hexylthiophene-2,5-diyl)), and PFB (poly[9,9'-di-
octylfluorene-co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylenedi-
amine]). Typical electron-conducting acceptors are the polymers CN-MEH-
PPV (poly[2-methoxy-5-(2-ethylhexyloxy)]-1,4-(1-cyanovinylene)-phenyl-
ene) and F8BT (poly(9,9’-dioctylfluorene-co-benzothiadiazole)), and a sol-
uble derivative of Cgg, called PCBM ([6,6]-phenyl Cg;-butyric acid methyl
ester). All of these materials are solution-processible due to side-chain solu-
bilization and the polymers yield strong photo- and electroluminescence.

Conjugated polymers exhibit an alternating single bond-double bond
structure of sp?-hybridized carbon atoms. The electrons in the p, orbitals of
each sp?-hybridized carbon atom form collectively the 7 band of the conju-
gated polymer. Due to the isomeric effects these 7 electrons are delocalized,
resulting in high electronic polarizability. The Peierls instability splits the
originally half-filled p, “band” into two, the  and 7* bands. Upon light ab-
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Fig.1 Structures of conjugated polymers and a soluble Cgp derivative commonly applied

sorption electrons may be excited from the bonding 7 into the antibonding
7* band. This absorption corresponds to the first optical excitation from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied mo-
lecular orbital (LUMO). The optical band gaps of most conjugated polymers

are around 2 éV.

The portion of the solar light that typical polymeric solar cells absorb is
limited. In Fig. 2a the absorption coefficients of thin films from two common
conjugated polymers and PCBM are shown in comparison to the AM 1.5 solar
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Fig.2 Absorption coefficients of two conjugated polymers and a fullerene derivative
PCBM, which represent the most often studied polymer-fullerene systems, are shown
together with the AM 1.5 standard solar spectrum
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spectrum. While the silicon band gap and onset of optical absorption spec-
trum is around 1.1 eV (ca. 1100 nm), most organic semiconducting polymers
used today in photovoltaics utilize only the portion of the solar spectrum
below 650 nm (larger than ~2 eV). The absorption coefficients are compara-
tively high (~10° cm™) and allow for efficient absorption in very thin active
layers.

During the last decade polymer solar cells have attracted a steadily increas-
ing interest in both science and industry [7,13-16]. The growing number
of scientific publications within this field of research since 1990 impressively
demonstrates this fact (Fig. 3) [17]. In fact this surge of interest has corre-
sponded with the accelerating improvements in power conversion efficiency
obtained during the last decade, currently reaching about 4-5% [18-21].

While in the early 1990s power conversion efficiencies in single layer, single
component devices were still limited to less than 0.1% [22-25], improvements
over the turn of the millennium are attributed to a great extent to the intro-
duction of the donor-acceptor “bulk heterojunction” concept, which makes
use of two electronic components that exhibit an energy offset in their mo-
lecular orbitals [26-34].

In this chapter we will briefly introduce the basic working principles of
polymer solar cells, review the different device architectures (single layer, bi-
layer, and blend), and present an overview of the following most often studied
material systems as applied within the photoactive layer: polymer-fullerene,
polymer-polymer, polymer-nanoparticle (hybrid), and polymer-nanotube
combinations. Table 1 displays an overview of current record efficiencies ob-
tained for the different polymer solar cell device concepts discussed in this
chapter.

400+ "polymer solar cell(s)"
- search done by ISI Web of Science

w W
o O\
o O
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1

ublications
N
o
o
1

2 150
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Fig.3 Number of scientific publications contributing to the subject of “polymer solar
cell(s)”. Search done through ISI, Web of Science, 2007



Polymer Solar Cells 5

Table 1 Record power conversion efficiencies and device parameters of polymer solar cells

System Materials Refs. Short circuit Open Fill Power

current circuit factor  conversion
voltage efficiency

Polymer- - 2 9.35mA/cm? 874mV 64% 5.2%

fullerene @ 100 mW

Polymer- F8TBT:P3HT [35] 4mA/cm? 1250 mV ~ 45% 1.8%P

polymer @ 100 mW

Polymer- P3HT:CdSe [36] 8.79mA/cm?> 620 mV 50% 2.6%P

hybrid nanorods @ 92 mW

Polymer- P3OT:SWCNT  [37] 0.5mA/cm?> 750 mV 60% 0.22%

nanotube @ 100 mW

2 Waldauf C (2007) Device ID: RM8; NREL certified, personal communication
b Corrected for spectral mismatch of the solar simulator

Donor-acceptor diblock copolymers constitute a further interesting class
of materials based on the bulk heterojunction concept being developed
lately [38-43].

1.1
Basic Working Principles of Polymer Solar Cells

Incident light that is absorbed within the photoactive layer of a polymer solar
cell leads first to the creation of a bound electron-hole pair—the “exciton”.
These excitons diffuse during their lifetime with diffusion lengths generally
limited to about 5-20 nm in organic materials [44-48]. This consideration
is important to the design of active layer architectures. If an exciton does
not eventually separate into its component electron and hole, it eventually
recombines by emitting a photon or decaying via thermalization (nonradia-
tive recombination). Hence, an exciton dissociation mechanism is required to
separate the excitons which have binding energies ranging between 0.1 and
1 eV [49-53]. In single layer organic solar cells this may be achieved by the
strong electric field present within the depletion region of a Schottky con-
tact. Exciton dissociation in current polymer solar cells relies on gradients of
the potential across a donor (D)/acceptor (A) interface, which results in the
photoinduced charge transfer between these materials [26].

Upon light absorption in the donor an electron is excited from the HOMO
into the LUMO. From this excited state the electron may be transferred into
the LUMO of the acceptor. The driving force required for this charge trans-
fer is the difference in ionization potential Ip+ of the excited donor and the
electron affinity E, of the acceptor, minus the Coulomb correlations [26]. As
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Fig.4 Photoinduced charge transfer from a donor (here PPV) to an acceptor (here Cep)
serves as a highly efficient charge separation mechanism in most polymer solar cells [26]

a result of the photoinduced charge transfer, the positively charged hole re-
mains on the donor material whereas the electron is located on the acceptor.
This is schematically depicted in Fig. 4 for a soluble derivative of poly(para-
phenylenevinylene) as donor and Ceg as acceptor.

This photoinduced charge transfer between conjugated polymers as donor
and fullerenes as acceptor takes place within less than 50 fs [54]. Since all
competing processes like photoluminescence (~ns) and back transfer and
thus recombination of the charge (~pus) [8-10] take place on a much larger
timescale, the charge separation process is highly efficient and metastable.
These possible pathways for the decay of the system after excitation are dis-
played in Fig. 5 for comparison.

As a result, the photoinduced charge transfer is accompanied by a strong
photoluminescence quenching of the otherwise highly luminescent conju-
gated polymer [26, 55]. In conjugated polymer-fullerene blends, the two signs
of charge carriers resulting from exciton dissociation have been clearly iden-
tified by means of light-induced electron resonance (LESR) and photoinduced
absorption (PIA) measurements [26].

Recently, geminate polaron pairs have been proposed for polymer-
polymer [35,56,57] and polymer-fullerene [58, 59] blends as photoinduced
intermediates. Here the hole and electron remain coulombically bound across
the interface of the donor-acceptor heterojunction. Only via an electric field
and/or a temperature-assisted secondary process, these geminate polaron
pairs are dissociated, leading to free charge carriers. This can have a consider-
able effect on the achievable charge separation efficiencies, since the geminate
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Fig.5 Photoinduced processes in the donor-acceptor system. As the photoinduced charge
transfer (a) occurs on a much smaller timescale than photoluminescence (b) and recom-
bination (c), the charge separated state is efficiently formed and metastable

pair also decays without yielding free charges and this results in a significant
loss channel for the photocurrent generation.

Once the charge carriers have been successfully separated, they need to be
transported to the respective electrodes to provide an external direct current.
Here the donor material serves to transport the holes whereas the electrons
travel within the acceptor material. Thus, percolation paths for each type of
charge carrier are required to ensure that the charge carriers will not ex-
perience the fate of recombination due to trapping in dead ends of isolated
domains [60-62]. As such the bulk heterojunction has to consist of perco-
lated, interpenetrating networks of the donor and acceptor phases.

When holes and electrons are separately transported within different spa-
tial domains, the probability for charge recombination is reduced consid-
erably leading to long charge carrier lifetimes. Charge carrier mobilities in
conjugated polymer solar cells are around 10~ cm?/V s, thus long lifetimes
are indeed required for extracting all photoexcited charge carriers from the
photoactive layer. The charge carrier extraction is driven by internal elec-
tric fields across the photoactive layer caused by the different work function
electrodes for holes and electrons.

The distance d that charge carriers can travel within the device is a prod-
uct of charge carrier mobility u, charge carrier lifetime 7, and the internal
electric field F:

d=w-t-F (1)

The internal electric field F that drives this drift current under photovoltaic
operation generally originates from the difference in the electrode work func-
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tions. For the example of gold being the hole-accepting (¢ =5.2¢€V) and
aluminum being the electron-accepting electrode (¢ = 4.3 V), an internal
electric field of 10° V/cm is given for an active layer thickness of 90 nm under
short circuit conditions. Assuming charge carrier mobilities of 10™* cm?/V s
and charge carrier lifetimes of 1 s, a drift length d = 10* ¢cm = 100 nm at
short circuit conditions is calculated.

In general the device function of thin organic solar cells, photodiodes, and
even light-emitting diodes can be simplified using the metal-insulator-metal
(MIM) model [63]. This is only valid when the organic semiconductors are
not doped and as long as no significant space charge is built up during oper-
ation, which would result from unbalanced electron and hole transport.

The selectivity of charge injection/extraction into/from the molecular
HOMO or LUMO levels ensures the rectifying diode behavior of these or-
ganic devices [64]. The different working regimes of these MIM devices due
to externally applied voltages are shown in Fig. 6.

O~ ®

o ____ - “all
ITO Al -
1TO
O O -?- E
VOC
(©) \ (d)
1TO Al
\ Al
TrTo
0 O < (<3

Fig.6 Principles of device function for organic semiconducting layers sandwiched be-
tween two metallic electrodes: a short circuit condition, b flat band condition, ¢ reverse
bias, and d forward bias. Band bending effects at the ohmic contacts are neglected

Figure 6 represents different working regimes of a photovoltaic device,
which correlate with points along a current-voltage (I-V) diagram as shown
in Fig. 7: Fig. 7a corresponds to the short circuit photocurrent Isc, and Fig. 7b
to the flat band condition under open circuit voltage Voc. In Fig. 7c the
internal electric field is increased, corresponding to the condition in photode-
tectors or blocking behavior of diodes. For the case of forward bias (Fig. 7d),
efficient charge carrier injection takes place and the direction of the current
inside the device is reversed. This is the condition under which OLEDs are
operating.
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Fig.7 Current-voltage characteristics of a polymer solar cell under illumination (solid
line) and in the dark (broken line). The various situations (a-d) from Fig. 5 are shown
for comparison

From Fig. 7 the calculation of the power conversion efficiency 7 can be de-
rived: only the fourth quadrant of the I-V curve represents deliverable power
from the device. One point on the curve, denoted as maximum power point
(MPP), corresponds to the maximum of the product of photocurrent and volt-
age and therefore power. The ratio between Vipp - Impp (or the maximum
power) and Vo - Isc is called the fill factor (FF), and therefore the power out-
put is written in the form: Pp,x = Voc - Isc - FF. Division of the output power
by the incident light power res ults in the power conversion efficiency n:

Pour _ Impp Vmpp _ FFIscVoc

(2)
Py Py Py

TIPOWER =
As the transport of charges and thus the photocurrent is electric field depen-
dent, close to the open circuit voltage the internal electric field is considerably
reduced making the extraction of generated charge carriers less efficient, and
leading to limitations in fill factor.

1.2
Device Architectures

The schematic design of a polymer solar cell is displayed in Fig. 8: the pho-
toactive layer is usually sandwiched between an indium tin oxide (ITO)-
covered substrate (glass or plastic) and a reflective aluminum back electrode.
As the ITO substrate is transparent, illumination takes place from this side
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Aluminum

LiF

Active layer

PEDOT:PSS

glass

Fig.8 Schematic design of an organic solar cell. The photoactive layer is sandwiched
between optimized electron (Al) and hole extracting (ITO) electrodes

of the device. The two electrodes may be further modified by the introduc-
tion of a PEDOT:PSS (poly[3,4-(ethylenedioxy)thiophene]:poly(styrene sul-
fonate)) coating on the ITO side and a lithium fluoride (LiF) underlayer on
the aluminum side, thereby improving the charge injection.

The device architecture of the photoactive layer has a strong impact on
charge carrier separation and transport. For example in single layer (sin-
gle material) devices, only photoexcitations generated close to the depletion
region W of the Schottky contact may lead to separated charge carriers as
a result of the limited exciton diffusion length. Therefore, only a small re-
gion denoted as the active zone contributes to photocurrent generation, as
illustrated in Fig. 9.

LUMO
/ HOMO
ALl active zone AI
p-type Schottky device

Fig.9 In single layer single material devices, charge carriers can only be dissociated at the
Schottky junction. Therefore only excitons generated close to the depletion region W can
contribute to the photocurrent (denoted as the “active zone”)

Bilayer devices [27,65] apply the donor-acceptor concept introduced
above: here the exciton is dissociated at their interface, leading to holes on
the donor and electrons on the acceptor. Thus, the different types of charge
carriers may travel independently within separate materials and bimolecu-
lar recombination is largely suppressed. Therefore light intensity-dependent
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photocurrent measurements in these systems exhibited a rather linear behav-
ior of the photocurrent with respect to the light intensity, and monomolecular
recombination processes dominate [27, 32, 46]. However, bilayer devices suf-
fer also from an active zone limited by the exciton diffusion length, as only
close to the geometrical heterojunction photoexcitations can lead to charge
carrier generation, as indicated in Fig. 10.

D

active zone

L i}

Fig.10 In bilayer devices, charge carriers can be dissociated at the donor (D)-accept-
or (A) material heterojunction. Only excitons generated within diffusion distance to the
interface can contribute to the photocurrent

This limitation was finally overcome by the concept of the bulk hetero-
junction, where the donor and acceptor materials are intimately blended
throughout the bulk [28-30]. In this way, excitons do not need to travel long
distances to reach the donor/acceptor interface, and charge separation can
take place throughout the whole depth of the photoactive layer. Thus the
active zone extends throughout the volume, as illustrated in Fig. 11. Conse-

active zone

O O

Fig. 11 In bulk heterojunction devices, charge carriers can be dissociated throughout the
volume of the active layer. Thus every absorbed photon in the active layer can potentially
contribute to the photocurrent
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quently the bulk heterojunction concept led to major improvements of the
photocurrent. Today, the bulk heterojunction serves as the state-of-the-art
concept for polymer-based photovoltaics, leading to power conversion effi-
ciencies of up to 5% [18-21].

Within the bulk heterojunction, the donor and acceptor domains are gen-
erally disordered in volume. For exciton dissociation and charge generation
a fine nanoscale intermixing is required, whereas for the efficient transport
of charge carriers percolation and a certain phase separation are needed to
ensure undisturbed transport. Hence the optimization of the nanomorphol-
ogy of the photoactive blend is a key issue for improving the efficiency of the
photovoltaic operation [62, 66, 67].

Due to molecular diffusion of fullerenes at elevated temperatures, the
phase separation may coarsen with time during operation in full sunlight,
representing a morphological instability [68]. To overcome this degrada-
tion and for a better control of the nanomorphology itself, several concepts
have been recently introduced to construct ordered bulk heterojunctions.
They span a range from using self-assembled inorganic nanostructures for
the infiltration of conjugated polymers [69, 70] up to self-organizing diblock
copolymers [41,43], where the two blocks carry the different functionalities
of donor and acceptor, respectively. Figure 12 summarizes the discussed de-
vice architectures for comparison.

a) b) d)
‘1op electrode L___top iecioca
Iransparent electrode conjugated polymer
transparen! electrode “ansparent skeeso
e\ €
hv - f e\ e
transparent op - At
electrode i v hr .
b transparent Top O T |
h electrode \ clecirode | TR trarsparent top electrade
| \ electrode v
polymer i .
o electron
acceptor

polymer electron
acceptor

Fig. 12 Examples of device architectures of conjugated polymer-based photovoltaic cells:
a single layer; b bilayer; ¢ “disordered” bulk heterojunction; d ordered bulk heterojunc-
tion. (Reproduced with permission from [71], © 2005, American Chemical Society)

13
Influence of Electrical Contacts and Open Circuit Voltage

The proper choice of metallic contacts in OLEDs was shown to have a major
influence on their performance [64]. This was further improved by adjusting



Polymer Solar Cells 13

the energy barrier height of the hole-injecting anode by interface modifica-
tions, like the application of polar self-assembled monolayers (SAMs) [72-75]
or the introduction of interlayers using the highly doped polyelectrolyte PE-
DOT:PSS [76-79], and by application of lower work function metal cathodes
and introduction of thin alkali metal salt interlayers (e.g., LiF) for reducing
the electron injection barrier [80-87]. As a consequence, optimal electro-
luminescence quantum efficiencies are achieved when the two conditions,
balanced charge carrier injection and balanced charge carrier mobilities, are
met [88].

The development of suitable contacts for polymer solar cells has directly
profited from the developments in light-emitting diodes, due to the injec-
tion/extraction similarity. Due to its lower barrier for hole transfer between
most conjugated polymers and PEDOT:PSS as compared to ITO, this highly
doped polymer electrode was applied at an early stage in solar cells as
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Fig.13 Effect of insertion of LiF layers of different thickness between the polymer-
fullerene blend and the aluminum electrode. The current-voltage characteristics indicate
a more effective charge carrier injection (a), and as can be seen also from b and ¢, the
fill factor as well as the open circuit voltage profit from LiF. (Reprinted with permission
from [91], © 2002, American Institute of Physics)
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well [13,32,89]. Further, the introduction of a LiF underlayer at the alu-
minum electrode brought about improvements in open circuit voltage and fill
factor (Fig. 13) [13, 34,90, 91].

Understanding the effect of this very thin—usually less than a nanometer
and up to a few nanometers thick—LiF interlayer has been controversially de-
bated. While it was observed that the insertion of the LiF underlayer resulted
in an increased built-in potential [92], the mechanism for this effect is not
fully clear. One possibility is that LiF leads to the formation of a thin barrier,
forming a tunneling junction [80]. However, a thin SiO, interlayer behaved
much differently from LiF [91]. As an additional advantage, the formation of
trapping states due to chemical reactions between the aluminum and organic
materials was prevented by the LiF interlayer [93-95].

Two major effects were proposed as causes for improved electron extrac-
tion: (a) upon sublimation of the subsequent aluminum layer the LiF disso-
ciates, whereby metallic Li atoms may be formed that consequently n-dope
the organic semiconductor (fullerene or polymer) under formation of Li*
and, e.g., AlF3 [86,94,96]; or (b) the LiF layer could result in an interfacial
dipole layer shifting the work function of the electrode [82,90,91]. Both of
these viewpoints have been shown to hold merit, as it was demonstrated
by photoelectron spectroscopy that for very thin (sub-nanometer) layers of
LiF dissociation and consequent n-type doping occurred, whereas for thicker
layers (a few nanometers) the formation of a dipole was evidenced [97].

In general, the open circuit voltage (Voc) of any solar cell is limited by the
energy difference between the quasi-Fermi level splitting of the free charge
carriers, i.e., the holes and the electrons [98], after their transport through the
photoactive layer and the interfaces at the contacts. While for ideal (ohmic)
contacts no energetic loss at the junction is expected, energy level offsets or
band bending at non-ideal contacts will further reduce the Voc. Recombina-
tion at the electrode may further reduce the quasi-Fermi level splitting.

The charge carriers require a net driving force toward the electrodes,
which may in general result from internal electric fields and/or concentration
gradients of the respective charge carrier species. The first leads to a field-
induced drift and the other to a diffusion current. Without a detailed analysis
one can generally assume that thin film polymer devices (< 100 nm) are
mostly field drift dominated whereas thick devices, having effective screen-
ing of the electrical fields inside the bulk, are dominated by the diffusion
of charge carriers, e.g., by concentration gradients created by the selective
contacts.

The polaronic level of holes on the conjugated polymer donor phase is
slightly above the HOMO of the polymer, and the transport level of the
electrons is closely related to the LUMO level of the acceptor (n-type semi-
conductor, e.g., the fullerene). Thus, their resulting energetic splitting has to
be related to the difference between the HOMO of the donor and the LUMO
of the acceptor and conceptually determines the maximum open circuit po-
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tential of the photovoltaic device. This hypothesis has been proven by several
studies reporting on the variation of the HOMO level of the donor polymer by
using similar compounds with different oxidation potentials [99-102]. Fig-
ure 14 displays the linear relationship between the HOMO level of a larger
set of conjugated polymers and the open circuit voltage applied in polymer-
fullerene bulk heterojunctions.
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Fig. 14 Experimentally, a linear relationship between the HOMO level of the conjugated
polymer (corresponds to onset of oxidation with respect to the Ag/AgCl reference elec-
trode) and the measured open circuit voltage (Voc) has been determined for a large
number of donor polymers. (Reproduced from [102] with permission, © 2006, Wiley-
VCH)

The same linear relationship was already earlier observed for the LUMO
level of the acceptor fullerene by using fullerene derivatives with different first
reduction potentials (see Fig. 15) [103]. This study has been recently extended
to more fullerenes with smaller electron affinities, confirming this relation-
ship [104].

The MIM model predicts the maximum Vo being determined by the dif-
ference in the work functions of two asymmetrical electrodes, as long this is
smaller than the effective band gap of the insulator [64]. Experimental data,
however, showed strong deviations where the Voc exceeded largely the ex-
pected difference between the electrode work functions [103]. Fermi level
pinning between the fullerene and the metal electrode has been accounted for
this. In another study, however, deviations from this pinning behavior have
been found [105]. Thus, the individual energy level alignments between or-
ganic/metal interfaces are critical [72,106-112]. Interfacial dipoles formed
at the organic semiconductor/electrode interface change the effective metal
work function and thus affect the V¢ as well [72, 108, 109, 113, 114].
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Fig. 15 Linear, close to unity dependence of the open circuit voltage on the LUMO level of
the acceptor (first reduction potential Ellle 4 as determined electrochemically with respect
to an Ag/AgCl reference electrode). (Reproduced from [103] with permission, © 2001,
Wiley-VCH)

Another influence on V¢ may arise from aluminum electrodes, which can
form a thin oxide layer at the interface to the organic materials [84, 115, 116],
resulting in possible changes in the effective work function. A dependence of
the Voc on the nanomorphology arising from the fullerene content in bulk
heterojunction blends was also observed [55, 117-121] and proposed to orig-
inate from the partial coverage of the cathode by fullerenes [118].

Furthermore, the theoretically expected dependencies of Voc on tempera-
ture [122-124] and light intensity [28,123-127] were also observed experi-
mentally. This behavior needs to be correlated to the disorder broadening of
the density of states of the organic semiconductors.

By varying the doping level of PEDOT:PSS electrochemically, it was
demonstrated that the open circuit voltage indeed depends linearly on the
work function of the hole-extracting electrode (see Fig. 16) [128]. Similar ef-
fects have been observed in another study of the metal electrode as well [105].

In conclusion, the open circuit voltage is limited primarily by molecular
energy levels (Voc < LUMOg;cceptor-HOMOgonor), With potential secondary
limitations from the contacts (compare with Fig. 17), which themselves de-
pend critically on the possible formation of interface dipoles, which can lead
to substantial deviations from that simple relationship.

A major deviation from the above picture was found by Ramsdale et al.,
who investigated bilayer solar cells based on two polyfluorene deriva-
tives [125]. When compared to the work function of both electrodes, the
authors measured a V¢ exceeding those values by about 1 €V. This “overpo-
tential” has been accounted for by a concentration driven diffusion current,
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Fig.16 Linear dependence of the compensation voltage V (a), defined by the net pho-
tocurrent being zero, on the oxidation potential (= work function) of electrochemically

doped PEDOT layers (b) in polymer-fullerene solar cells. (Reproduced with permission
from [128], © 2002, Wiley-VCH)

Vacuum level

Donor

Acceptor

Fig.17 Simple relationship of open circuit voltage Voc for drift-current dominated bulk
heterojunction polymer solar cells. The first limitation arises from the molecular energy
levels (Voci); secondly, improper match with the contact work function may further re-
duce the achievable voltage to Voc,. (Reprinted with permission from [105], © 2003,
American Institute of Physics)

which needed to be balanced by a drift current due to change of external po-
larity. The particular situation is depicted in Fig. 18 and has been confirmed
by Barker et al. by current-voltage modeling [125, 129].
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Fig.18 Situation for a bilayer device, where the open circuit voltage exceeds the work
function difference considerably by 1V due to a concentration driven diffusion current.
(Reprinted with permission from [125], © 2002, American Institute of Physics)

2
Polymer—Fullerene Solar Cells

Since the discovery of photoinduced charge transfer from a conjugated
polymer (MEH-PPV) to a buckminsterfullerene (Cgp) in 1992 by Sariciftci
et al. [26], a dynamic development of solar cell devices exploiting this effect
has followed. First applications of these two materials in bilayer geometry
resulted in short circuit photocurrents following linearly the incident light
intensity, even at higher illumination densities (Fig. 19) [27].

This linear dependence has been confirmed by Halls et al. using the same
bilayer structure but employing PPV as the electron donor [44]. The authors
estimated the exciton diffusion length of PPV to be in the range of 6-8 nm
from both the spectral response and the absolute efficiency [44]. Later Roman
et al. demonstrated optical modeling to be a useful tool for the optimization
of such bilayer solar cells, which in their case was based on a polythio-
phene derivative and Cep [89]. The optical modeling was detailed by Petterson
et al. [46].

In a next step of development a side group was attached to the Cep to al-
low for solution processing due to increased solubility in common organic
solvents [130]. PCBM provides the best performances in polymer-fullerene
solar cells, even to date. The first bulk heterojunction polymer solar cells
were based on MEH-PPV and PCBM, and were presented by Yu et al. [29].
In these bulk heterojunctions, an intimate blending of the donor and ac-
ceptor components results in a very efficient exciton dissociation and thus
charge carrier generation throughout the whole volume of the blend. MEH-
PPV:PCBM blends with a mixing ratio of 1:4 spin-coated from ortho-1,2-
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Fig.19 Short circuit current (closed circles) and photocurrent at — 1 V bias (open circles)
as a function of light intensity for the ITO/MEH-PPV/Ceo/Au device. (Reprinted with
permission from [27], © 1992, American Institute of Physics)

dichlorobenzene (ODCB) exhibited the best power conversion efficiencies
and the authors found a nearly linear relationship between light intensity and
photosensitivity [29].

Yang and Heeger investigated the nanomorphology of MEH-PPV:Cg
bulk heterojunctions spin-coated from ODCB by transmission electron mi-
croscopy (TEM) and revealed a bicontinuous phase structure of the two,
which was finest for blending ratios of 1:1 [131]. Gao et al. also varied the
blending ratio of MEH-PPV:Cg bulk heterojunctions spin-coated from ODCB
and found an enhancement of the photocurrent but a decrease of the photo-
voltage upon increasing the Cgp concentration in the blend [117]. While the
improved photoresponse was related to the increase of total interfacial area
at the heterojunction, the decrease in open circuit voltage was explained by
the potential drop of the electron due to the transfer from polymer to fuller-
ene LUMO. Moreover, Liu et al. investigated a broad range of organic solvents
from which MEH-PPV bulk heterojunctions with up to 20 wt % of xylene-
dissolved Cgp additions were spin coated. They clearly differentiated effects
on photocurrent and open circuit voltage due to aromatic and nonaromatic
solvents, respectively. Tetrahydrofuran (THF) and chloroform (nonaromatic)
gave smaller currents but higher voltages than xylene, chlorobenzene, and
dichlorobenzene (aromatic). The authors related this to a more intimate con-
tact between the conjugated polymer backbone and the Cg in the aromatic
case. Additionally, a larger surface coverage by Cgp—as shown by atomic
force microscopy (AFM) in the phase imaging mode—was correlated with the
reduction of Vo for aromatic solvents (Fig. 20) [118].
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Fig.20 AFM micrographs (both height image and phase image) of MEH-PPV/Cg
(20 wt %) composite films fabricated with a xylene, b DCB, and ¢ THE. The phase image
enables calculation of the Cg surface coverage. (Reproduced from [118] with permission,
© 2001, Wiley-VCH)

Drees et al. developed a method to create diffuse bilayer heterojunctions
between MEH-PPV and Cgp by controlling the interdiffusion of a bilayer
device by application of thermal annealing [132]. The MEH-PPV was first
spin-coated from solution, and the Cgy layer was thereafter thermally sub-
limed by a vacuum evaporation process. Annealing the devices at 150 and
250°C led to an intensified increase in the photocurrents as compared to
nonannealed devices. This has been interpreted as the result of diffusion-
controlled formation of a larger interfacial contact area between MEH-PPV
and Cep [132]. Using Auger spectroscopy in combination with ion beam
milling, the existence of the diffuse interface due to annealing could be proven
(see Fig. 21) [133].

(a) 3]

1x10*1

(b}

P-P signal [arb. units}

5.0x10° {
Cm 1 P30T interface

L
D/ IR ) ;,.J}‘.',‘ s

0.0

0 50 100 150 200

Depth [pm]
Fig.21 Depth profiles of a an unheated P30T/Cg bilayer device and b a P30T/Cg bi-
layer device heated at 130 °C. The concentrations of sulfur (solid lines), indium (dotted
lines), and oxygen (dashed lines) were monitored. The arrow indicates the position of
the P30T/Cg interface as determined from absorption measurements. The unheated bi-
layer shows a rather sharp interface between P30T and Cep. For the interdiffused film, the
P30T concentration rises slowly throughout more than 100 nm (from 35 to 150 nm) of
the bulk of the film. (Reprinted with permission from [133], © 2005, American Institute
of Physics)
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Shaheen et al. demonstrated that the solvent from which bulk heterojunc-
tions of MDMO-PPV:PCBM were spin cast has a detrimental influence on the
photocurrent generation and thus power conversion efficiency [34]. While the
absorption of the films did not change, the spectral photocurrent exhibited
an increase throughout the whole spectrum when spin cast from chloroben-
zene instead of toluene. The authors related this to the formation of different
nanomorphologies in the blend films [34]. Figure 22 displays the transmis-
sion and spectral photocurrent spectra, as well as the current-voltage curves,
of either toluene or chlorobenzene cast MDMO-PPV:PCBM bulk heterojunc-
tions. As can be seen, the photocurrent is increased throughout the whole
spectrum where the solar cell absorbs light, leading to improvement by a fac-
tor of 2-3 for the short circuit photocurrent (Isc).
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Fig.22 Optical transmission spectra of 100-nm-thick MDMO-PPV:PCBM (1:4 by wt.)
films spin cast onto glass substrates from either toluene (dashed line) or chlorobenzene
(solid line) solutions (a). Incident photon to collected electron (IPCE) spectra (b) and
current-voltage characteristics (c) for photovoltaic devices using these films as the active
layer. (Reprinted with permission from [34], © 2001, American Institute of Physics)

The solvent-dependent efficiency increase of up to 2.5% by Shaheen et al.
has motivated many following studies, aiming to discover the underlying
nanomorphology and phase distribution of MDMO-PPV and PCBM [62].
Martens et al. applied TEM to investigate similar MDMO-PPV:PCBM bulk
heterojunctions [134, 135]. While a 1: 1 mixture of MDMO-PPV:PCBM spin
cast from toluene appeared homogeneous in TEM, the authors observed the
occurrence of stronger phase separation with increasing volume fraction
of fullerene content. For blending ratios of 1:4 (MDMO-PPV:PCBM) they
showed by cross-sectional TEM images that large, dark fullerene clusters are
inside the film for toluene, whereas for chlorobenzene cast films the cluster
size is considerably smaller. Chlorobenzene cast films were homogeneous up
to blending ratios of 1:2, and the authors concluded that for higher blend-
ing ratios the PCBM clusters are surrounded by the very same homogeneous
blend of 1:1 and 1: 2 for toluene and chlorobenzene, respectively [135].
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Furthermore, Martens et al. have shown by AFM that the drying time is an
important parameter for the size of the phase-separated structures. By intro-
ducing a hot air flow over a drying film, the drying time could be decreased
and consequently the extent of phase separation was reduced [136].

Hoppe et al. studied MDMO-PPV:PCBM solar cells for decoding the dif-
ferent nanophases within these MDMO-PPV:PCBM blends cast from the two
solvents (toluene and chlorobenzene) [55]. A large difference in the scale of
phase separation could be identified as a major difference between toluene
and chlorobenzene cast blends (see Fig. 23), but this could not directly ex-
plain the observed differences in photocurrent generation [55].

un un

Fig.23 Tapping mode AFM topography scans of MDMO-PPV:PCBM 1 : 4 blended films,
spin cast from a chlorobenzene and b toluene solution. Clearly a larger scale of phase
separation is observed for the toluene cast film. (Reproduced from [55] with permission,
© 2004, Wiley-VCH)

Use of high-resolution scanning electron microscopy (SEM) allowed the
uncovering of a further substructure in these polymer-fullerene blends, be-
sides some larger fullerene clusters (see Fig.24): MDMO-PPV nanospheres
representing a coiled polymer conformation were detected together with
some solvent-dependent amount of PCBM fullerenes [55, 60-62, 137].

The commonly observed larger scale of phase separation of the toluene
cast MDMO-PPV:PCBM blends has generally been interpreted as the main
reason for the reduced photocurrents in comparison to those of the
chlorobenzene cast blends. It can then be expected that a lower charge carrier
generation efficiency may result when exciton diffusion lengths of 10-20 nm
are well exceeded by the PCBM cluster size (200-500 nm), since many exci-
tons are generated within these clusters. Experimentally, it has been identified
that indeed some unquenched photoexcitations give rise to residual PCBM
photoluminescence in toluene cast blends, whereas in chlorobenzene cast
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Fig.24 SEM cross sections of chlorobenzene (a, b) and toluene (¢, d) based MDMO-
PPV:PCBM blends. Whereas chlorobenzene based blends are rather homogeneous,
toluene cast blends reveal large PCBM clusters embedded in a polymer-rich matrix or
skin layer. Small features—referred to as “nanospheres”—are visible in all cases and can
be attributed to the polymer in a coiled conformation. The blending ratio is depicted in
the lower right corner. (Reproduced from [55] with permission, © 2004, Wiley-VCH)

blends the fullerene photoluminescence could not be detected any more [55].
However, since the spectral photocurrent data show a vital contribution from
the fullerene also in the case of toluene cast blends, the photocurrent in the
region of the large fullerene cluster may have a significant contribution from
dark triplet excitons that exhibit a longer lifetime and thus may diffuse longer
distances—long enough to reach the heterojunction interface [62, 126].

Deeper insight can be gained from a scanning near-field optical mi-
croscopy (SNOM) study by McNeill et al., who resolved the local photocurrent
obtained on MDMO-PPV:PCBM toluene cast blends [138]. The authors re-
vealed that the photocurrent was considerably reduced on top of the small
hills caused by the PCBM clusters (Fig. 25), whereas it stayed nearly constant
over the surface of chlorobenzene cast blends [138].

As could already be inferred from the cross-sectional SEM images, the ful-
lerene clusters are in fact surrounded by a polymer-rich skin layer [55, 60].
Using Kelvin probe force microscopy Hoppe et al. were able to confirm this by
the detection of a considerably increased work function on top of the polymer
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Fig.25 Height and local photocurrent signal obtained by near-field scanning photocur-
rent measurements. At the top, both the topographic (left) and photocurrent (right)
images are shown. (Reprinted from [138], © 2004, with permission from Elsevier)

embedded clusters [60]. The larger work function on top of the clusters as com-
pared to the polymer-rich matrix around the clusters and on chlorobenzene
based blends is a clear indication of an increased hole density at the film sur-
face, which in turn points to the presence of the hole-conducting polymer [60].
This polymer-rich skin layer around the fullerene clusters in return repre-
sents a loss mechanism for the photocurrent, as electrons originating from
the fullerene clusters will simply suffer recombination due to the high dens-
ity of holes within the skin. Therefore the reduced photocurrents observed
for toluene cast MDMO-PPV:PCBM films are caused by missing percolation of
the fullerene phase toward the electron-extracting electrode. The situation for
chlorobenzene and toluene cast blends is depicted schematically in Fig. 26 [61].

In conclusion, not only the observed larger scale of phase separation but
also the difference in the material’s phase percolation and thus charge trans-
port properties influence the photovoltaic performance. As such, it becomes
evident that the charge carrier mobility measured in these devices must be
a function of the blend morphology [139-143]. Furthermore, the electron
and hole carrier mobilities depend strongly on the polymer-fullerene blend-
ing ratio. Interestingly, the hole mobility of the donor polymer is increased
considerably in blends with fullerenes (see Fig. 27) [142, 144-147].

Thus a high percentage of PCBM (80%) is needed in MDMO-PPV:PCBM
solar cells for optimal photovoltaic performance [120]. For strongly unbal-
anced charge carrier mobilities between donor and acceptor, the buildup of
space charge regions in the photoactive layer ultimately limits the photocur-
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Fig.26 Differences in the chlorobenzene (a) and toluene (b) based MDMO-PPV:PCBM
blend film morphologies are shown schematically. In a both the polymer nanospheres
and the fullerene phase offer percolated pathways for the transport of holes and electrons,
respectively. In b electrons and holes suffer recombination, as the percolation is not suf-
ficient. (Reprinted from [61], © 2005, with permission from Elsevier)
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Fig.27 Compositional dependence of electron and hole mobilities in MDMO-PPV:PCBM
blend films as obtained by space charge limited diode currents. Clearly the mobility for
holes is increased upon addition of the fullerene. (Reproduced from [144] with permis-
sion, © 2005, Wiley-VCH)

rent and the photovoltaic performance by a maximum possible fill factor of
42% [148).

Katz et al. investigated the performance of the polymer solar cells under
elevated temperatures in the range of 25-60 °C, which represents real oper-
ating conditions due to heating under solar irradiation [122]. While the open
circuit voltage (Voc) decreased linearly with temperature, the short circuit
current (Isc) and the fill factor (FF) increased up to about 50 °C, followed
by a saturation region (Fig. 28). These effects overcompensated the dropping
Voc and thus the efficiency was maximal for a 50 °C cell temperature [122].
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Fig.28 Solar cell parameters for MDMO-PPV:PCBM polymer solar cells under slightly
elevated temperatures, as expected for realistic operation conditions. Interestingly, the
short circuit photocurrent increases with temperature, while the open circuit voltage
drops. As a result the power conversion efficiency is maximized for temperatures of 50 °C.
(Reprinted with permission from [122], © 2001, American Institute of Physics)

The increase of Isc and FF were attributed to a temperature-activated
hopping charge transport in disordered organic semiconductors (compare
with [149]). Further studies were extended to low temperatures and con-
firmed the temperature-dependent behavior of the solar cell parameters,
resulting in specific activation energies for the thermally activated charge
transport [123,124, 150, 151]. At low temperatures the open circuit voltage
saturates. Riedel et al. also investigated the illumination dependence of Isc,
Voc, and FF [151]. Higher light intensities generally lead to increased open
circuit voltages but decreased fill factors and power conversion efficiencies.
Interestingly, the parallel or shunt resistance Rp was found to decrease for
larger light intensities [151].

Mihailetchi et al. described the electric field-dependent photocurrent in
polymer-fullerene bulk heterojunctions by solving the Poisson and continu-
ity equations, taking geminate polaron pair formation and dissociation into
account [58]. It was postulated that after the photoinduced charge transfer
process, the hole and electron still remain coulombically bound to each other
across the heterojunction (geminate polaron pair), and that the field- and
temperature-dependent dissociation of these electron-hole pairs is described
by a Braun-modified Onsager’s theory of ion pair dissociation [58, 152, 153].
Koster et al. presented a numerical model including the effects of recombina-
tion and space-charge along with the parameters used for fitting the data of
MDMO-PPV:PCBM based solar cells [59]. Figure 29 shows the photocurrent
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Fig.29 Fit to experimental current-voltage data (circles) using electric field-dependent
polaron pair dissociation, drift, and diffusion (broken line) and additionally includ-
ing space-charge and recombination (solid line). a The high-field part (Vo-V, > 10%) of
the log-log I-V curve allows the determination of charge distance in the polaron pair.
b The same data shown on a linear scale. (Reprinted with permission from [59], © 2005,
American Physical Society)

characteristics as plotted against the effective applied voltage (Vo-V,), where
Vo denotes the voltage at which the photocurrent equates zero.

The authors also investigated the probability of polaron pair dissociation
and bimolecular recombination. At short circuit and at the maximum power
point the losses were clearly dominated by polaron pair dissociation proba-
bilities of roughly 60 and 50%, respectively [59]. In contrast, Gommans et al.
claimed bimolecular recombination to be the dominant factor for free charge
carrier losses [154]. Using their numerical model, Koster et al. were also able
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to describe accurately the light intensity dependence of both the open cir-
cuit voltage and the short circuit photocurrent for polymer-fullerene solar
cells [155, 156].

In contrast, Schilinsky et al. and Waldauf et al. used an extended numer-
ical description according to the p-n junction model and demonstrated as
well a proper description of light intensity-dependent device current-voltage
characteristics [127, 157, 158]. Thus, several numerical models for the elec-
trical description of polymer-fullerene photovoltaic devices have been pre-
sented in the literature to date, and there is an ongoing discussion in the
scientific community about them.

For an adequate understanding of the photogeneration process in these
thin film multilayer solar cells, optical modeling of light propagation and ab-
sorption is required. Due to the thin film thickness for most of the layers in
the device, coherent light propagation needs to be considered to take possible
interference effects properly into account. The commonly applied numeri-
cal description is done by the so-called transfer matrix formalism [159]. The
resulting generation density of excitons can then be used as input for the
electrical description of the device. Optical modeling has been done for both
bilayers [46, 160, 161] and bulk heterojunction [6, 162-166] solar cells.

Synthesis via the “sulfinyl route” led to a reduced number of defects on
the MDMO-PPV donor polymer and showed some improved performances
in MDMO-PPV:PCBM bulk heterojunctions [167, 168]. The lower defect dens-
ity resulted in a more regioregular (head-to-tail) order within the MDMO-
PPV, leading to charge carrier mobility improvements and ultimately to an
improved efficiency of 2.65% for MDMO-PPV:PCBM based bulk heterojunc-
tions [169]. This was accompanied by a fill factor of 71% [169], which to date
has not been exceeded by any other polymer solar cell device.

A further improvement of MDMO-PPV based bulk heterojunctions was
achieved by the application of a new Cyy fullerene derivative, which was
substituted with the same side chains as PCBM and is therefore called
[70]PCBM [170]. Due to the reduced symmetry of Cy;y as compared to
the football sphere (icosahedral symmetry) of Cgp, more optical transitions
are allowed and thus the visible light absorption is considerably increased
for [70]PCBM. This led to an improved external quantum efficiency (EQE) of
MDMO-PPV based solar cells reaching up to 66% (Fig. 30). As a result the
power conversion efficiency was boosted to 3% under AM 1.5 solar simula-
tion at 1000 W/m? [170].

Thermally activated PCBM diffusion and formation of crystalline aggre-
gates within blends with PPV derivatives were observed even at moder-
ate temperatures [55,68,137]. In contrast, polythiophene based polymer-
fullerene solar cells had an overall performance improvement upon thermal
annealing steps [171,172]. This improvement has been mainly correlated
with an improved order in the film. This is especially true in the case of
polythiophene, which is known to convert to a more ordered phase upon
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Fig.30 Photovoltaic properties of an MDMO-PPV based polymer-fullerene solar cell with
an active area of 0.1 cm”. a External quantum efficiency (EQE) of [70]PCBM:MDMO-
PPV cells, spin-coated from chlorobenzene (triangles) and ODCB (squares), and
of [60]PCBM:MDMO-PPV devices spin-coated from chlorobenzene (open circles);
b current-voltage characteristics of [70]JPCBM:MDMO-PPV devices, spin-coated from
ODCB in the dark (open circles) and under illumination (AM 1.5, 1000 W/m?; squares).
The inset shows the I-V characteristics in a semilogarithmic plot. (Reproduced with
permission from [170], © 2003, Wiley-VCH)

thermal annealing [174] or chloroform vapor treatment [175]. The ordered
phase of P3HT is known to lead to high charge carrier mobilities of up to

0.1 cm?/V s [11].
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Padinger et al. reported on postproduction treatments of PAHT:PCBM bulk
heterojunction solar cells [172]. After a combined heat and dc voltage treat-
ment, the power conversion efficiency could be boosted to 3.5%. Applying
only the thermal annealing step itself raised the efficiency from 0.4 to 2.5%.
However, the diode characteristics were further improved by application of
the relatively strong forward dc current at 2.7 V. The authors explained the
improved diode characteristics upon dc current application by the burnout of
parasitic shunt currents. In Fig. 31 the effect of postproduction treatments on
the I-V characteristics is presented. The absorption increase due to the an-
nealing in similar devices was estimated to be around 40% and thus could not
fully account for the improved device performance [163].
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Fig.31 I-V measurements of P3HT:PCBM solar cells under 80 mW/cm? AM 1.5 solar
spectrum simulation (light). The photocurrent and the diode characteristics improved
from untreated (U, squares) over thermal annealing (T, open circles) to thermal annealing
in combination with the application of external voltage (T + I, open triangles). (Repro-
duced with permission from [172], © 2003, Wiley-VCH)

Chirvase et al. showed the effect of annealing on optical absorption to be
rather correlated with a molecular diffusion of PCBM out of the polythio-
phene matrix [175]. Furthermore, the growth of PCBM clusters led to the for-
mation of percolation paths and thus to improved photocurrents. Improved
ordering of P3HT domains via interchain interaction [176] and a reduction of
interface defects [177] has been previously connected to thermal annealing.
Chirvase et al. showed that thermal annealing of pristine PCBM or P3HT films
yielded only slight changes in the absorption, whereas annealing of blends
resulted in a large increase of P3HT absorption (see Fig. 32) [175].

The growth of large micron-sized PCBM crystal domains depended on the
initial concentration of PCBM in the blend as well as on the duration of the
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Fig.32 Absorption spectra of a P3HT:PCBM composite film as cast (solid curve) and
after four successive thermal annealing steps, as indicated in the legend. The PCBM con-
centration is 67%. (Reprinted with permission from [175], © 2004, Institute of Physics
Publishing)

annealing process. Figure 33 shows the surface topography of P3HT:PCBM
films without and with an aluminum electrode for two different PCBM con-
centrations (50 and 75%). Clearly a dendrite structure is observed with in-
creasing size for increasing PCBM content.

Kim et al. suggested that vertical phase segregation between P3HT and
PCBM results from the thermal annealing [178], where P3HT is segregated
adjacent to the PEDOT:PSS electrode. Thus the holes could be transported
more efficiently to the PEDOT:PSS electrode and electrons directly to the top
aluminum contact, yielding better diode rectification [178]. In addition, the
authors investigated the influence of the annealing temperature on the device
parameters and found the best results for annealing at 140 °C.

Yang et al. reported TEM and corresponding electron diffraction results
of P3HT:PCBM blends [179]. An increase in crystallinity for both P3HT and
PCBM phases as well as a fibrillar P3HT morphology with extended length
are developed due to annealing [179]. The authors concluded that the expand-
ing of the crystalline domains results in improved charge transport and device
performance. Figure 34 shows the TEM images together with the electron
diffraction images for the untreated and the annealed P3HT:PCBM blend.

Here the P3HT backbone is oriented vertically to the P3HT fibrils, with the
n-m stacking direction parallel to the fibril axis of the P3HT crystals [180].
Hence, there are better charge carrier mobilities resulting along the m-x
stacking direction (long axis of fibrils).

Erb et al. investigated the crystalline structure of PAHT:PCBM bulk hetero-
junctions by grazing incidence X-ray diffraction (GID-XRD) [181], showing
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absorber

electrode

Fig.33 Tapping mode AFM images of P3HT:PCBM films without (a, b) and with alu-
minum top electrode (¢, d) at different PCBM concentrations. Large crystalline PCBM
dendrites are observed for the larger fullerene concentration. (Reprinted with permission
from [175], © 2004, Institute of Physics Publishing)

Fig.34 TEM images in combination with electron diffraction of a untreated and b therm-
ally annealed P3HT:PCBM blend films. (Reprinted with permission from [179], © 2005,
American Chemical Society)

that upon annealing P3HT crystallites with a dimension of about 10 nm are
grown. The polymer backbone orientation within these crystallites was found
to be parallel to the substrate, with the side chains oriented perpendicular
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to the substrate (g-axis orientation of P3HT crystallites). The XRD signals
before and after thermal annealing of P3BHT:PCBM composites are shown in
Fig. 35.

annealed
not annealed

expected
b- and c-axis

peaks ¢

Intensity (counts/s)

Fig.35 Diffraction diagram (grazing incidence) of untreated and annealed P3HT:PCBM
blend films deposited on glass/ITO/PEDOT:PSS substrates (left). The corresponding a-
axis orientation of the crystals is shown on the right. (Reproduced with permission
from [181], © 2005, Wiley-VCH)

The authors also correlated the increase in device efficiency with an in-
creased crystallinity in the P3HT phase, but in contrast to Kim et al. they
did not detect any PCBM crystals in the blend film [181]. Interestingly, the
observed increase in optical absorption in the range of 1.9 to 3.0 eV upon an-
nealing is directly correlated to the crystallization-induced ordering of P3HT
in these blends (see with Fig. 36) [182].

It has been shown earlier by electron diffraction that PCBM is capable of
self-organizing into crystalline order in pristine PCBM films [184]. In a more
comprehensive study on MDMO-PPV:PCBM blends with varying composition,
Yang et al. detected diffraction fringes in all films. The authors concluded that
PCBM evolves in nanosized crystallites in the blend. Furthermore, upon an-
nealing, the PCBM will organize into larger crystals—thereby destroying the
original blend morphology. A conclusion of morphological instability at el-
evated temperatures was drawn [68]. In contrast to these observations, Yang
et al. found a remarkable morphological stability over 1000 h at elevated tem-
peratures of 70 °C for accelerated aging under illumination for the PAHT:PCBM
blends [179]. Hence, they suggested that the ability of P3HT to crystallize has
a stabilizing effect on the blend morphology. Schuller et al. reported similar re-
sults for an even higher temperature of 85 °C under simultaneous illumination
with half a sun intensity at short circuit conditions [185]. Drees et al. demon-
strated that by introducing an epoxy group into PCBM, the fullerenes could be
linked together and polymerized by application of a catalyst in combination
with annealing [186]. Thus, in comparison with conventional P3HT:PCBM 1 : 2
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Fig.36 XRD crystallinity (a) and absorption coefficient (b) of P3AHT:PCBM blends spin
cast from either chlorobenzene (left) or chloroform (right) at various annealing tem-
peratures. Interestingly, the increase in crystallinity is accompanied by a quantitatively
correlated increase in optical absorption in the 2.0-2.5 eV region. (Reprinted from [183],
© 2006, with permission from Elsevier)

blends a morphological stabilization could be achieved. Figure 37 shows some
tapping mode AFM images obtained on P3HT:PCBM and P3HT:PCBG blend
films, both untreated and after thermal stress (annealing). Clearly the phase
separation inside the PCBG containing blend is stopped before larger fullerene
crystallites (Fig. 37¢c) can be developed.

Also Sivully et al. stabilized the P3HT:PCBM thin film nanomorphology, but
in this case via application of amphiphilic diblock copolymers [187]. Reducing
the PCBM concentration in blends with P3HT further down to less than 45%,
Ma et al. confirmed that even at temperatures as high as 150 °C the film morph-
ology was not considerably changed after 2 h and the overgrowth of fullerene
aggregates was suppressed [18]. Thus, several encouraging results have been
obtained so far toward long-term stable polymer-fullerene solar cells.

Recently there have been several reports published on 4-5% record ef-
ficiencies obtained on the P3HT:PCBM bulk heterojunction solar cell [18-
21,165, 188-190]. Ma et al. showed that annealing temperatures of 150 °C are
required to obtain the highest efficiencies [18]. The authors assigned part
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Fig.37 AFM images of P3HT-PCBM (a—c) and P3HT-PCBG (d-f) blend films spin cast
on glass. The images show unheated films (a and d), films annealed for 4 min at 140°C
(b and e), and films annealed for 1 h at 140 °C (c and f) [186]. (Reproduced by permission
of The Royal Society of Chemistry)

of the performance improvement to the improved transfer of charges from
the blend to the aluminum electrode. Huang et al. showed by time-of-flight
(TOF) mobility measurements that the optimal composition between P3HT
and PCBM has to be around 1 : 1 to obtain a balanced charge transport in the
photovoltaic device (Fig. 38) [189].

Li et al. optimized the annealing temperature and the film thickness of
P3HT:PCBM solar cells. Here only a 63-nm active layer thickness and tem-
peratures of 110 °C resulted in optimal performances of around 4% [191].
For a larger film thickness, the photocurrent was reduced again [191]. By
optical modeling based on the calculation of coherent light propagation,
the thickness dependence of the solar cells can be understood by interfer-
ence effects and allows for direct optimization of the active layer thickness
(Fig. 39) [165, 192]. Note that there are regions, where an increase of the active
layer thickness decreases the achievable photocurrent and vice versa [165].

Li et al. also showed that the use of ODCB as spin casting solvent in com-
bination with slow drying of the active layer blend leads to high efficiencies
for relatively thick film devices [21]. The authors accounted for the improved
performance a self-ordering process of the polymer within the blend, re-
sulting in balanced charge transport and a high fill factor [21]. Reyes-Reyes
et al. reported high-efficiency solar cells based on P3HT:PCBM with a ratio
of 1:0.8; here a rather short annealing step at 155 °C for 5 min was found
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(Reprinted with permission from [189], © 2005, American Institute of Physics)
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Fig.39 Maximum theoretical short circuit currents from optical modeling (diamonds)
and some from experiment (stars) are shown together for comparison. Indeed the exper-
imentally determined photocurrents closely follow the theoretical prediction in the range
investigated. The inset shows a corresponding I-V curve for the best device. (Reproduced

with permission from [165], © 2007, Wiley-VCH)
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to lead to the highest performances [19]. The authors attributed part of
the success to a changed morphology as shown by AFM measurements. In
a correlated study, the authors improved the annealing conditions for thicker
active layers, thereby reducing the fullerene content even further down to
about 38% [20]. Using high-resolution TEM, they detected small PCBM crys-
tallites having sizes between 10 and 20 nm. The authors concluded that the
individual crystallization of both materials requires a fine adjustment of the
thermal treatment for optimal results [20].

Further, Kim et al. have demonstrated that the regioregularity of P3HT
has a major influence on the order of the polymer phase and thus charge
transport (Fig. 40) [190]. Only slightly lower regioregularity clearly reduced
the crystallinity and charge carrier mobility in the polymer-fullerene blends.
These effects have been observed for variations in the regioregularity as small
as 4.5%, ranging from about 90 up to 95% [190].

EQE (%)

. ; . 1.
(a) Vollage (V} (b) Wavelenglh (nm)

Fig.40 Influence of regioregularity of P3HT in blends with PCBM on I-V characteristics
and EQE. Full lines represent devices before annealing, broken lines after thermal anneal-
ing at 140 °C for 2 h. It is evident that larger regioregularity (black, 95.2%; red, 93%; and
blue 90.7%) leads to larger photovoltaic performances. (Reprinted by permission from
Macmillan Publishers Ltd: Nature Materials [190], © 2006)

Finally, the polymer molecular weight and/or polydispersity influence on
the power conversion efficiencies: Schilinsky et al. found that higher weight
fractions collected from the same P3HT batch show better performances than
the lower weight fractions [193]. This observation is in agreement with meas-
urements on field-effect transistors that showed higher mobilities for larger
molecular weights of P3HT. Figure 41 summarizes the photovoltaic parame-
ters obtained for PBHT:PCBM devices using the different weight fractions.

With the prospect of long-term stability [185, 188] and the ability to print
polymer solar cells [188] with power conversion efficiencies of 4-5%, EQEs of
over 75%, internal quantum efficiencies approaching unity [194], and fill fac-
tors of almost 70% [18, 21], the P3BHT:PCBM system is at the moment highly
optimized. The main limitations in reaching larger power conversion efficien-
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Fig.41 Short circuit current (A), power conversion efficiency (B), fill factor (C), and open
circuit voltage (D) of a number of P3HT:PCBM devices using different weight fractions
(x-axis) as compared to the unfractionated sample. Clearly the larger weight fractions
yield better values for all parameters investigated. (Reprinted with permission from [193],
© 2005, American Chemical Society)

cies are found in the narrow absorption spectrum leading to an unsatisfactory
overlap with the solar emission spectrum and the large potential losses due
to the low LUMO level of the fullerene PCBM with regard to the P3HT LUMO
level, resulting in rather large losses in short circuit current and open circuit
voltage, respectively.

Polyfluorene derivatives have already been shown to exhibit much larger
open circuit voltages (Voc > 1V) with PCBM than polythiophenes [195-
197]. Comparable power conversion efficiencies of more than 4% have also
been reported recently for high molecular weight fractions of PF10TBT (poly-
[9,9-didecanefluorene-alt-(bis-thienylene)benzothiadiazole]), a polyfluorene
based copolymer, thus demonstrating the potential for efficient high open
circuit voltage polymer-fullerene solar cells [166].

However, in order to make progress toward 10% power conversion effi-
ciency [102] further efforts need to be applied. One very promising concept
is synthesizing “low band gap” conjugated polymers for solar energy con-
version [198, 199]. Thereby a factor of 2 is expected on the photocurrent, if



40 H. Hoppe - N.S. Sariciftci

charge transport properties remain the same. Energetically it appears mostly
favorable to lower the LUMO level of the polymer and thus reduce the band
gap to allow for photon harvesting in the long wavelength range, while main-
taining the open circuit voltage due a similar deep HOMO level. This image
corresponds to the “ideal donor polymer” electronic properties [200].

One of the first employed low band gap materials in polymer-fullerene so-
lar cells was PTPTB [201-203], extending the absorption spectrum to about
750 nm and yielding 1% power conversion efficiency [203]. Colladet et al. ex-
tended the absorption spectrum down to 800 nm based on thienylene-PPV
derivatives [204]. Using a polyfluorene based copolymer, Zhou et al. achieved
power conversion efficiencies of about 2.2%, with a spectral absorption range
comparable to that of P3HT [205]. Campos et al. achieved sensitization of
solar energy conversion down to 900 nm [206]. So far the largest range of
absorption up to 1000 nm deep in the infrared region was demonstrated
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Fig.42 Chemical structure (a) and absorption spectrum (b) of APFO-Greenl, PCBM,
and BTPE. The EQE (c) and I-V characteristics (d) under 100 mW/cm? solar spectrum
simulation of APFO-Greenl:PCBM 1: 4 (filled circles) and APFO-Greenl:BTPF 1: 4 (open
circles) photovoltaic devices are also shown. (Reprinted with permission from [207],
© 2004, American Institute of Physics)
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by Wang et al. and Perzon et al, using a fluorene based copolymer called
APFO-Greenl [207-211]. Figure 42 displays the chemical structure and the
absorption spectra of the polymer APFO-Greenl and of the fullerenes ap-
plied. The measured EQEs of the corresponding solar cells and their I-V
characteristics are shown as well.

In combination with a Cy fullerene derivative—PTPF70—the system
yielded improved power conversion efficiencies of 0.7% due the increased
absorption of the Cyq derivative [208, 210]. Using similar polyfluorene deriva-
tives, power conversion efficiencies of about 0.9% (APFO-Green2) [212] and
2.2% (APFO-Green5) [213] were achieved. Other low band gap polymers,
with absorption spectra extending up to 1100 nm, yielded efficiencies of
around 1% [214-217].

Recently, the Konarka group achieved power conversion efficiencies of
5.2% for a low band gap polymer—fullerene bulk heterojunction solar cell, as
confirmed by NREL (National Renewable Energy Laboratory, USA).! This en-
courages the practical use of this concept for low cost, large area production
of photovoltaic devices.

Polymer-fullerene solar cells represent the most widely studied concept of
polymer-molecule blend solar cells to date. Examples for the application of
other acceptor dye molecules can be found here [218-220].

3
Polymer—Polymer Solar Cells

Polymer-polymer solar cells employ two different polymers as donor and
acceptor components in the photoactive layer. These two polymers require
a molecular energy level offset between their HOMO and LUMO levels to en-
able a photoinduced charge transfer. Due to the close vicinity of the respective
molecular energy levels, polymer-polymer solar cells allow high open circuit
voltages to be reached.

The first realizations of polymer-polymer bulk heterojunction solar cells
were independently reported in the mid-1990s by Yu and Heeger as well as
by Halls et al. [28,30]. These solar cells were prepared from blends of two
poly(para-phenylenevinylene) (PPV) derivatives: the well-known MEH-PPV
(poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene]) was used as
donor component, while cyano-PPV (CN-PPV) served as acceptor compon-
ent (identical to MEH-PPV with an additional cyano (- CN) substitution at
the vinylene group). The blends showed increased photocurrent and power
conversion efficiency (20-100 times) when compared to the respective single
component solar cells.

! Waldauf C (2007) Device ID: RMS8-2; Isc = 9.346mA/cm?, Voc = 0.8743V, FF = 63.81%,
efficiency = 5.21%; NREL certified, personal communication.
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The photosensitivity further increased upon application of a reverse bias
(see Fig. 43, right), suggesting an application as photodetector as well. A sub-
linear relationship (Isc ~ Iﬁ;ﬁt) between the short circuit current Isc and the
incident light intensity Ijjgh; has been measured, indicating some bimolecu-
lar charge carrier recombination [28]. While charge transfer was the basis
for the efficient operation of the MEH-PPV:CN-PPV blend solar cells, Halls
et al. could show that similar blends of CN-PPV with bare PPV or DMOS-PPV
(containing a silicon atom between the phenyl group and the alkyl side chain)
resulted in energy transfer rather than charge transfer, thus enabling effi-
cient OLED operation of these blends [221]. The authors related this behavior
to the fact that the lowest excited state for the DMOS-PPV:CN-PPV system
was an intramolecular CN-PPV transition, while for MEH-PPV:CN-PPV the
smallest excited state was found to be intermolecular [221].
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Fig.43 Chemical structure of MEH-PPV and CN-PPV (left) as well as the monochromatic
(430 nm) light intensity dependence of the I-V characteristics of MEH-PPV:CN-PPV
blend polymer solar cells (right). (Reprinted with permission from [28], © 1995, Amer-
ican Institute of Physics)

Similar bulk heterojunctions with CN-PPV as acceptor polymer were re-
alized with poly(3-hexylthiophene) (P3HT or denoted as PAT6 here) and
PDPATPSi as donors, leading to a comparable behavior [31].

Granstrom et al. presented polymer-polymer solar cells using a regioreg-
ular phenyloctyl-substituted polythiophene derivative (denoted as POPT)
as donor with (MEH-)CN-PPV as acceptor [32]. Here two different layers
consisting of donor-rich (POPT:MEH-CN-PPV 19:1) and acceptor-rich
(POPT:MEH-CN-PPV 1:19) blends were mechanically laminated to each
other at an elevated temperature. As a result, a graded donor-acceptor het-
erojunction (diffuse bilayers) was fabricated, enabling both efficient exciton
dissociation and selective charge transport to the respective electrodes [32].
The authors reported high EQEs and power conversion efficiencies, which
were in part due to the absence of bimolecular recombination for this device
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Fig.44 Light intensity dependence of short circuit photocurrent (filled circles) and open
circuit voltage of laminated POPT:(MEH-)CN-PPV diffuse bilayer polymer solar cells. The
scaling factor of the current calculates as 1.02. (Reprinted with permission from [32],
© 1998, Macmillan Publishers Ltd)

architecture, as inferred from the linear power dependency between Isc and
Light (Isc ~ Iﬁ;ﬁt) (compare with Fig. 44).

The application of polymer precursors, resulting in insoluble PPV and BBL
(poly(benzimidazo-benzophenanthroline)) ladder polymers enabled the fab-
rication of very efficient bilayer polymer solar cells, reaching 49% [33] and
even 62% EQE (see Fig. 45) [222].

In these cases bimolecular recombination limited device efficiencies at
higher light intensities; nonetheless, up to 1.1% power conversion efficiency
was reached under full AM 1.5 solar irradiation [222]. Interestingly, the
authors observed an open circuit voltage exceeding the work function dif-
ference of the respective electrodes by more than a factor of 2 for various
acceptor polymers. The origin of this will be discussed on the basis of polyflu-
orene based polymer—polymer solar cells later in this section.

With molecular structures similar to the MEH-PPV:CN-PPV system, the
intensively studied M3EH-PPV:CN-ether-PPV system—either as a blend or
as a bilayer—resulted more recently in higher efficiencies under full AM 1.5
illumination (100 mW/cm?) (Fig. 46) [35,223-225]. The first blend devices
incorporated either a flat sintered titanium dioxide (TiO;) or a PEDOT:PSS
interlayer at the ITO interface. Blend devices with PEDOT:PSS and Ca elec-
trodes led to power conversion efficiencies of 1% and EQEs of up to 23%.
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Fig.45 Chemical structures (a), energy levels (b), and device structure (c¢) of PPV/BBL bi-
layers. High EQE (or IPCE) is shown together with the absorption spectrum of PPV/BBL
bilayer solar cells. (Left: Reprinted with permission from [28], © 2000, American Insti-
tute of Physics; Right: Reprinted with permission from [193], © 2004, American Chemical
Society)
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Fig.46 Characteristics of solar cells based on M3EH-PPV:CN-ether-PPV blends (1:1
ratio by mass) for different thicknesses of the active layer after annealing at 110 °C.
a Comparison of the IPCE and the absorption spectra of CN-ether-PPV (squares) and
M3EH-PPV (triangles) of the blend layer (black line). b I-V characteristics under white
light illumination at intensity of 100 mW/cm?. (Reprinted with permission from [35],
© 2005, American Chemical Society)

Breeze et al. found that the short circuit current increased as the blend layer
thickness decreased, indicating the devices to be limited by charge transport
losses [223]. Further improvements were achieved by Kietzke et al. using ther-
mal annealing of blend layers reaching EQEs of 31% and power conversion
efficiencies of 1.7%, which to date is one of the best efficiencies observed for
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polymer—polymer solar cells [226]. The authors attributed the improvement
to a better ordering of the M3EH-PPV phase within the blend film.

These devices exhibited a linear scaling of the short circuit current with
light intensity, indicating charge carrier recombination to be monomolecular.
The absence of bimolecular recombination was in part related to the forma-
tion of a vertical phase segregation directed by the much lower solubility of
M3EH-PPV as compared to CN-ether-PPV, leading to selective charge trans-
port toward the electrodes. To explain the relatively low EQE—keeping a 95%
efficient exciton quenching in mind—the authors proposed that after the ex-
citon dissociation, no free charge carriers but bound polaron pairs (geminate
pairs) are formed at the heterojunction. In a second step these may either
dissociate or recombine to a lower lying exciplex state, leading to longer wave-
length luminescent recombination [35]. Chasteen et al. verified the existence
of an exciplex state by steady-state (see Fig. 47) and time-resolved photolumi-
nescence measurements [224].
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Fig.47 Relative photoluminescence and absorption for M3EH-PPV, CN-ether-PPV, and
blended films on quartz substrates. The higher-energy states in the neat films are highly
quenched in the heterostructures, leaving exciplex emission at 1.8 eV. Relative photolumi-
nescence data were excited at 2.82 eV (600 nm) and were corrected for optical density of
the film. (Reprinted with permission from [224], © 2006, American Institute of Physics)

Kietzke et al. have shown for bilayer solar cells based on M3EH-PPV and
several acceptor polymers with varying electron affinities and the fullerene
derivative PCBM that the open circuit voltage is linearly related to the re-
spective LUMO levels [225]. While CN-PPV-PPE acceptors resulted in an
increased open circuit voltage of about 1.5V, the fill factor and photocurrent
were smaller than those for CN-ether-PPV [225].

Exciplex formation and subsequent transfer to a lower lying triplet state of
MDMO-PPV in blends with PCNEPV (poly[oxa-1,4-phenylene-(1-cyano-1,2-
vinylene)-(2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene)-1,1-(2-cyano-
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vinylene)-1,4-phenylene]) were identified as efficiency-limiting processes for
photovoltaic devices [227-230]. Veenstra et al. demonstrated power conver-
sion efficiencies of 0.75% by thermal treatment of the MDMO-PPV:PCNEPV
active layer, by which the nanomorphology was altered [227]. For a set of
PCNEPVs with three different molecular weights, the annealing tempera-
ture, under which the photocurrent was improved, showed strong correlation
to the respective glass transition temperature of each weight fraction [227].
Quist et al. showed that annealing led to the formation of PCNEPV-rich
domains, enabling the photoinduced electrons to diffuse away from the het-
erojunction interface and thus to escape from geminate recombination [228].
The authors further pointed out that low charge carrier mobility in combi-
nation with restricted charge collection at the electrodes were the limiting
factors for solar cell performance.

Offermans et al. used several spectroscopic methods to study the forma-
tion and luminescence decay of exciplexes as a function of photoexcitation (of
either polymer), and subsequent charge transfer at the heterojunction [229].
Exciplex formation was followed by a relaxation to the lower lying triplet state
T of the MDMO-PPV. The energetic scheme is depicted in Fig. 48.

While internal electric fields may offer a route to charge separation out
of the exciplex, the free charge carriers may then recombine more easily to
the triplet state due to the loss of spin correlation. This process resulted in
electric field enhanced triplet formation and was identified as the major loss
mechanism for the photovoltaic performance of MDMO-PPV:PCNEPV bulk
heterojunctions [229, 230]. Using a set of several electron-accepting polymers,
among them PCNEPV, Veldman et al. demonstrated that the open circuit volt-
age is again linearly related to the LUMO level of the acceptor. Since the
charge separated state is lower than the singlet excited state and higher than
the triplet state, this opens up the route to triplet-mediated recombination at
the interface with MDMO-PPV [230].

Whereas few material systems studied yielding up to 1.5% power con-
version efficiency are unique [231-234], blends and bilayers of polyflu-
orene based copolymers were most often investigated. PFB (poly[9,9'-
dioctylfluorene-co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylene-
diamine]) is commonly used as the donor and F8BT (poly(9,9’-dioctylfluor-
ene-co-benzothiadiazole)) as the electron acceptor. While F8BT—due to
its highly luminescent character—is used in OLEDs as well, PFB is re-
placed by a similar donor named TFB (poly[9,9'-dioctylfluorene-co-N-(4-
butylphenyl)diphenylamine]) for improved luminescence efficiency—a fact
that we will shed light on later in this section.

In a first study on F8BT:PFB blends, Halls et al. studied morphological ef-
fects that arise from a complicated interplay between solidification by solvent
evaporation, phase separation, and (de)wetting [235]. The authors showed
that lateral phase separation can simultaneously exist on both the microme-
ter and nanometer scales, depending on the rate of solvent evaporation. They
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from [229], © 2005, American Physical Society)

further demonstrated that the rate of solvent evaporation during spin coating
can be adjusted by heating the substrate, and thereby the scale of phase sep-
aration can be controlled to some extent. As a result, the EQE could be raised
by a factor of 2 from coarse grained morphologies to finer ones [235].

Arias et al. extended this study to the use of different solvents and film
formation times by application of drop casting [236]. By using chloroform
instead of xylene, the scale of phase separation between F8BT and PFB was
restricted to the nanometer scale due to the high vapor pressure and cor-
responding rapid solvent evaporation of chloroform. However, a larger scale
phase separation on the order of micrometers could also be obtained when
the films from chloroform solution were drop cast and slowly dried in a sat-
urated chloroform atmosphere. In general, films prepared from chloroform
resulted in higher EQEs than those from xylene, with a variation correspond-
ing to the solvent evaporation time. However, changes in the photocurrent
and photoluminescence quenching efficiency were relatively small when com-
pared to the large change in the lateral phase separation by about two orders
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of magnitude. Multiple scale phase separation was responsible for this: the
larger, micron-sized phase domains were themselves not purely one mate-
rial but exhibited some internal nanometer-sized phase separation as well
(see Fig. 49). The multiple scale phase separation arose from several stages
in film formation and phase separation, including heterogeneous nucleation,
spinoidal decomposition, hydrodynamic regimes, coalescence, and some pos-
sible dewetting or liquid film instability effects. Finally, by combination of
fluorescence microscopy, fluorescence SNOM, and tapping mode AFM the
authors proved the luminescent F8BT to be the phase elevated at the surface
of the film evolving in the large-scale phase separated blend films [236].
Snaith et al. investigated FS8BT:PFB blends with respect to the blending
ratio [237]. They found that the photoluminescence quenching efficiency
was rather insensitive to the blending ratio, whereas the highest EQEs were

(a)

100 nm

Fig.49 AFM images of PFB:F8BT film spin-coated from xylene solution clearly demon-
strating phase separation to exist on two scales. Left: height images; right: phase response
images. a 10 um x 10 um and b 500 nm x 500 nm, which was taken in the vicinity of
the sample marked by the white square in (a). (Reprinted with permission from [236],
© 2004, American Chemical Society)
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obtained for F8BT-enriched blends (PFB:F8BT 1:5). They attributed this
discrepancy between the photoluminescence quenching and EQE to charge
transport limitation rather than to charge generation. The authors also de-
veloped a simple model describing the interfacial area between F8BT- and
PFB-rich domains and found a linear trend with respect to the EQE [237].

A further refinement of the scale of phase separation was recently demon-
strated by Xia and Friend using inkjet printing (IJP) and thereby doubling the
EQE [238]. As demonstrated by fluorescence and atomic force microscopies,
this originates from a more rapid drying process of inkjet printed films as
compared to spin cast ones (see Fig. 50). The small volume and hence the
large surface to volume ratio of each IJP droplet led to this fast evaporation
and drying.

Fig.50 Fluorescent microscopic pictures of TFB:F8BT blend films produced by spin-
coating (a), inkjet printing at room temperature (RT) (b), and inkjet printing at 40 °C (c).
The insets show the corresponding AFM pictures (10 pm x 10 pm). Blend films were
deposited onto ITO-coated substrates. A reduction in scale of phase separation from
a through c is demonstrated. (Reprinted with permission from [238], © 2005, American
Chemical Society)

Kietzke et al. suggested another approach to control the scale of phase sep-
aration by preparation of dispersions of solid polymer nanoparticles [239,
240]. To achieve the polymer nanoparticles, either a pristine polymer or
a polymer blend solution are placed into a water/surfactant mixture. Upon
ultrasonication and stirring, a miniemulsion is formed that directly leads to
solid polymer particles in aqueous solution by subsequent evaporation of the
solvent. The route of preparation is schematically shown in Fig. 51. Indeed,
the EQE spectrum of spin cast solar cells was independent of the solvent used
in the miniemulsion process for blended nanoparticles [239]. Both concepts,
dispersions of blends of pristine polymer particles (single PFB and single
F8BT particles, separately made) as well as dispersions of blended polymer
particles (PFB:F8BT blend particles), yielded comparable efficiencies to solu-
tion processed blends, with the latter yielding a threefold larger EQE [240].

In another study Arias et al. showed that a vertical phase segregation could
be induced in thin films spin cast from F8BT:PFB blends by interfacial modi-
fication of the PEDOT:PSS layer with SAMs [241]. To introduce the SAM, the
PEDOT:PSS layer was first modified by oxygen plasma treatment leading to
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Fig.51 Preparation of the pristine polymer and polymer-polymer blend nanoparticles is
presented. Step 1: a by ultrasonication a polymer solution and water/surfactant solution
are blended to a miniemulsion and transformed by solvent evaporation to an aqueous
polymer-in-water nanoparticle dispersion. Step 2: b Films are spin cast from the disper-
sion. (Reprinted with permission from [239], © 2003, Macmillan Publishers Ltd)

a high density of hydroxyl groups at the surface. These then acted as covalent
bonding sites for 7-octenyltrichlorosilane (7-OTS), which was placed on top
of the freshly treated PEDOT:PSS by an ink-stamping method (microcontact
printing). With xylene as spin casting solvent, the F8BT phase did not cover
the whole film surface; however, by the application of isodurene a complete
coverage by an approximately 15-nm-thick F8BT layer was achieved (compare
with AFM results in Fig. 52) [241].

This vertical phase segregation led to largely improved device character-
istics (EQEs of 10-20%), which were accounted for by an optimized charge
transport due to the F8BT being solely in contact with the electron-extracting
aluminum electrode [241].

Pacios and Bradley observed bimolecular recombination for PFB:F8BT
blend solar cells spin cast from chloroform, thus explaining in part the com-
paratively low EQEs generally observed for these devices [242].

A comprehensive discussion on the nanomorphology of polymer blends
based on TFB:F8BT and PFB:F8BT, as used for polymer light-emitting diodes
and polymer solar cells, respectively, is presented in [66, 67]. Kim et al. con-
sidered the ternary phase diagram, comprised of the two polymers and the
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Fig.52 Topographical AFM images of PFB:F8BT deposited under different preparation
conditions onto a monolayer printed on a PEDOT electrode: a spin-coating from xylene
solution; b spin-coating under a xylene-rich atmosphere from xylene solution; and ¢ spin-
coating from isodurene solution (leading to homogeneous F8BT coverage). d Short-circuit
EQE action spectra of photovoltaic devices fabricated by spin-coating the blend solution
from xylene (filled circles), under a xylene-rich atmosphere (solid line), and from iso-
durene (open circles). (Reprinted with permission from [241], © 2002, American Institute
of Physics)

solvent, for understanding the evolving blend morphology during the spin-
coating process. A schematic for the three-dimensional phase composition of
the TFB:F8BT blend film during and after film formation is presented [67].
Essentially the same morphology has been found for PFB:F8BT blends, which
was validated with the help of scanning Kelvin probe microscopy [243].
Thereby it was further evidenced that a PFB capping layer reduced effectively
the performance of the device due to its blocking of photogenerated elec-
trons in the F8BT-rich phase from reaching the electrode. The same effect was
observed earlier in polymer-fullerene blends as well [60, 244]. Chiesa et al.
further elucidated that a simple bilayer structure is advantageous for effi-
cient electron conduction and thus device operation [243], in accordance with
Arias et al. [241]. In addition Chiesa et al. detected the surface potential on ei-
ther phase of the blend film to be logarithmically dependent on the impinging
light intensity [243].

A logarithmic relationship between light intensity and open circuit volt-
age had been shown for bilayer polymer solar cells by Ramsdale et al. [125].
This and the observation of an “overpotential” of the open circuit voltage with
respect to the work function difference of the two electrodes—as inferred
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from the MIM model [63,245]—was explained by a charge concentration
driven diffusion current in these bilayer devices (compare with Fig. 18) [125].
The observed overpotential of 1V was practically independent of cathode
work function variations through 0.8 éV. Thus, at open circuit voltage, as de-
fined by a net zero current through the device, the field driven drift current
(injection) and concentration driven diffusion current simply cancel each
other. In a refined numerical model the same behavior can be closely simu-
lated [129]. Furthermore, the authors showed that charge separation at the
polymer-polymer heterojunction leads to the formation of bound polaron
pairs, which may either recombine monomolecularly or be dissociated into
free charges [129].

Snaith et al. related differences in open circuit voltage between bilayer and
blend devices to parasitic shunt losses in the blends, when especially the PFB
phase paths connect both the electrodes (see Fig. 53) [246].
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Fig.53 Dependence of open circuit voltage Voc on the architecture of PFB:F8BT solar
cells. When the PFB phase can form percolation paths between both electrodes, the V¢
is reduced considerably. (Reproduced with permission from [246], © 2004, Wiley-VCH)

Morteani et al. demonstrated that after photoexcitation and subsequent
dissociation of an exciton at the polymer-polymer heterojunction, an inter-
mediate bound geminate polaron pair is formed across the interface [56, 57].
These geminate pairs may either dissociate into free charge carriers or col-
lapse into an exciplex state, and either contribute to red-shifted photolumi-
nescence or may be endothermically back-transferred to form a bulk exciton
again [57]. In photovoltaic operation the first route is desired, whereas the
second route is an unwanted loss channel. Figure 54 displays the potential
energy curves for the different states.

The authors showed by applying the Onsager model to electric field-
dependent photoluminescence quenching data [49,247,248] that the gemi-
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Fig.54 Potential energy diagram describing the energetics and kinetics at type II polymer
heterojunctions. The energetic order of [A*D™), = co and |A % D), = co may be reversed
for PFB:F8BT vs TFB:F8BT. The inset shows the band offsets at a type II heterojunction.
(Reprinted with permission from [57], © 2004, American Physical Society)

nate pair formed at the PFB/F8BT interface is considerably larger than that
at the TFB/F8BT interface (3.1 versus 2.2 nm). Hence, TFB:F8BT blends lead
to efficient light-emitting devices whereas polaron pair dissociation is largely
increased for PFB:F8BT blends, as required for solar cells.

4
Organic-Inorganic Hybrid Polymer Solar Cells

Greenham et al. studied the first hybrid systems containing CdS or CdSe
nanoparticles embedded in MEH-PPV [249]. As an aggregation-preventing
ligand for the nanoparticles, the surfactant trioctylphosphine oxide (TOPO)
was used. This surfactant, however, rather hinders charge transport be-
tween the nanoparticles and charge transfer from the conjugated polymer
onto them. Further, an extension to the polymer absorption band could be
achieved due to the added absorption of the nanocrystals. To reach relatively
high photovoltaic performances, the system required a high load (> 80%) of
nanocrystals to be incorporated, similar to the MEH-PPV:PCBM system [29].
Applying pyridine as a replacement for the TOPO coating, the first photo-
voltaic devices were presented (see Fig. 55).
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Fig.55 Current-voltage curve for a MEH-PPV based device containing 90 wt % CdSe in
the dark (circles) and under monochromatic illumination at 514 nm (solid line). The ac-
tive area of the device was 7.3 mm?, and the illumination was from a laser spot which was
contained within the active area. The maximum power density of the illumination was ap-
proximately 5 W/m?. (Reprinted with permission from [249], © 1996, American Physical
Society)

A major step in the development of hybrid polymer solar cells was
achieved by blending CdSe nanoparticles with regioregular P3HT. In 2002,
Huynh et al. reported AM 1.5 power conversion efficiencies of 1.7% and EQEs
reaching 54% with that system [250]. In this study the aspect ratio of the CdSe
nanocrystals was varied roughly between 1 and 10, and the authors reported
the best photovoltaic efficiencies for nanorods having the most elongated
structure (7 by 60 nm) (see Fig. 56). The authors concluded that the elon-
gated nanorod-like nanocrystals provide a better charge transport through
band transport than shorter ones, where many hopping processes between
the nanoparticles limit charge transport.

In a related study, Huynh et al. demonstrated control of the P3HT:CdSe
nanorod blend morphology in thin films by applying a solvent mixture of
chloroform and pyridine [251]. A pyridine concentration of about 8% yielded
the finest intermixing of P3HT and CdSe nanorods, which was reflected by
smooth film topographies. A thermal annealing step was applied at reduced
pressure to remove excess pyridine from the blend, and consequently improve
the EQE. The highest EQE was achieved for elongated nanorods, yielding al-
most 60% after thermal treatment.

Pientka et al. studied photoinduced charge transfer from CdSe and
InP nanocrystals onto MDMO-PPV [252,253]. The authors confirmed the
use of pyridine to be favorable for efficient charge transfer as compared
to more extended octylphosphine-containing organic ligands around the
nanoparticles. These results were obtained by using photoluminescence
quenching, photoinduced charge transfer, and light-induced spin resonance
measurements.
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Fig.56 ECE (A) of 7-, 30-, and 60-nm-long CdSe nanorods having a diameter of 7 nm.
Current-voltage characteristics in the dark and 0.1mW/cm? (B) and at AM 1.5 so-
lar spectrum (C) of P3HT:CdSe hybrid solar cells. Photocurrent spectra of 60-nm-long
nanorods with a diameter of 3 and 7 nm are compared in (D). From [250]. (Reprinted with
permission from American Association for the Advancement of Science (AAAS), © 2002.
http://www.sciencemag.org)

CdSe nanocrystal based solar cells were substantially improved by Sun
et al.: a twofold increase in the EQE was achieved for MDMO-PPV based
blends by application of CdSe nanotetrapods instead of nanorods [254]. The
tetrapods, due to their shape, induced better directed electron transport nor-
mal to the film plane, yielding overall power conversion efficiencies of 1.8%.
The current-voltage characteristics of this device are displayed in Fig. 57.

A further performance increase was achieved by application of 1,2,4-
trichlorobenzene instead of chloroform as spin casting solvent: typical device
efficiencies of 2.1% are reported [255]. The authors related this improve-
ment to a vertical segregation of the CdSe tetrapods in the film. By using
the same solvent for CdSe nanorods in combination with regioregular P3HT,
photovoltaic devices consistently yielded power conversion efficiencies of
2.6% [36]. This has also been related to the formation of P3HT fibrils in the
film, resulting in improved hole transport properties expressed by larger pho-
tocurrents and fill factors in comparison to the cases where chloroform or
thiophene was used as solvent.
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Fig.57 a Current density vs voltage for a CdSe tetrapod/MDMO-PPV device in the
dark (- - -) and under 0.39mWcm™ illumination at 480 nm. Voc =0.53V, Isc =
—0.069 mA cm™2, FF =0.49, and 7 = 4.45%. b Current density vs voltage for the same
device as in plot (a) illuminated with simulated AM 1.5 global light at an intensity of
93 mW cm™2, Voc =0.65V, Isc = —7.30mAcm™2, FF=0.35, and 1 = 1.8%. (Reprinted
with permission from [254], © 2003, American Chemical Society)

Several interesting new concepts for the design of CdSe nanocrystal based
polymer solar cells have been introduced recently. Snaith et al. have infil-
trated CdSe nanocrystals into polymer brushes and demonstrated EQEs of up
to 50% [256]. In this case the poly(triphenylamine acrylate) (PTPAA) chains
were directly grown from the substrate by a surface-initiated polymerization
on tethered initiator sites (Fig. 58). The authors pronounced the wide ap-
plicability of this method for the design of nanocrystal-polymer functional
blends [256].

A very controlled manner of organizing nanoparticle/copolymer mixtures
was achieved by Lin et al. [257], by applying a nonconjugated block copoly-
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Fig.58 Schematic of inferred structure for CdSe nanocrystal infiltrated polymer brush
photovoltaic device. From bottom to top: ITO-coated glass slide modified by surface
attachment of a bromine end-capped trichlorosilane self-assembled monolayer (SAM)
(squares); polymer brushes grown from the SAM (lines); CdSe nanocrystals infiltrated
into the brush network exhibiting some degree of phase separation in the plane of
the film (small circles); and an aluminum cathode cap. (Reprinted with permission
from [256], © 2005, American Chemical Society)
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mer for a homogeneous distribution of CdSe nanoparticles in the blend film.
A future application of this method to donor-acceptor block copolymers ap-
pears to be interesting.

Firth et al. have synthesized CdSe nanocrystals by application of mi-
crowave heating under mild conditions [258]. They incorporated these
nanocrystals directly into blends with a copolymer based on fluorene and
carbazole building blocks. Spectral photocurrent and I-V characteristics
demonstrated photovoltaic operation and charge generation of both the poly-
mer and the CdSe nanoparticles.

A unique design was proposed by Landi et al., using CdSe quan-
tum dot-single-walled carbon nanotube complexes in blends with poly-
(3-octylthiophene) (P30T) [259]. One motivation for this construction was
the ability to extend the usable absorption spectrum.

Liang et al. introduced a covalently linked layer-by-layer assembly of a PPV
polymer with CdSe nanoparticles [260]. In this method the subsequent de-
position of polymer and nanoparticle layers is accompanied by a covalent
cross-linking at the interlayers. This resulted in a good control of total layer
thickness in the device and very stable films. A first photovoltaic application
was also demonstrated.

Kang et al. applied CdS nanorods in combination with MEH-PPV, demon-
strating substantial improvements of these blends against MEH-PPV single
layer solar cells [261]. The occurrence of photoinduced charge transfer in
this system is supported by steady-state and transient photoluminescence
quenching experiments. Power conversion efficiencies of 0.6% were achieved.
A theoretical study on nanostructured heterojunction polymer-nanocrystal
based photovoltaic devices by Kannan et al. also predicts that only small and
elongated nanocrystals lead to high EQEs and thus photocurrents [262].

Many other systems based on different nanoparticles have been intro-
duced, such as copper indium disulfide (CulnS;) [263-265], copper in-
dium diselenide (CulnSe;) [266, 267], cadmium telluride (CdTe) [268], lead
sulfide (PbS) [269,270], lead selenide (PdSe) [271], and mercury telluride
(HgTe) [272]. Some of these systems show enhanced spectral response well
into the infrared part of the solar spectrum [271,272]. In most cases the ab-
sorption of the nanocrystals was, however, quantitatively small as compared
to the conjugated polymers.

One extensively studied material system among the nanocrystal-polymer
blends is zinc oxide (ZnO) in combination with MDMO-PPV or P3HT [273-
282]. Beek et al. presented the first polymer solar cells containing ZnO
nanoparticles, reaching power conversion efficiencies of 1.6% [273]. In this
case the nanoparticles were prepared separately and then intermixed with
MDMO-PPV in solution. Shortly after this study the Janssen group presented
another route to ZnO-polymer hybrid solar cells by forming the nanocrystals
in situ inside the film by applying a precursor [274]. Here, diethylzinc served
as the precursor and was spin cast in blends with MDMO-PPV. Process-
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ing at 40% humidity and successive annealing at 110 °C yielded films with
ZnO nanoparticles approximately 6 nm in diameter intimately mixed with the
polymer. A relatively moderate volume concentration of about 15% yielded
the best device results, reaching 1.1% power conversion efficiency [274]. In
the case of separately prepared and intermixed ZnO nanoparticles, it was
shown that about 30% by volume of ZnO is required for optimization of
device parameters [275]. Application of ZnO nanorods in the same devices
yielded slight improvements in fill factor [275]. In combination with P3HT
the same ZnO nanoparticles, however, showed a lower performance than
that for MDMO-PPV [277]. This has been attributed to the coarseness of the
morphology in the blend films.

Another interesting concept is the application of ZnO nanofibers grown
from the substrate [280-282]. Best power conversion efficiencies of 0.5% were
limited in their photocurrent by a rather large spacing between the sepa-
rate ZnO nanofibers (Fig. 59) [280]. Furthermore, it was shown that the ZnO

200nm 100000X

Fig.59 a SEM image of a glass/ZnO nucleation layer/ZnO nanocarpet structure. The ZnO
nanofibers are grown from an aqueous solution of zinc nitrate, and the nucleation layer
is spin-coated from a zinc acetate solution. b SEM image of P3HT intercalated into the
nanocarpet structure. (Reprinted from [280], © 2006, with permission from Elsevier)
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nanofiber growth can be controlled by a seed layer, and the application of an
amphiphilic molecule as interface layer can help to reduce charge recombina-
tion [281, 282].

Closely related to liquid electrolyte dye-sensitized solar cells (DSSCs,
also known as “Gritzel cells”) [283,284], the class of solid-state DSSCs has
been developed to improve device stability and reduce complications in
the production process [285-288]. Thus, although polymers can be utilized
as replacements for sensitizing dyes (as in liquid electrolyte DSSCs) [289-
291], the main effort in applying conjugated polymers focuses on solid-state
DSSCs [45,292-298]. With environmentally friendly production of this poly-
mer based solid-state DSSC in mind, a device based on water-soluble poly-
thiophene derivative has been presented as well [299].

Rather sophisticated structures of the TiO, porous film were introduced
by Coakley et al. [69,70]. Based on a titanium(IV) tetraethoxide (TEOT)
titania precursor in combination with a pluronic poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) triblock copolymer (P123) as the
structure-directing agent, regular hexagonal structures (honeycomb) with
pore sizes around 10 nm were prepared (Fig. 60).

Fig.60 High-resolution SEM top view image of a mesoporous TiO, film following calci-
nation at 400 °C. The pore diameter in the plane of the film is ~10 nm. (Reprinted with
permission from [70], © 2003, American Institute of Physics)

After production of the mesoporous TiO; film, regioregular P3HT was in-
filtrated into these pores followed by an annealing step. Even for the highest
annealing temperatures of 200 °C the authors estimated a total polymer infil-
tration of only 33%, since in the small pores the polymer has to form rather
coiled structures as indicated by a blue-shift in the polymer absorption and
emission spectra. This coiling was proposed to be a reason for lower exciton
and charge transport efficiencies, leading to estimated power conversion ef-
ficiencies somewhat below 0.5% [70]. For larger pore diameters up to 80 nm
obtained in anodic alumina, Coakley et al. observed an increase of the P3HT
hole mobility due to alignment of the polymer chains along the pores [300].



60 H. Hoppe - N.S. Sariciftci

Bartholomew and Heeger reported recently on the infiltration of P3HT
in random nanocrystalline TiO, networks [301]. The TiO, networks were
produced by spin-coating TiO, nanocrystals modified by organics from dis-
persion. Due to a low resulting porosity of the TiO, film (Fig. 61), infiltration
of the polymer appeared to be difficult. Yet, the amount of infiltrated P3HT
could be effectively increased by using a lower molecular weight fraction of
the polymer, in combination with annealing and surface modification of the
TiO; nanocrystals by applying amphiphilic Ru-based dyes [301].

Fig.61 SEM image of a random nanocrystalline TiO, film created by spin-coating. a Top
view and b angled view of a cross section. The scale bars represent 500 nm. (Reproduced
with permission from [301], © 2005, Wiley-VCH)

Solid-state DSSCs have much lower efficiencies as compared to liquid elec-
trolyte Gritzel cells, most probably due to charge transport and recombina-
tion limitations. Ravirajan et al. reported that an additional PEDOT:PSS layer
under the hole-extracting gold electrode improved charge extraction, leading
to overall power conversion efficiencies of about 0.6% [302]. Further increase
in the power conversion efficiency (0.7%) was reached for similarly con-
structed devices, where the porous TiO; layer was optimized in its intercon-
necting network structure by applying structure-directing polystyrene-block-
polyethylene oxide diblock copolymer templates (P(S-b-EO); Fig. 62) [303].

A straightforward approach to forming a conjugated polymer/nano-
crystalline TiO, hybrid bulk heterojunction was reported by van Hal
et al. [304]. The TiO, precursor titanium(IV) isopropoxide (Ti(OC3H7)4) was
spin-coated in a THF solution directly together with the conjugated polymer
MDMO-PPV to form intermixed thin films. Subsequently the TiO;, precursor
was converted into nanocrystalline TiO, via hydrolysis in air. This resulted in
a hybrid bulk heterojunction with characteristic domain sizes of about 50 nm.
Slooff et al. showed that the relative humidity in air has a major influence on
the morphology formed within bare TiO; and blend films prepared by hydro-
lysis (Fig. 63) [305]. Furthermore, the authors identified the low crystallinity
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Fig.62 SEM images of P(S-b-EO) and titanium tetraisopropoxide (TTIP) films with TTIP
in different solvents annealed at 400 °C for 5 h: a isopropanol, b xylene, ¢ chloroform, and
d chlorobenzene. (Reprinted with permission from [303], © 2006, Institute of Physics
Publishing)

a

15

Fig.63 Low-voltage scanning electron microscopy of TiO, films spin-coated at different
relative humidities (RH). Images a—e have identical scale, while f shows a higher mag-
nification of the film spin-coated at 53% RH. (Reproduced with permission from [305],
© 2005, Wiley VCH)
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of the TiO; in the blends as a bottleneck for electron transport through the
device.

Another interesting approach to form P3HT/TiO, bulk heterojunctions
was proposed by Feng et al. [306]. They used ultrasonic-assisted polymeriza-
tion of 3-hexylthiophene directly into dispersed TiO, nanocrystals in chlo-
roform, followed by spin casting of thin films. The authors achieved more
homogeneous films by increasing the weight fraction of TiO, to an optimal
ratio of 50%. Absorption spectra indicate a rather ordered polymer structure
on top of the nanocrystals leading to improved charge generation.

5
Carbon Nanotubes in Polymer Solar Cells

Since their discovery in 1991, carbon nanotubes (CNTs) have been a constant
source of scientific inspiration [307]. Among the most intriguing properties
of CNTs is the electric field enhanced electron emission from the nano-
tubes [308]. Initial studies combining CNTs and conjugated polymers con-
centrated on the diode properties in a CNT-polymer heterojunction [309].
Romero et al. demonstrated light-sensitive photodetectors in combination
with a PPV derivative. The authors showed that hole injection from the CNT
electrode proved to be much more efficient than using an ITO electrode, and
related this phenomenon to the enhancement of the local electric field at the
tip of the nanotubes [309].

Curran et al. demonstrated the use of multiwalled carbon nanotubes
(MWNTs) to increase the conductivity within PPV films. Blending about
15% (by mass) CNTs into the PPV films yielded improvements of five orders
of magnitude and was accompanied by a reduction in photoluminescence
efficiency [310].

The application of MWNTs in the field of polymer solar cells was pre-
sented by Ago et al. [311]. Here, a layer of CNTs served as a replacement
for the common ITO hole-collecting electrode in a single layer PPV/AI
diode (Fig. 64). The authors related the twofold enhancement of the EQE
observed with the MWNT based device to the formation of a complex net-
work with an increased interface area between MWNTs and PPV, in add-
ition to a stronger built-in electric field as a result of the higher work
function of MWNTs compared to the standard ITO electrode [311,312]. To
determine whether electron or energy transfer processes dominate within
MWNT:PPV blends, their photophysical properties were studied by photolu-
minescence and PIA spectroscopy. The results confirmed nonradiative energy
transfer from PPV singlet excitons to the MWNTs as the main electronic
interaction [313].

The first single-walled carbon nanotube (SWNT)-conjugated polymer
photovoltaic devices were presented by Kymakis et al. [314]. As photoactive
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Fig.64 a SEM micrograph of the surface of a spin-coated MWNT film. b The cleaved
surface of a PPVEMWNT composite near the bottom of the MWNT layer. The small par-
ticles seen in the composite are evaporated gold particles used to avoid a charging effect
because the composite is less conducting than the pure MWNT film. (Reproduced with
permission from [311], © 1999, Wiley VCH)

layer a blend of P30T with a low SWNT concentration (< 1% by weight) was
sandwiched between an ITO and an aluminum electrode. Thereby the CNT-
P30T junctions acted as dissociation centers for excitons on the polymer,
enabling efficient transport of electrons via the nanotubes to the metal elec-
trode [314]. The power conversion efficiency increased in comparison to the
pristine polymer film by about three orders of magnitude. The observation
of a relatively high open circuit voltage (Voc) of 0.75 V was attributed to the
formation of ohmic contacts between the CNTs and the metal electrode, re-
sulting in a weak dependence of Voc on the metal electrode used [315]. While
dye functionalization of CNTs yielded a relative increase of the observed
photocurrent [316], the application of PEDOT:PSS modified ITO electrodes
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yielded power conversion efficiencies of 0.1% [317]. Further, it was shown
that around only 1% mass fraction of SWNTs in P30T yielded the high-
est photocurrents [317]. To date, record efficiencies of 0.22% were recently
achieved by application of a thermal annealing step to the identical system
(SWNT/P30T) (Fig. 65) [37].
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Fig.65 Current-voltage curves under AM 1.5 illumination for an ITO/PEDOT:PSS/P30T-
SWNT cell with different postfabrication annealing temperatures. Optimal performance
is achieved for annealing temperatures of 120 °C. (Reprinted with permission from [37],
© 2006, Institute of Physics Publishing)

Photocurrent response in the near-infrared region up to 1600 nm, related
to absorption features of semiconducting SWNTs in blends with MEH-PPV
and P30T, offers principally the operation of infrared sensitive photode-
tectors with these materials [318]. To enable the photon harvesting in this
spectral region, the SWNTs needed to be finely dispersed within the poly-
mer matrices, thereby switching off the excitation quenching observed within
CNT bundles.

Applying a layer-by-layer (LBL) deposition technique of polythiophenes
bearing carboxylic groups on alkylsulfanyl side chains in combination
with pyrene*-modified SWNTs, Rahman et al. reported monochromatic
power conversion efficiencies of more than 9% for eight subsequently de-
posited sandwich layers [319]. Guldi et al. suggested supramolecular struc-
tures employing an electrostatic interaction between pyrene or PSS substi-
tuted SWNTs and charged porphyrins as building blocks for solar energy
conversion [320].
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Landi et al. applied laser pulse vaporized production of SWNTs for use in
blends with P30T [321]. Upon formation of a two-layer system consisting of
a pristine P30T film on ITO followed by deposition of a SWNT:P30T blend
film, the authors observed an unusually high open circuit voltage of about 1 V
(under AM 0 illumination) (Fig. 66).
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Fig.66 Characteristic I-V plots in the dark (dotted line) and under simulated AM 0
illumination (full line) displaying the photoresponse for: a pristine P30T; b 1% w/w
SWNT-P30T composite solar cells. (Reproduced with permission from [321], © 2005,
John Wiley & Sons, Ltd.)

Although Itoh et al. did not observe an improvement of photovoltaic de-
vices based on a bilayer configuration of TiO, and P30T via doping of the
P30T layer with SWNTs, they did find a dramatic increase of the current
under reverse bias. This was attributed to field emission of electrons from the
CNT onto the dense TiO; film [322].

Rud et al. applied electric fields for the improved vertical orientation of
SWNTs in a blend with a water-soluble polythiophene derivative [323]. A pro-
found increase of both the conductance and the photocurrent was observed
for the devices where CNTs were aligned. The orientation of MWNTs in com-
posites with polymers can also be influenced by application of large magnetic
fields [324].

CNT-CdS complexes have been suggested for solar energy conversion ap-
plication [325, 326], and similar complexes based on CdSe were applied as
well [259].

Pradhan et al. functionalized MWNTs with ester groups in order to bet-
ter disperse them into P3HT in a bilayer device with Cgp on top [327]. Upon
comparison with undoped P3HT layers, the authors identified a threefold ef-
fect of the CNTs: (a) increase of the open circuit voltage Vo due to the work
function of the CNT, (b) sites for P3HT exciton dissociation, and (c) efficient
pathways for hole transport (besides the P3HT) to the ITO electrode [327].
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A remarkably large open circuit voltage was recently observed by Patyk
et al. for P3OT:SWNT blends prepared on top of an electrochemically de-
posited polybithiophene layer [328]. Beforehand the SWNTs were modified by
2-(2-thienyl)ethanol groups. Use of Ca/Al metal back electrodes resulted in
a remarkable enhancement of the V¢ of up to 1.8 V as compared to the bare
aluminum contact showing 1 V.

Deeper insight into CNT functionalities when used as a dopant for poly-
mer solar cells and polymer light-emitting diodes (PLEDs) was presented by
Xu et al. [329]. While the PLED gained from rather low CNT doping levels of
about 0.02%, the solar cell performance increased further up to 0.2 wt %. The
improved EQE of the OLED was explained by a better charge carrier injection
from the electrode, whereas for the solar cell exciton dissociation is facilitated
by the nanotubes [329].

Recently the idea of Ago et al. to replace the ITO electrode by a CNT based
electrode was pursued by several groups again. However, this time SWNTs
were used [330-333]. The motivation for this step is generally found in the
benefit of replacing an expensive vacuum step in the fabrication of polymer
solar cells [330] with roll-to-roll production of supporting nanotube elec-
trodes (Fig. 67) [331], which will aid in the removal of ITO and PEDOT:PSS
related problems [332] while facilitating applications of flexible devices on
plastic substrates [333].

Fig.67 a SEM of the CNT sheet being dry drawn from a CNT forest into a self-assembled
sheet. b Undensified, dry-drawn single layer sheet of free standing CNTs. (Reproduced
with permission from [331], © 2006, Wiley-VCH)

Rowell et al. demonstrated that SWNT based hole-collecting electrodes
show well above 80% of the performance of classical ITO electrodes, and they
allow a significantly higher bending stress (hence, greater flexibility) than
ITO based plastic substrates [333]. Thus, corrected power conversion efficien-
cies of 2.5% were presented and the slight power loss in comparison to test
devices using ITO contacts was mainly attributed to the increased serial re-
sistance [333]. The current-voltage characteristics of devices with SWNT or
ITO electrodes are compared in Fig. 68.
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Fig.68 Current density-voltage characteristics of P3BHT:PCBM devices under AM 1.5G
conditions using ITO on glass (open circles) and flexible SWNTs on PET (solid squares)
as the anodes, respectively. Insets: schematic of device and photograph of the highly flex-
ible cell using SWNTs on PET. (Reprinted with permission from [333], © 2006, American
Institute of Physics)

6
Conclusions and Outlook

Several device concepts employing conjugated polymers as active compo-
nents in the photoconversion process of photovoltaic devices have been pre-
sented to date. With power conversion efficiencies surpassing 5% (polymer-
fullerene), reaching 3% (hybrid polymer-nanoparticle), or 2% (polymer-
polymer), the prospects are high.

Intensified synthetic efforts are needed, especially for lowering the absorp-
tion band edge (low band gap) for increased photocurrent generation and
simultaneously keeping the polymer HOMO level well below 5V for high
open circuit voltages. Further control of the favorably crystalline order in the
polymer will be another aspect to be envisioned for pushing power conver-
sion efficiencies toward 10%.

The ideal schematic structure of a bulk heterojunction solar cell is dis-
played in Fig. 69. The donor and acceptor phases are interspaced by around
10-20 nm—comparable to the exciton diffusion length. The interdigitated
and percolated “highways” ensure unhindered charge carrier transport. Last
but not least, a pure donor phase at the hole-collecting electrode and a pure
acceptor phase at the electron-collecting electrode have to be placed, thereby
minimizing losses of recombination of the wrong sign of charges at the wrong
electrode. Such a well-organized nanostructure is not easy to obtain due to
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Fig.69 Ideal structure of a donor-acceptor bulk heterojunction polymer solar cell

disorder. However, self-organization of the organic semiconducting polymers
(molecules) is a key to nanoscale order.

In conclusion, this field of polymer solar cells requires high interdis-
ciplinarity between macromolecular chemistry, supramolecular chemistry,
physical chemistry, colloid chemistry, photophysics/photochemistry, device
physics, nanostructural analysis, and thin film technology.
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Abstract In the past two and a half decades, dendrimers have emerged as a distinct
branch of macromolecular chemistry. Tailoring of dendrimer structure yields precise
placement of chromophores that can serve as energy harvesters, mimicking photosynthe-
sis. The unique architecture afforded by dendrimers allows for multiple energy harvesters
that can transfer their energy to a single core, which is important for optoelectronic appli-
cations such as organic light emitting diodes (OLEDs). This review emphasizes the energy
transfer characteristics that these dendrimers provide rather then their synthesis.
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Abbreviations

ATP adenosine triphosphate
BINOL 1,1’-bi-2-naphthol

C343 coumarin 343

C450 coumarin 450

CT charge transfer

CZ carbazole

2,3-dpp 2,3-bis(2-pyridyl)pyrazine
2,5-dpp 2,5-bis(2-pyridyl)pyrazine

DSB distyrylbenzene

FRET fluorescence resonance energy transfer
GPC gel permeation chromatography
LC ligand centered

2,3-Medpp* 2-[2-(methylpyridiniumyl)]-3-(2-pyridyl)pyrazine
MLCT metal-to-ligand charge transfer
NI naphthalene imide

NIR near infrared

NR Nile Red

OLED organic light-emitting diode
OPPV oligo (p-phenylene vinylene)
0XZ oxadiazole

PA phenylacetylene

PDI perylene diimide

PET photo-induced electron transfer
Prp free base porphyrin

PI perylene imide

PL photoluminescence

PPI poly(propylene imine)

PPV poly(p-phenylene vinylene)

Pzn zinc-metallated porphyrin

TDI terrylene diimide

TI terryleneimide

TPA two-photon absorbing

TPE two-photon excitation

1

Introduction

Dendrimers are an intriguing scaffold for constructing energy harvesting sys-
tems since their architectures roughly mimic that of natural photosynthetic
centers in which light is harvested by chlorophyll chromophores encircling
a reactive core. Energy transfer from the outer chlorophyll chromophores to
the reaction center ultimately results in ATP production, which is essential
for life. This chapter reviews artificial energy-harvesting systems that employ
a dendritic architecture.
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The mechanism of energy transfer observed in dendrimers is typically
fluorescence (or Forster) resonance energy transfer (FRET). FRET is the radi-
ationless transfer of excitation energy from a “donor” chromophore to an ap-
propriately positioned “acceptor” chromophore through long-range dipole-
dipole coupling, with the return of the donor to the ground state (Fig. 1).
FRET efficiency is determined by the distance between the donor and accep-
tor (typically ~1-10 nm), the spectral overlap between the donor emission
spectrum and the acceptor absorbance spectrum, and the relative orientation
of the donor and acceptor dipole moments.

hv '
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Fig.1 Schematic of the FRET process. Excitation of the fluorescent donor is followed
by radiationless transfer of energy to the acceptor chromophore, returning the donor to
the ground state. FRET is then usually, although not always, manifested by subsequent
fluorescence of the acceptor

The role of dendrimers in light-harvesting systems varies substantially.
First, the dendrimers can act as an inert spacer to separate two different chro-
mophores (host/guest) from each other. In these cases, the dendrimers do
not participate in the energy transfer between the chromophores, as their
excited state energy is typically higher than both the host and guest. In add-
ition, increasing dendrimers generation increases host/guest distance and
chromophore communication can begin to decrease (as above the Forster
radius) as a result. Second, the dendrimers subunits can act as the host chro-
mophores and are responsible for light harvesting. In this case, light absorbed
by the dendrimer (acting as the host) is transferred to a core moiety (guest)
from which excited state photophysical processes, such as emission or elec-
tron transfer may ensue. Increasing the generation number often allows for
greater light harvesting capabilities, since the number of dendrimers subunits
increases.

In both cases (dendrimers as spacers or dendrimers as hosts), dendrimers
offer a unique advantage over classical energy transfer between a chro-
mophoric pair in that the number of host chromophores can far exceed the
number of guest chromophores, and is a strict function of generation. The
effective molar absorptivity of the host chromophores can therefore be in-
creased (predictably) and the dendrimer itself can be a better light harvester
then a single host chromophore. Better light harvesting and an increase in
the amount of energy transferred to the guest results in a greater amount of
emission from the dendrimers and is referred to as the “antennae effect.”
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In addition to the antennae effect, dendrimers are also effective insulators
and exhibit the “shell effect.” In providing a dense shell around the in-
corporated chromophores, dendrimers effectively prevent aggregation which
leads to non-emissive excimers and self-quenching that occurs when chro-
mophores with small Stokes shifts are within short distances of one another.
This “shell effect” allows for increased photoluminescence efficiency of the
enclosed chromophore, which is important for optoelectronic devices.

We have organized this review by type of chromophore and/or dendrimer
structure.

2
Metal-containing Dendrimers

Light-harvesting metal containing dendrimers exist in two categories: (i) den-
drimers where metals are at both the core and branching points [1-9] and
(ii) dendrimers where metal cores are surrounded by aromatic dendrons [10-
19]. In both cases, light-harvesting followed by energy transfer to the metal
occurs. These two categories are addressed here.

2.1
Metal-containing Dendrons and Cores

In the early 1990s, Balzani and coworkers began to synthesize decanuclear
homo- and heterometallic dendrimers that contain Ru(II) and Os(II) sur-
rounded by nitrogen-containing ligands (bpy derivatives). The metals occu-
pied sites in both the dendrons and at the core of the dendrimers [1, 6-9, 20].
Although the Balzani group had for some time been synthesizing multimetal-
lic species in tri- [21], tetra- [22-24], hexa- [25], and heptanuclear [26] com-
plexes, this is the first work that displays these complexes in a dendritic fash-
ion. The dendrimers were synthesized in a “complexes as ligands/complexes
as metals” manner in which metal complexes (instead of individual metals
and ligands) are used as the reactive species. This approach has produced
metallodendrimers in which the number of metals per dendrimer is as high
as 22 [2,3,5]. The dendrimers consist of bridging ligands 2,3- and 2,5-bis(2-
pyridyl)-pyrazine (2,3-dpp 2 and 2,5-dpp 3) that connect the metal cen-
ters, and terminal ligands, 2,2’-bipyridine (bpy) 1, 2,2’-bisquinoline (biq) 5
and 2-[2-(methylpyridiniumyl)]-3-(2-pyridyl) pyrazine (2,3-Medpp*) 4 that
“cap” the peripheral metals (Scheme 1).

Light harvesting in these systems arises from overlap of the emission band
associated with ligand-centered (LC) transitions in the UV as well and sev-
eral metal-to-ligand charge-transfer (MLCT) transitions in the visible region.
Each metal center in the dendrimer is capable of absorbing light, so the molar
absorptivity and amount of harvested light increases with increasing number



Energy Harvesting in Synthetic Dendrimer Materials 91

O ® A

Ru?* Os2* PtCl,

Scheme 1 Building blocks for multimetallic light harvesting dendrimers [4, 5]

of metal sites. Emission from these dendrimers is primarily through radia-
tive decay of the lowest lying metal-to-ligand charge-transfer triplet state,
3MLCT, for both Ru(II) and Os(I) cases [27]. In the case of the homometallic
Ru(II) dendrimers, emission occurs solely from the lower-energy peripheral
Ru(IT) complexes which are coordinated to the terminal ligands (either 1 or
5). In the Ru(II)/Os(II) mixed-metal systems, emission is expected solely from
the lower energy Os cores (Scheme 2). However, in these mixed metal den-

hv!

OsRug OsRuzPtg

Scheme 2 Schematic of energy transfer in multimetallic dendrimers [4, 5]
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drimers, replacing the Ru(II) at any of the metal sites with Os(II) results
in only partial energy transfer from the Ru(II) sites (both interior and per-
ipheral) to the Os(II) units, and therefore emission from both.

Incomplete energy transfer from the Ru(II) sites to the Os(II) cores are
thought to be due to the “blocking” ability of the high-energy interior
Ru(II) units. The energies of the lowest excited states follow in the order
of Ru(Il) (interior) > Ru(II) (exterior) > Os(II) (center), and therefore light
harvested at the Ru(II) periphery (or transferred there from the interior) can-
not progress completely to the center Os(II) by energy transfer due to the
blocking interior Ru(II) units (Scheme 2) [1]. Hence, in order to create a true
antennae species in which light harvested is transferred efficiently to the core,
decanuclear dendrimers were prepared in which the peripheral Ru(II) units
are replaced by Pt(II) whose lowest excited state resides above that of the in-
terior Ru units [4]. Light harvested by an OsRuszPts dendrimer gives rise to

Scheme 3 Structure of 6 from Campagna and coworkers [28]
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a sole emission band at 875 nm which is due to the emitting MLCT of the Os
core unit. These dendrimers represent the first metallodendrimers containing
three different types of metals.

To introduce organic chromophores into multinuclear metallo-organic
dendrimers, Campagna and coworkers have placed pyrene moieties on the
periphery of a Ru(II)- and Os(II)-containing dendrimer 6 (Scheme 3) [28]. An
enhanced antennae effect occurs in the dendrimer because of intramolecular
pyrene-to-ligand CT transitions, which are seen in the visible region of the
absorption spectra, in addition to the absorption bands due to the individ-
ual components of the dendrimer. The energies of the lowest excited-state are
in the order: pyrene > Ru(II) interior > Os(II) core, and therefore energy is
funneled quantitatively to the Os(II) core from where emission is seen around
800 nm.

2.2
Metal-cored Dendrimers with Organic Dendrons

The ability to alter the photo- and electrochemical properties of a reac-
tive species by surrounding the unit with an organic dendrimer framework
has been studied extensively [29]. In the case of metals, aromatic (bulky)
dendrons have been used to insulate the metals from dioxygen and other
excited-state quenchers [10, 19, 30, 31], prevent aggregation [17-19], and in
most cases, harvest light in the higher-energy dendrons which can be trans-
ferred to the lower-energy metal core [10-12, 17,19, 32].

2.21
Ru(bipy)s Cores

Balzani and coworkers have synthesized first and second generation Ru(II)
cored dendrimers with napthyl groups (12 or 24) at the periphery of ben-
zyl(aryl ether) dendrons [10]. Dendrons 7 and 8 were attached to bipyridine
ligands (bpy) and complexed with Ru(II) to give the resulting dendrimers 9
and 10 (Scheme 4).

Photoexcitation of the napthyl and dialkoxybenzyl groups of the dendrons
7 and 8 give rise to an emission band near 600 nm, which is attributed to the
[Ru(bpy)3]2+ core complex (Fig. 1) [27]. The emission of the napthyl groups
at 330 nm is nearly quenched, indicating an energy transfer from the periph-
eral napthyl groups to the [Ru(bpy)s]?* core. Longer luminescence lifetimes
of the dendrimers in aerated solutions (compared to the [Ru(bpy);]** par-
ent) indicate that the bulky dendrons prevent dioxygen from accessing the
core and quenching the excited state, which has been shown for other Ru(II)
containing dendrimers [30, 31].

A similar study by Castellano and coworkers placed coumarin 450 (C450)
dye molecules on the periphery of “reverse” benzyl aryl ether dendrons, first
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9: R = [G1]
10: R = [G2]

Scheme 4 Structures of 7-10 from Balzani and coworkers [10]

1

Scheme 5 Structure of 11 from Castellano and coworkers [11]
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introduced by Hanson [33], attached to a Ru(II) core moiety to give den-
drimer 11 (Scheme 5) [11]. The chromophores satisfy the requirements of
a Forster energy transfer as the emission of the C450 significantly overlaps the
absorption of the [Ru(bpy)s]?* species and give a calculated Forster radius
of 41.2 A. Fluorescence spectra indicate that light absorbed by the C450 moi-
eties on the periphery of the first generation dendrimer 11 is accompanied by
energy transfer and subsequent emission by the [Ru(bpy)s]?* species at the
core (Fig. 2). Estimated energy transfer efficiency was calculated by compar-
ing the absorbance and excitation spectra (observed at emission wavelength
of [Ru(bpy)3]2+ complex, 610 nm) and was determined to be around 95+
10%. Preliminary excited state lifetime measurements indicated that dioxy-
gen quenching was reduced by the presence of the “shielding” dendrons [11].
However, further investigation of the bimolecular quenching rates for sev-
eral additional quenchers indicated that dioxygen was an exception rather
than a rule [32]. In all other cases the dendrons allowed access to the core by
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Fig.2 a Emission spectra of 10 (dots, (ii)), 8 (dashes, (i), and [Ru(bpy)3]?* (solid) when
exciting into napthyl groups (270 nm). b Emission of 10 (dots, (ii)) and [Ru(bpy)S]2+
when exciting into the [Ru(bpy)S]2+ core (450 nm)
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the quenchers (e.g. 9-methylanthracene and phenothiazine). Therefore, the
reduced quenching in the dioxygen case was possibly due to the lower solu-
bility of dioxygen in the microenvironment surrounding the metal core, not
an inability to diffuse to the core.

Dehaen and coworkers utilized carbazole dendrons attached to 1,10-
phenanthroline ligands (phen) to construct a dendrimer around a Ru(II) core
(12, Scheme 6) [12]. Absorbance transitions assigned to carbazole, phen, and
carbazole-to-phen CT transitions all gave rise to emission from the Ru(II)
core, providing yet another light-harvesting dendrimer, which illustrates the
antennae effect.

12

Scheme 6 Structure of 12 from Dehaen and coworkers [12]

Further examples of harvesting dendrimers that contain transition metals
include poly(propylene imine) (PPI) dendrimers modified with 32 dansyl
groups at the periphery (13, Scheme 7) [13], whose fluorescence is quenched
when a single Co?* ion is coordinated to the interior amines, thereby creating
a fluorescent chemosensor (Fig. 3) [34, 35]. The quenching arises from energy
and electron transfer between the excited dansyl groups and the Co(II) amine
complexes. Similar results have been obtained for lanthanide metals coordi-
nated to the interior of polylysine dendrimers containing dansyl groups on
the periphery [14-16].
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Fig.3 Emission spectrum of dendrimer 11 in CH3CN when excited into the coumarin
450 dyes (343 nm) [11]
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2.2.2
Lanthanide Cores

Because of their narrow emission bands, long luminescence lifetimes, and ab-
sorption profiles that span from the near-UV to the near-IR, lanthanides have
been investigated for applications such as light-emitting diodes [36] and op-
tical amplifiers [37]. However, the tendency of lanthanides to aggregate leads
to self-quenching, which limits their luminescence efficiency and lifetimes.
Also, proximity to solvent molecules which can act as quenchers limits their
potential use as optoelectronic materials [38, 39].

In work in lanthanide containing dendrimers, Kawa and Fréchet [17, 18]
synthesized benzyl(aryl ether) dendrons with carboxylate focal points that
formed 3 : 1 complexes with lanthanide ions Er**, Tb3*, or Eu®** (Scheme 8).
Emission spectra for 14b, 15b, 16b at identical concentrations show an in-
crease in the emission from the Eu core when the dendrons are excited.
This is due to both an increase in energy harvesters as generation increases
(antennae effect) and an increase in site-isolation allowing for reduced self-
quenching of the Eu cores (shell effect). Interestingly, when the substitution of
the phenyl ring closest to the focal point is changed from 3,5- to 2,5-, emission
enhancement is not as pronounced.

o O_ 14a:n=1;Ln=Er
14b:n=1;Ln=Eu

N 14cin=1:Ln=Tb
15a:n=3,Ln=Er
15b:n=3,Ln=Eu
15¢:n=3,Ln=Tb
16a:n=4,Ln=Er
16b:n=4,Ln=Eu

0 0 16c:n=4,Ln=Tb

O

Scheme 8 Structure of lanthanide-cored dendrimers of Kawa and Fréchet [17, 18]

Similar Er3*, Tb3*, and Eu?* dendrimers constructed from dendrons with
a benzoic acid ligating moiety but aliphatic polyester scaffold of several gen-
erations and fluorinated phenyl groups on the periphery were recently re-
ported (Scheme 9) [19]. These structures were designed to minimize moisture
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17a:n=0;Ln=Tb
17b:n=0;Ln=Eu
18a:n=1;Ln=Er
18b:n=1;Ln=Eu
18c:n=1;Ln=Tb
19a:n=2;Ln=Er
19b:n=2;Ln=Eu
19¢c:n=2;Ln=Tb
20a:n=3;Ln=Tb
20b:n=3;Ln=Eu

Scheme 9 Structure of lanthanide-cored dendrimers of Hult and coworkers [19]

penetration into the core unit and reduce optical absorption in the near-IR re-
gion. Energy transfer from the perfluorinated phenyl peripheral units to the
Eu and Tb cores were studied spectrophotometrically in solution. Excitation
of the perfluorinated phenyl groups decays in ca. 0.7 ns, while complexation
to the Ln®* core results in a longer decay time (10-13 ns) in the nanosecond
range. Lanthanide luminescence decays in the 1-1.5 ms range. Excitation of
the peripheral phenyl groups was transferred to the lanthanide core, and the

main quenching mechanism appeared to be vibrational loss to surrounding
C-H bonds of the dendritic shells.

3
Phenylacetylene Dendrimers

Dendrimers consisting of phenylacetylene moieties exist as (i) “compact” or
“extended” meta-conjugated phenylacetylene (PA) dendrimers [40-54], and
(ii) unsymmetrical branched phenylacetylene dendrimers [55-58].
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3.1
“Compact” and “extended” Phenylacetylene Dendrimers

Moore and coworkers have synthesized phenylacetylene dendrimers of two
types, “compact” (e.g. 21) and “extended” (e.g. 22) [40-42]. Both the “com-
pact” and “extended” forms contain meta-substituted phenylacetylene sub-
units. However, the lengths of the phenylacetylene segments differ between
the two types. In the “compact” form, all the conjugated segments are ef-
fectively the same length and exhibit the same excitation energies; meta-
substitution ensures that 7-conjugation is blocked at each branching point,
allowing for a localized excited state upon excitation [43,46]. In the “ex-
tended” form, as the dendrimer proceeds from the periphery to the core, the
conjugation length of each generation increases by one phenylacetylene moi-
ety. Concomitant with the increase in 7-conjugation is a step-wise decrease
in the lowest excited state energy. This allows the dendrimer to act as an en-
ergy “funnel”. The “extended” dendrimer still contains localized excitations.
However, in each layer leading up to the core, the excited state energy is more
delocalized due to increasing conjugation. It is important to emphasize that
neither type of dendrimer exhibits a delocalized excitation over the entire
dendrimer. Rather, energy is localized in each layer or generation.

Tris dendrimers (three dendrons attached to a 1,3,5-trisubstituted phenyl
core) in “compact” [40,42] and “extended” [41] forms have been synthesized
as well as “nanostars” [44, 45] (Scheme 10) which consist of a “compact” or
“extended” dendron attached to a perylene “trap” (26 and 27). Their en-
ergy transfer rates and mechanisms have been studied extensively [43, 45-52]
Important features are observed when comparing the absorption spectra
for a series of “compact” and “extended” dendrimers (Fig.4) [43,48]. In
the “compact” case, the absorption maxima remain at a fixed wavelength
throughout the series with only the intensity scaling with increasing number
of absorbing chromophores. This indicates that not only are the excitations
localized within the layers, but also that the chromophores, regardless of
location within the dendrimer, all absorb at the exact same wavelength. Time-
resolved fluorescence and fluorescence anisotropy dynamics of “compact”
structures, however, have revealed delocalized excited states [59, 60].

The spectra of the “extended” series, however, contain additional peaks
of lower energy with each generation, corresponding to the linear segments
of extended conjugation. A broader absorption spectra for “extended” den-
drimers imply that these molecules will be more effective light harvesters. It
should be noted that the absorption spectra of the “compact” and “extended”
nanostars are similar to their respective dendrimers with an additional peak
at 475 nm for perylene absorption.

The quantum yield for energy transfer @gnr for “compact” and “extended”
nanostars was measured by comparing absorption and excitation spectra
normalized in the perylene absorption region (430-500 nm) (Fig. 5) [45, 47].
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Scheme 10 Structures of “compact” and “extended” dendrimers (21 and 22) and nano-
stars (23 and 24) [40-42, 44, 45]

For the “extended” nanostar 24, @gnt was 98%. The “compact” nanostars of
varying generations give @gnt of 95% for the lowest generation and 54% for
the highest; residual emission from the phenylacetylene segments increases
with generation. Fluorescence lifetime measurements also differ greatly for
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Fig.4 Fluorescence intensity of 13 with the addition of Co2*t (dark circles). Inset shows
linearity at low concentration. Solid line is linear extension of the initial slope, dashed
line is expected if two Co?" are independently coordinated in 13 [35]
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Fig.5 Absorption spectrum for “compact” dendrimers (fop) and “extended” dendrimers
(bottom) in hexane. Arrows indicate the absorption bands for two, three and four phenyls
in a phenylacetylene chain, respectively [48]
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the “extended” (270 ps) and “compact” (2.3 ns) structures, yielding rate con-
stants for energy transfer kgt for the “compact” molecules that are lower by
two orders of magnitude than those for the “extended” structure. Although
the Forster equation provides kgr values that cannot be correlated to the ob-
served ones, the reasons for lower efficiency in the “compact” structures can
be explained by the Forster model: as generation increases, chromophore sep-
aration becomes too great for efficient energy transfer. The energy “funnel”
inherent in “extended” structures, on the other hand, allows for efficient step-
wise transfer of energy to the perylene core, which is not hampered by the
interchromophoric distance as in the “compact” case.

Although at higher generations “compact” structures have decreased Nt
values, direct sensitization of the perylene cores by the diphenylacetylene seg-
ments in the dendrons can occur. In the “extended” nanostar 24, perylene
excimer formation lends evidence that long-range energy transfer also takes
place, in addition to a multistep process [48,49]. Although a concentration
excimer dependence was expected and observed, an unexpected dependence
on the wavelength of excitation was also observed, as measured by steady-
state fluorescence. Excimer fluorescence was highest when the innermost
layer of phenylacetylene moieties was excited, indicating that a phenylacety-
lene excimer is initially formed which in turn excites a perylene excimer
(Table 1). Because the excimer emission was much lower when interior or
periphery phenylacetylenes were excited, all excitons created in these outer
regions do not always funnel to the interior ones, leaving the possibility that
there is some amount of direct energy transfer that does take place between
the periphery and the perylene trap.

Pu and coworkers are interested in using chiral dendrimers as enantio-
selective fluorosensors [53,54]. By utilizing the antennae effect available to
light-harvesting dendrimers, fluorescence amplification can be achieved, im-
plying that the dendrimers will be more sensitive fluorosensors to smaller
amounts of a quencher. The dendrimer 25 consists of “compact” pheny-
lacetylene dendrons surrounding a chiral 1,1’-bi-2-naphthol (BINOL) core
(Scheme 11). Precise placement of the dendrons around the BINOL core cre-
ates a chromophore that has extended conjugation and therefore acts as an

Table 1 Excimer/monomer ratio for “extended” nanostar 27 [48, 49]

Exitation Dendrimer Excimer/
wavelength, nm generation monomer ratio
310 3 0.33

334 2 0.31

390 1 4.0

450 Perylene trap 0.14
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Scheme 11 Structure of 25 by Pu and coworkers [53, 54]

energy sink for energy harvested by the dendrons. Hydrogen bonds formed
between the BINOL core and chiral amino alcohols in solution quench the
fluorescence from the dendron/core chromophore. Stern-Vélmer plots show
a mirror-image relationship between the enantiomers of the dendrimers and
the enantiomers of the quenchers (e.g. (S)-dendrimer quenches (S)-amino al-
cohol more efficiently and (R)-dendrimers quench (R)-amino alcohols more
efficiently).

3.2
Unsymmetrical Phenylacetylene Dendrimers

If meta and para branching patterns are utilized, instead of the all-meta
branching in Moore’s PA dendrimers, dendrons now consist of a long linear
segment that is attached to the core and from which PA segments of differ-
ent length are attached (26a-d) as reported by Peng (Scheme 12) [55-58].
The overall effect is one of an energy “short-cut” as now all segments vary-
ing in length are directly attached to the lowest energy PA moiety. In other
words, the number of steps in this multistep energy transfer is diminished
from Moore’s “extended” system. Energy transfer as measured by ®gnr is
very efficient (85-95%) and does not seem to decrease with increasing gen-
eration as in the “compact” symmetrical PA dendrimers. Also interesting is
the minor effect that dendron geometry has on the @gx7. Dendrons were at-
tached to perylene “traps” in two ways; the perylene was either conjugated
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Scheme 12 Structures of unsymmetrical phenylacetylene dendrimers 26a-d by Peng and
coworkers [55-58]

to the longest linear segment of the dendrons or attached by a meta-linkage,
disrupting the conjugation. Only slightly lower ®gnr were obtained for the
meta-linked [G1] dendrimers (difference of 3%) but the difference increased
to 9% at the [G2] level.

4
Dendrimers Containing Distyrylbenzene or Stilbene Units

Although early examples of OLEDs included polymers, specifically poly (p-
phenylene vinylene) (PPV), as the emissive material [61], conjugated oligomers
can also be useful emitters as well as energy harvesters. Oligomers offer
advantages over their polymeric parents such as ease of synthesis and func-
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tionalization allowing for easy introduction of various substituents. They can
also be incorporated into dendrimers as both host and guest chromophores.

Distyrylbenzenes (DSB), also known as oligoPPVs, have been extensively
functionalized to alter their band-gap properties as well as their two-photon
cross-sections. By tailoring the end-capping styrene groups to be branch-
ing units in dendrons, several dendrimers have been synthesized containing
DSB at the core. Kwok and Wong [62] have placed either one or two poly
(aryl ether) dendrons around a core DSB to elucidate the influence of the
dendritic wedge on aggregation of the cores (Scheme 13). By placing a sin-
gle electron-transporting oxadiazole on the exterior of the dendrons to offset
the hole-affinity of the DSB, the dendrimers (28 and 30) then become more
charge-balanced.
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Scheme 13 Distyrylbenzene dendrimers 27-30 by Kwok and Wong [62]

Fluorescence lifetimes and quantum yields of the symmetrical dendrons (27
and 28) were higher then those of their asymmetric counterparts (29 and 30)
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indicating that there is more effective shielding of the DSB cores by two den-
drons than one. In all other areas, such as energy transfer from the dendrons
to the DSB core and OLED device performance, asymmetrical dendrimers
seem to hold the advantage over the symmetrical ones. Performance is fur-
ther enhanced in devices when a hole-transporting material, diphenylamine,
is blended into the emissive layer of the oxadiazole asymmetrical dendrons,
indicating that placing an oxadiazole on every dendron is excessive.

Samuel and Burn [63] have used DSB cores surrounded by conjugated
dendrons as the emissive and charge transport layer in OLEDs. The conju-
gated dendrons consist of stilbene units in a meta-branching pattern, which
prevents uninterrupted conjugation throughout the dendron (Scheme 14).
Each stilbene subunit therefore appears electronically isolated, although red-
shifted absorbance and PL spectra indicate that there is some amount of
delocalization. Excitation of the stilbene units does result in emission solely
from the distyrylbenzene core in both solution and thin films, giving evi-
dence of efficient energy transfer. Light-emitting devices from all three gener-

37

Scheme 14 Distyrylbenzene cored dendrimers 31-34 by Samuel and Burn [63, 64]
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ations of dendrimers were equal to (31 case) or better than (32 and 33 cases)
single-layer devices containing PPV. Dendrimers with DSB cores surrounded
by electron transporting triazine groups (34) were found to produce compa-
rable PL quantum yields, but lower device external quantum efficiencies by
a factor of 10 [64].

Burn and Samuel have used their stilbene dendrons to transfer energy
to a number of different cores for color-tuning in OLEDs (Scheme 15) [65].
First and second generation dendrons with an aldehyde at the focal point
have been coupled with the bisphosphonate esters to form DSB and distyry-
lanthracene cored dendrimers 35-40. Dendron aldehydes and pyrroles were
condensed to form porphyrin dendrimers 41 and 42. Proton NMR of the por-
phyrin cored dendrimers 41 and 42 showed a chemical shift of the fert-butyl
groups on the periphery of the dendrons, indicating that the tert-butyl groups
were actually hovering over the porphyrins. This points to an orthogonal

41:n=
42:n=2

1

Scheme 15 Stilbene dendrons by Burn and Samuel with DSB (35-37), distyrylanthracene
(38-40), and porphyrin cores (41 and 44) [65]
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positioning of the dendrons to the porphyrin core, and the authors were in-
terested as to whether this would hinder energy transfer from the dendrons
to the porphyrin core. Interestingly, in dendrimers 35-40, energy transfer was
found to be around 65%. In the case of the porphyrin dendrimers 41 and 42,
however, excitation of the dendrons resulted in quantitative energy transfer to
the core as measured by comparing excitation and absorbance spectra.

5
Porphyrin Containing Dendrimers

The three categories of porphyrin-containing dendrimers that will be discussed
include: (i) porphyrin cores surrounded by organic dendrons [66-69], (ii) den-
dritic arrays of porphyrins at the both core and branching points [70-72],
(iii) organic dendrimers with porphyrins at the periphery [73-75], and
(iv) porphyrin cores with a donor chromophore periphery [76-79].

5.1
Dendrons Surrounding a Porphyrin Core

Work by Jiang and Aida on light-harvesting and energy transfer proper-
ties of porphyrin-containing dendrimers began as an extension of their in-
vestigation of azobenzene-containing dendrimers and their energy transfer
phenomena (Scheme 16) [80-82]. Mono-azobenzene-containing dendrimers
43a-d exhibited remarkable generation dependent energy harvesting capa-
bilities. As expected, compounds 43a-d undergo ultraviolet photoinduced
isomerization from the E-form to the Z-form of the core azobenzene and
thermally isomerize in the reverse direction with typical half-lives. However,
when individual solutions of the Z-forms of 43¢ and 43d were irradiated with
infrared irradiation (75 W glowing nichrome source), isomerization to the
E-form was accelerated over 250 times that of the thermal isomerization and,

o] . g
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43a:n=1 44:n=5
43b:n=3
43c:n=4
43d:n=5

Scheme 16 Dendrimer system reported by Jiang and Aida to exhibit low-energy photon
harvesting [80-82]
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remarkably, over 20 times that of the rate found on irradiation with visible
light (440 nm). Yet, the rates of Z— E isomerization of 43a and 43b were un-
affected by the infrared irradiation and, quite interestingly, UV radiation as
well. Apparently, spatial isolation of the azobenzene is crucial for this effect,
as indicated by control experiments involving compound 44.

Infrared irradiation of Z-43d was carried out using three specific
wavelengths: (a) a stretching vibration for aromatic rings (1597 cm™),
(b) a stretching vibration for CH, — O (1155 cm™), and (c) a transparent
region (2500 cm™'). Only the 1597 cm™! radiation accelerates the Z—E iso-
merization reaction. In addition, irradiation of Z-forms of the entire series
of dendrimers (43a-d) with 280 nm light (Apax of the benzyl aryl ether den-
drimer framework) accelerated the Z— E isomerization reaction, but only for
43¢ and 43d and not 43a or 43b. (This result is curious in that the azoben-
zene itself has a finite absorbance at 280 nm and irradiation at this wavelength
markedly accelerates Z— E isomerization). These two results taken in con-
cert strongly suggest a matrix to core intramolecular energy transfer is partly
responsible for the acceleration effect. Hence, the authors postulate that the
dendrimer frameworks in 43¢ and 43d insulate the interior units from colli-
sional energy scattering as well as serve as light harvesting antenna. Photon
harvesting is necessary to account for how 1597 cm™! light (0.2 éV) could ac-
celerate a process that has an activation free energy (AG*) of 19.4 kcal mol™!
(0.84 eV) at 21 °C. Indeed, photon flux experiments indicated that 4.9 photons
at 1597 cm™ (0.98 €V total) are involved in this photochemical process.

Porphyrins were chosen as an alternative chromophore to elucidate
whether this selective energy transfer was a feature of just the azobenzene
chromophore or the morphology of the entire dendrimer [66]. A variety
of symmetrical and unsymmetrical dendrimers were synthesized in which
the four meso-positions on the porphyrin molecule were substituted with
methoxy-terminated poly(aryl ether) dendrons (3rd or 4th generation) and
tolyl groups (Scheme 17). When 45e was excited at 280 nm (dendron ab-
sorption), emission was observed primarily from the porphyrin core (656,
718 nm) with only weak emission seen from the dendrons (310 nm), giving
an energy transfer quantum yield, @gnr, of 80.3%. However, excitation at the
same wavelength (280 nm) of the unsymmetrical dendrimers, (45b-d), re-
sulted in emission primarily from the dendrons and only weakly from the
porphyrin cores, yielding ®@gnt values of 10.1, 19.7, 10.1, and 31.6%, respec-
tively. This increase in @yt with increasing number of dendrons suggests
a cooperativity of dendrimer subunits involved in the energy transfer process,
and further indicates the dependence of the process on morphology of the
dendrimer. Fluorescence anisotropy experiments show that once excitation of
the dendrons occurs in 45e, the energy migrates freely among the dendrimer
subunits until it is transferred to the porphyrin core. However, in the unsym-
metrical dendrimers, energy migration is less efficient, and therefore energy
transfer is lower. Temperature-dependent fluorescence measurements sug-
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Scheme 17 Schematic of dendrimers containing a single porphyrin core by Jiang and
Aida [66]

gest that lower energy transfer for the unsymmetrical dendrimers is related
to conformational flexibility. Increasing temperature results in lower @gNT
values, yet the @yt of 45e remains essentially the same up to 80 °C.

In a separate study by Shirai and coworkers, porphyrin dendrimers contain-
ing conjugated poly(phenylene) dendrons were synthesized (Scheme 18) and
exhibit @yt of the highest generation of 98% [67]. This increase in efficiency
over the poly(aryl ether) dendrons [66] was attributed to additional through
bond (Dexter) energy transfer pathways from the conjugated dendrimer sub-
units to the porphyrin core. Fluorescence measurements on mixtures of [G2]
boronic acid and the porphyrin core excited into the dendron absorption band
(262 nm) exhibit emission only from the dendron. No energy transfer emission
from the porphyrin appears. This again points to the important role that the
dendrimer morphology plays in an energy-transfer process.

[GO] = %@—é O
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Scheme 18 Porphyrin dendrimers containing poly(phenylene) dendrons by Shirai and
coworkers [67]
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Fréchet and coworkers synthesized porphyrin cored dendrimers (Sche-
me 19) and their architecturally isomeric linear analogues which were then
subjected to photophysical characterization [68]. Poly(aryl ether) linear
oligomers were attached to a porphyrin core to give four-arm star and eight-
arm star molecules. Corresponding eight-arm porphyrin cored dendrimers
of generation 2 through 5 were exact architectural isomers, although their
hydrodynamic volumes as measured by GPC vastly differed owing to the dif-
ferent conformations adopted by the linear and dendritic macromolecules.
The dendrimer, with its more globular structure, gave a much lower hydrody-
namic volume then its eight-arm isomer, whose molecular weight was closely
predicted by linear polystyrene standards.

D-[Gn]{ ,D-[Gn] L-[Gn] _L-[Gn]
0] 0 (0]

DG . L-{Gn]. ]
fenl, O O icy (e, O Q e

0 O, 0 O,
D-[Gn] D-[Gn]  L-Gn] L-[Gn]

/o Os /o O\
D-[Gn] D-[Gn] L-[Gn] L-[Gn]
48a:n=1 49a:n=1
48b:n=2 49b:n=2
48c:n=3 49¢c:n=3
48d:n=4 49d:n=4
D-[Gn]:
L-[Gn] N
o o/L [Gn] 0
L) @ / Q i
o
2"—1

~ A o

0 o,
L-[Gn] LGn] / O on
50a:n=1
50b: n =2 ",

50c:n=3 OBn
50d:n=4

2 1

Scheme 19 Schematic of dendritic and four- and eight-arm porphyrins by Fréchet and
coworkers [68]
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To investigate the effect thatlinear versus dendritic poly(aryl ether) architec-
tures might have on their antennae effect, emission studies were performed to
elucidate @gNt values. While the @yt only slightly decreased with increasing
generation in the dendrimer series 89.7% for 48b, 88.4% for 48¢, and 83.9% for
48d, PN for the 8-arm linear analogs falls off more dramatically (87.8% for
49b, 74.1% for 49c¢, and 57.0% for 49d) corroborating the morphological de-
pendence on @gN that was observed in previously described systems [66, 67].
While dendrimers provide a compact structure in which the distance between
the dendron chromophores and the porphyrin core is within the Forster ra-
dius, the extended structure of the isomeric linear analogues can separate
chromophores beyond a useful distance for energy transfer.

Goodson observed up-converted emission in a series of phenylazomethine
dendrimers with a porphyrin core (Scheme 20) [69]. An investigation of the lin-
ear optical properties of these dendrimers revealed relatively low ®@gyr values
relative to other light-harvesting systems (36%, 30%, 18%, 17% for 51a-d, re-
spectively). These relatively low values were attributed to a combination of poor
Coulombic coupling between the dendrons and the porphyrin core, reabsorp-
tion, dissipation of energy intramolecular vibrational energy redistribution
(IVR), and singlet-singlet annihilation. Up-converted emission of the Q,(0,0)
band (Aem = 660 nm) was observed in all four generations upon excitation at
730 nm. The energy difference between the emission maximum and the excita-
tion wavelength was ~7- 8 times that of the thermal energy (207 cm™') of room
temperature (kT), indicating a true frequency up-converted process. Since the
power dependence of the fluorescence intensity did not show a quadratic rela-
tionship, a two-photon excitation process was ruled out. Hot-band absorption
(HBA) was the more likely cause of the anti-Stokes luminescence (i.e. hot-band
emission, HBE). The increase of the cross-section of HBA with an increase
in generation number was attributed to enhanced intramolecular vibrational
mode coupling in the dendrimer systems.

51a: [G1] (n = 0)
51b: [G2] (n = 1)
51c: [G3] (n = 2)
51d: [G4] (n = 3)

Scheme 20 Phenylazomethine dendrimers with porphyrin core by Goodson and cowor-
kers [69]
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5.2
Dendritic Porphyrin Arrays

Star-shaped multi-porphyrin arrays have been constructed to mimic energy
funneling in photosynthesis. These dendrimers contain free-base porphyrin
cores (Prp) connected to four dendrons consisting of 1, 3, or 7 zinc-metallated
porphyrins (Pz,) embedded in an organic matrix connected by ether linkages
(Scheme 21) [70, 71]. The periphery consists of methoxy-terminated poly(aryl
ether) dendrons. For comparison, cone-shaped arrays consisting of Pgg cores
monosubstituted with Pz, dendrons were also synthesized.
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52b =2 n= n= n=2
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52d =3 OMe OMe OMe
52e = OMe OMe OMe

52f n=1 OMe OMe OMe

Scheme 21 Schematic of multiporphyrin array by Yamazaki and coworkers [70, 71]

Emission from the star-shaped arrays arises from excitation of the Pz, fol-
lowed by intramolecular energy transfer to the Ppg cores which act as energy
traps. Measured ®@gnr of the star-shaped arrays were 87, 80, and 71% for 52c,
52b, and 52a, respectively. The drop-off of the cone-shaped arrays, however,
was more dramatic with @gnt of 86, 66, and 16% for 52f, 52e, 52d, respec-
tively. The large gap in ®gnr between 52e and 52d indicates that there is
an upper limit to the distance between communicating chromophores when
those chromophores are not conjugated, consistent with the Forster energy
transfer model. Fluorescence lifetimes, tp, (monitored at 585 nm, an emis-
sion maxima of Pz,) of the star-shaped arrays were always shorter then those
of their cone-shaped counterparts. However, the gap between the star- and
cone-shaped lifetimes became larger with increasing dendrimer generation,
demonstrating the inability of the higher generation cone-shaped arrays to
efficiently transfer energy to the Pgp core as corroborated by @gxt values.
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Scheme 22 Multiporphyrin array connected by diphenylethynyl linkages by Lindsey and
coworkers [72]

Fluorescence anisotropies of the star-shaped arrays are lower then those of
the cone-shaped molecules, which again indicates energy migration through-
out the dendrimer framework followed by energy trapping by the Prp core.
Again, morphology of the dendrimer is critical for efficient light-harvesting
porphyrin containing dendrimers as the dendritic subunits show cooperativ-
ity in both light-harvesting and energy funneling to the core.

Dendritic porphyrin arrays have been synthesized in which Pz, molecules
are connected via conjugated diphenylethynyl linkages and subsequently at-
tached to a Ppp core (Scheme 22) [72]. These arrays show similar energy
transfer characteristics to those mentioned previously [70,71] (i.e. energy
transfer occurs in a downhill fashion from the Py, to the Pgg core). However,
the reported @gnt values are much higher, presumably due to the increase
in electronic communication by conjugation. Interestingly, bulk oxidation
experiments show the removal of 20 electrons in 53, which yields a stable
m-cation radical with hole-storage possibilities.

5.3
Porphyrins as Peripheral Groups on Organic Dendrimers

Fifth generation poly(L-lysine) dendrimers have been modified at their pe-
riphery with 16 Pz, in one hemisphere and 16 Pgg molecules in the other
by using the orthogonal protection offered by Boc and Fmoc chemistry
(Scheme 23) [73]. Energy transfer from the Pz, to the Ppg was measured at
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Scheme 23 Porphyrins on the periphery of poly(L-lysine) dendrimers by Nishino and
coworkers [73, 74]

43% which corresponds to roughly 7 of the 16 Pz, being in proximity to the
Ppp groups. When the porphyrins are arranged in a random fashion on the
periphery (not necessarily 16 of each), energy transfer is increased to 85% [74].

Meijer and coworkers have synthesized a family of poly(propylene imine)
dendrimers of first, third, and fifth generations that contain 4, 16, and
64 Ppp moieties, at the periphery, respectively (Scheme 24) [75]. Fluorescence
anisotropy values led to mechanistic models and equations to describe the
energy transfer processes. The models take into account the different mor-
phologies of the dendrimers: the disk-like nature of [G1] and the spherical
natures of [G3] and [G5]. In the [G1] dendrimer, the Foérster mechanism is
sufficient to explain the energy transfer. Low anisotropy values in the [G3]
dendrimer are explained by considering the dendrons as electronically sep-
arate from one another. Intradendron porphyrin energy transfer results in
limited energy migration and therefore low anisotropy values. A segregated
dendron explanation is not feasible for the crowded periphery of the [G5]
dendrimer, as an intricate anisotropy decay indicates. The initial decay is fast
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Scheme 24 Porphyrins at the periphery of PI dendrimers by Meijer and coworkers [75]

followed by a slow return and leveling off. Rapid energy transfer between the
dense porphyrins at the surface of the sphere in addition to slower energy
transfer between porphyrins further removed from the sphere can explain the

observed anisotropy.

5.4
Porphyrin Core with Donor Periphery

Onitsuka and Takahashi reported the synthesis and characterization of
zinc porphyrin core dendrimers with platinum acetylide based dendrons
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55a:n=1
v 55b: n=2
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Scheme 25 Porphyrin core dendrimers with platinum acetylide dendrons by Onitsuka and
coworkers [76]

(Scheme 25) [76]. Intramolecular energy transfer was evidenced by fluores-
cence of the porphyrin core observed (iem =617 nm) upon excitation of
either the MLCT band of the platinum acetylide dendrons (Aex = 344 nm) or
the Soret band of the porphyrin core (Aex = 435 nm). Energy transfer from the
dendrons to the core was not quantitative, as significant dendron emission
(Aem = 384 nm) was observed from all generations. Fluorescence from the
porphyrin core at 617 nm appreciably decreased with increasing generation,
and another fluorescence peak (648 nm) was observed.

A multichromophoric light-harvesting system with a free-base porphyrin
core was constructed using a set of naphthopyranone dyes located on the in-
terior and a set of coumarin chromophores located on the periphery of the
dendrimer (Scheme 26) [77]. A similar pairing between coumarin donors and
porphyrin acceptors had been studied previously by the same group [83, 84].
This assembly absorbs light over a broad range of the UV and visible spec-
trum and converts harvested photons into single emission from the central
porphyrin chromophore via FRET. A lack of ground-state interactions among
the dyes was verified by the absorption spectra that represented linear add-
itions of the absorption spectra of the component chromophores. Near quan-
titave energy transfer was observed when compound 56 was excited at either
of the two donor chomophore absorption bands (Lex = 335 and 358 nm).

Two similar systems with carbazole donor chromophores and porphyrin
core acceptors were reported by the groups of Dehaen [78] and Lu [79].
With varying linker architecture and branching methods, Dehaen’s system in-
cluded dendrimers with 4, 8, and 12 carbazole chromophores per porphyrin
core (Scheme 27). Lu’s system also included materials with 4, 8, and 12 car-
bazole chromophores per porphyrin core, but with a different branching ar-
chitecture (Scheme 27). The absorption spectra of the dendrimers in both of
these studies are additive, with the visible transitions of the porphyrin cores,
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Scheme 26 Multichromophoric dendrimer with porphyrin core by Fréchet and cowor-
kers [77]

i.e. the intense Soret band at ca. 425 nm and the weaker Q-bands at longer
wavelengths, and of bands attributed to the carbazole subunits in the UV re-
gion. Emission in Dehaen’s dendrimers (e.g. 57), both at 77 K in a rigid glass
and at room temperature in fluid solution, was typical of porphyrin chro-
mophores and independent of the excitation wavelength (ex = 330-630 nm).
This, along with the strong overlap of the excitation and absorption spec-
tra, indicates quantitative energy transfer from the carbazole chromophores
to the porphyrin core. Excitation of Lu’s dendrimers (e.g. 58) in dilute so-
lution into either the Soret band (Aex =432nm) or the carbazole region
(Aex =293 nm) resulted in emission from the porphyrin core (Aem = 664 and
730 nm), along with residual carbazole emission (Aex = 394 nm). Indeed, the
@gnt values obtained by comparing the absorption spectrum and excitation
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Scheme 27 Porphyrin core dendrimers with carbazole dendrons by Dehaen [78] (top) and
Lu [79] (bottom)

spectra recorded at 293 nm were 69%, 65%, and 40% for the first, second, and
third generation dendrimers, respectively.

6
Coumarin Dye Labeled Poly(aryl ether) Dendrimers

Fréchet and coworkers [85,86] synthesized a series of dendrimers whose
energy transfer mechanism is exclusively through-space. By designing den-
drimers in which the donor periphery chromophores are effectively sepa-
rated from the interior acceptors, the dendrimer architecture becomes simply
a structural scaffold upon which chromophores can be placed. Chromophores
were carefully chosen to satisfy the requirements of Forster energy transfer
(i.e. emission of donor overlaps absorbance of acceptor), so that any pho-
tons absorbed by a molecule on the periphery undergo intramolecular singlet
energy transfer to the core moiety and emission from that core ensues.

In these studies a pair of coumarin dyes were employed as the donor/ac-
ceptor pair. They were used for reasons that include: commercial availability
at high purity, solubility in organic solvents, high fluorescence quantum yield
(2@q), sufficient spectral overlap (Fig. 6), and a large Stokes shift of the periph-
eral coumarin 2 dye ensuring that energy transfer, rather then self-quenching
will be more probable following excitation.

To accommodate the nucleophilic nature of the coumarin 2 periphery dyes,
“reverse” dendrons [33] were used so that the dendrimer could be conver-
gently synthesized (Scheme 28). “Reverse” refers to using 3,5-benzyl groups
versus the typical 3,5-phenols, thereby switching the reactivity at the 3 and
5 positions from nucleophilic to electrophilic making them reactive towards
the nucleophilic coumarin 2. The interior dye was coumarin 343 (C343),
whose absorbance overlapped sufficiently with the emission of coumarin 2.

Energy transfer in the first through third generation dendrimers (59a-c)
is nearly quantitative as measured by comparing absorbance and excitation
spectra and by studying fluorescence quenching of the donor by the accep-
tor. For the fourth generation (59d), the energy transfer efficiency decreases
to 93% which is likely due to the increased interchromophoric distance. En-
ergy transfer to the dendrimer scaffold is unlikely because its excited state lies
at higher energy than both the coumarin donor and acceptor.

The significance of the dendrimers as effective light harvesters is most ap-
parent in their “amplified emission.” “Amplified emission” occurs when the
emission intensity from the core is greater when the donor is excited rather
then the core itself, and is a direct result of both the light harvesting abilities
of the donors and the energy transfer efficiency to the acceptor. Compari-
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son of fluorescence spectra indicate that there is a pronounced “amplified
emission” for the higher generation dendrimers 59¢ and 59d, which contain
8 and 16 donor chromophores, respectively (Fig. 7). However, the increase in
emission intensity does not scale with the absorbance increases for higher
generations. The authors attribute this to an increase in non-radiative path-
ways for relaxation of excitons. Several generations of dendrimers containing
coumarin-2 donor dyes on the periphery of “reverse” dendrons with penta-
and heptathiophene acceptors at the core were prepared and also exhibited
similar energy harvesting capabilities to the coumarin-2/C343 systems [87].
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Scheme 28 “Reverse” dendrons with coumarin 2 hosts and coumarin 343 guest by Fréchet
and coworkers [85, 86]
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Dendrimers containing chromophore donor/acceptor pairs carefully placed
on an inert scaffold have found a use as the emitting material in light emitting
diodes [88, 89]. If the donor/acceptor molecules also have hole and/or elec-
tron transporting capabilities, then a single layer device is possible. Fréchet
and coworkers have synthesized dendrimers with hole-transporting triaryl-
amines on the periphery and an energetically overlapping emissive acceptor
on the interior (Scheme 29) [88,89]. These dendrimers, when mixed with
electron transporting oxadiazole and sandwiched between electrodes, emit
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Scheme 29 Dye-labeled dendrimers with triarylamine peripheries for OLEDs by Fréchet
and coworkers [88, 89]

light with external quantum efficiencies of 0.012% using C343 as the emitter,
and 0.12% when pentathiophene (T5) is used as the emitter. Mixed den-
drimer films (both T5 and C343 dendrimers) showed light emission primarily
from the T5 (lower energy) with only a small emission from the C343, indi-
cating that energy transfer also takes place between the emitting groups in
neighboring dendrimers since the Forster radius (35-38 A) is smaller then
the interchromophoric distance. Energy transfer is not quantitative, however,
since the emission of light from the C343 dendrimers increases linearly as the
percentage of C343 dendrimer increases in the blend.
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To overcome this large Forster radius and create mixed dendrimer multi-
color OLEDs, larger dendrimers are needed so that energy transfer does not
occur. However, poor solubility and increasing crystallinity of the dendrons
prevented the synthesis of these target dendrimers [88, 89]. To overcome these
problems, Fréchet and coworkers [90, 91] replaced every other triarylamine
group on the periphery of the dendrons with a dialkyl substituted phenyl ring
(Scheme 30). Dendrimers up to the 4th generation could be synthesized with
C343 cores (e.g. 61), and up to the 5th generation for T5 cores when only
two dendrons are attached to either end of the T5 core in a “barbell” fashion
(e.g. 62). Site isolation of the individual cores, which implies that interchro-
mophoric energy transfer is prevented, was probed by monitoring emission
of C343 in films (thickness 1100-1300 A) of mixtures of the dendrimers by
photoluminescence (PL) and electroluminescence (EL). Results indicate that
while site isolation for the C343 dendrimers is considerable at the fourth gen-
eration, it is only when the T5 dendrimers reach the fifth generation that their
site isolation is significant. This is not surprising when considering the shape
of the dendrimers. Presumably, the three-fold architecture of the C343 struc-
tures surrounds or encapsulates the core more effectively then the “dumbbell”
architecture in the T5 dendrimer.

Because of the site-isolation afforded by the higher generation dendrimers,
there is a large increase in C343 emission (normalized to T5 emission) when
the molar ratio of C343 to T5 is increased from 1:1 to 5: 1, indicating a di-
minishing or lack of energy transfer. Upon dilution of mixtures of [G4] C343
and [G5] T5 by embedding in a polystyrene matrix, emission of C343 again
increases, due partly to the reduced energy transfer to the T5 dendrimers but
mostly to reduced self-quenching. The experiment also indicates that even at
high generations of both the C343 and T5 dendrimers, complete site-isolation
is still not achieved, although there is a significant improvement over lower
generations. OLEDs were fabricated and showed external quantum efficien-
cies of 0.2% for mixed dendrimer devices and 0.76% for [G5] T5 devices
alone. The higher efficiency for the [G5] T5 is attributed to its ability to trap
electrons more effectively then C343 dendrimers which leads to exciton for-
mation and subsequently light emission. Note the higher efficiencies then
previously reported [88, 89] (0.012% for C343 emitters and 0.12% for T5 emit-
ters) with lower generation dendrimers.

Coumarin 2 has been paired as a donor with a diamino-substituted per-
ylene near-IR emitter to produce a FRET-based UV to NIR frequency con-
verter (Scheme 31) [92]. Excitation at the coumarin 2 Apax (Aex = 345 nm)
resulted in FRET to the higher excited state (S,) of the perylene core. This
state undergoes rapid internal conversion to the first excited singlet state (S;,
Kasha’s rule), from which emission is observed. Comparison of the integrated
donor emission in the absence of the core and in the target dendrimer indi-
cated a 99% energy transfer efficiency, accompanied by a 6.2-fold increase in
the core emission relative to the emission in the absence of peripheral donors.
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Scheme30 Dye-labeled dendrimers with mixed peripheries by Fréchet and cowor-
kers [90,91]

Fréchet and coworkers [93] have also synthesized multi-chromophore cas-
cade dendrimers whose excited state energies decrease towards the core. The
authors have been interested in elucidating whether energy transfer occurs
in a step-wise fashion to the lowest energy acceptor (Ac), or whether there
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Scheme 31 FRET-based UV to NIR frequency converter dendrimer by Fréchet and cowor-
kers [92]

is a component of energy transfer that takes place from the highest energy
donor (D1) to Ac bypassing the middle chromophore (D2), even though D1
and Ac were spaced farthest apart in the dendrimer array (Scheme 32). A ser-
ies of model compounds were prepared combining only two chromophores so
that energy transfer measurements could be made. FRET efficiencies for D1
to D2 (62; 99%), D1 to Ac (63; 79%), and D2 to Ac (64; 96%) were measured
by comparing the emission of the donors with and without the presence of
acceptors. Since the measured FRET in the dendrimer containing both donor
chromophores, D1 and D2 (61), and the perylene acceptor, Ac, at the core was
greater then 95% when exciting D1 (342 nm), a cascade energy transfer from
D1 to D2 to Ac seems likely since D1 to Ac FRET efficiency was much lower
(79%) then that of the multi-chromophore dendrimer (95%).

Mixed self-assembled monolayers (SAMs) that consist of coumarin 343 ac-
ceptors and dendrons substituted with coumarin 2 donors at the periphery
have been constructed on silicon wafers and their energy transfer proper-
ties investigated by front-face fluorescence spectroscopy [94] Energy transfer
comparisons between mixed SAMs containing coumarin 2 donor dyes either
in a dendritic array (65) or as a single molecule terminating a long chain
mixed with acceptor C343 (66) shed light on the importance of the dendritic
structure (Scheme 33). In the case of the dendritic array 65, energy transfer
was efficient as noted from the lack of donor emission. Amplified emission
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Fréchet and coworkers [93]

was also apparent when the donors were excited rather then the acceptors.
However, when the linear single molecules were mixed with the acceptors in
a 4:1 ratio (to keep the molar ratio of donors to acceptors the same as in
the dendritic case), there was significant donor emission. A likely explana-
tion for the donor emission is that some chromophore pairs were too far apart
(exceeding the Forster radius of 42 A) due to phase separation of the donors
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Scheme 33 Schematic of 68 and 69 for SAMs by Fréchet and coworkers [94]

into domains. A dependence upon donor/acceptor molar ratio was observed
in mixed SAMs of dendrons containing only two coumarin-2 dyes and linear
acceptors. It was found that if the molar ratio exceeded 4 : 1, emission resulted
from both acceptor and donor, but at 4 : 1, emission occurred almost exclu-
sively from the acceptors. Lower molar ratios (1:2) also showed complete
quenching of donor emission. However, no amplified emission was observed.

7
Rylene Cores

Perylenediimide and related moieties (i.e. rylene dyes) have been used as
both donor and acceptor chromopores in energy transfer studies in den-
drimers. These chromophores are generally photostable, have high extinc-
tion coefficients at convenient absorption wavelengths, and high fluorescence
quantum yields. These chromophores have been incorporated most effec-
tively into the shape-persistent polyphenylene class of dendrimers [95-102],
although work has also been reported rylenes at the core of more flexible
dendritic scaffolds [103-105].

71
Polyphenylene Dendrimers

In the past several decades, many different dendrimer architectures have been
introduced for a variety of purposes. One of the simplest designs are the rigid
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polyphenylene dendrimers which consist only of branched phenyl groups.
Since there are no bridging atoms between the rings, the phenyl groups of
the dendrimer are twisted out of plane so that the dendrons themselves have
limited conjugation. The bulky nature of the dendrons lends them as useful
insulators for chromophores with aggregation, crystallinity, and solubility is-
sues [95]. Also, as with other rigid dendrimer architectures, polyphenylenes
can be used as inert scaffolds onto which host/guest chromophores can be
placed for Forster energy transfer without the complication of backfolding of
the dendritic branches [96-102]. These types of polyphenylene dendrimers
have been studied extensively by Miillen and coworkers by a variety of tech-
niques including fluorescence anisotropy and single-molecule spectroscopy.

The polyphenylene dendrimers were found to effectively isolate large chro-
mophores such as perylene derivatives, when two polyphenylene dendrons
(first through third generation) are attached to a perylenediimide core (PDI)
(Scheme 34) [95]. Although the alkoxy substituents in the “bay” area of the
perylene twist the core out of planarity, the chromophore is only slightly blue-
shifted when incorporated into the dendrimers. Therefore, energy transfer
from the polyphenylene dendrons is still accomplished with high efficiency.

When a phenylene first generation dendrimer with a tetrahedral core is
substituted on the periphery with three peryleneimides (PI) and one ter-
ryleneimide (TI) (Scheme 35) to act as the lower energy acceptor, energy
hopping between the PI molecules eventually results in energy transfer to the
TI trap [96,97]. Since the dendrimer only contains the four equally spaced
chromophores, there are no intramolecular excimers formed, as evidenced
by their localized fluorescence. Two different fluorescence anisotropy decay
times measured for this system indicate that there are two different energy
pathways available for trapping by TI. The authors postulate that there are two
different environments for the TI groups with respect to the PI donors. One of
the environments places the chromophores close to one another which pro-
vides the initial close-proximity pathway. The two pathways, however, do not
affect the overall energy transfer efficiency which is notably high at 96%.

By changing the position of the chromophores so that the terrylenediimide
(TDI) is at the core and the PI are at the periphery of polyphenylene den-
drons, Miillen and coworkers have created dendrimers that are incapable of
intramolecular aggregation of chromophores due to their rigidity (72 and
73) [98-101]. Additional high energy donors such as naphthaleneimides (NT)
have been placed in a 2 : 1 ratio to PI on the periphery of the dendrons to cre-
ate cascading dendrimers (74) which can undergo stepwise energy transfer
from the NI to the PI and ultimately, to the TDI moiety at the core [98, 102].
Excitation of the PIs in the two-chromophore dendrimers (72 and 73) results
in roughly 93% energy transfer to the TDI core in both 72 and 73, expected
because of the large Forster interaction radium (Ry = 6 nm) and good spec-
tral overlab of the PI emission and TDI absorption. The multichromophoric
triad system 74 absorbs over the whole range of the visible spectrum but
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Scheme 34 Polyphenylene dendrimer with a perylenediimide core (PDI) by Miillen and

coworkers [95]
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Scheme 35 Phenylene dendrimer with different rylene subunits by Miillen and cowor-
kers [96,97]

with well-separated absorption envelopes. Interestingly, energy transfer in
the triad system 74 upon excitation of the NI chromophores (370 nm) oc-
curs predominantly to the TDI (700 nm emission), despite an apparent lack
of spectral overlap between these two chromophores [98]. However, further
studies revealed a spectral overlap between NI emission and the So-S; ab-
sorption bands of the TDI chromophore, indicating the possibility of both
direct transfer from NI to TDI as well as cascade transfer via the intermedi-
ate PI chromophores [102]. The diads 72 and 73 have also been studied at the
single molecule level [99-101].

7.2
Flexible Dendrimers

Tian and co-workers have prepared and investigated the properties of flexi-
ble dendrons and dendrimers that have NI or PDI cores with carbazole (CZ)
or oxadiazole (OXZ) peripheral units (Scheme 38) [103, 104]. Excitation of
the peripheral chromophores result in emission of the NI of PDI cores. In-
terestingly, in the case of the NI core dendrons, excitation of the peripheral
oxadiazole residues of 75c results in a 3.9 times enhancement of core lumi-
nescence, while excitation of the peripheral carbazole residues of 76c results
in only a 20% emission intensity, suggesting a second pathway for donor
quenching in the CZ systems. This pathway is probably photo-induced elec-
tron transfer (PET) from the CZ units to the NI core [104]. The OXZ units,
however, have a relatively higher electron affinity and no PET can take place.

This PET pathway was studied directly in the analogous dendrimer sys-
tems with PDI cores (e.g. 77 and 78) [103]. Direct excitation of the PDI cores
(540 nm) in dendrimers bearing different numbers of OXZ units (e.g. 0, 2, 4)
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Scheme 36 Schematic of rigid polyphenylene dendrimers 72 and 73 [98]
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Scheme 37 Schematic of dendrimer 74 [98]

resulted in intensities of core emission that were the same within experimen-
tal error. However, the intensities for core emission of CZ-containing den-
drimers under direct excitation of the core decreased sharply with increasing
number of CZ units. The relative core emission intensities of dendrimers
bearing 0, 2, 4, and 8 CZ units were 1.0, 0.48, 0.14, and 0.07, respectively. This
is consistent with PET quenching between the core PDI and the peripheral CZ
units. Hence, the predominant pathway following OXZ peripheral unit exci-
tation is energy transfer to the PDI core and core emission, while for the CZ
peripheral unit dendrimers, energy transfer to PDI is followed by core emis-
sion that competes with electron transfer from CZ to PDI and back electron
transfer to the ground state. Based on fluorescence lifetime data, the authors
calculate the PET efficiency to be in the range of ~75%.

Takahashi et al. [105] reported a family of dendrimers with perylene
tetracarboxylate cores and layers of 4, 8, 12, 16, or 24 anthracene units at-
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Scheme 38 Examples of NI and PDI core dendrons and dendrimers with CZ and OXZ
donors by Tian and coworkers [103, 104]

tached through flexible benzyl based subunits. Evidence was obtained for
decreased fluorescence efficiency due to intramolecular energy transfer in
densely packed donor moieties, and quantitative energy harvesting by the
Forster mechanism.
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8
Two-photon Light Harvesting and Energy Transfer

Dendrons and dendrimers containing two-photon absorbing (TPA) chro-
mophores as the donors and a Nile Red dye (NR) as the core acceptor have
been synthesized for potential uses in two-photon imaging and optical lim-
iting (Scheme 39) [106,107]. These dendrimers were based on dendrons,
reported by the same group, containing TPA chromophores at their chain
ends that exhibited a linear correlation between the number of peripheral
chromophores and the TPA cross section of the molecules [108] Single-
photon absorption and energy transfer from the TPA to the NR in dendrimers
consisting of one TPA and one NR resulted in a 3.4-fold increase in NR
emission when exciting the TPA chromophores (405 nm) rather then the NR
(540 nm) [106]. This can be attributed to the antennae effect of the TPA moi-
eties which effectively increases the extinction coefficient of the molecule at
the TPA single-photon absorbing wavelength (405 nm). Energy transfer for
single-photon absorption was found to be greater then 99%. Laser-induced
two-photon absorption also resulted in energy transfer from the TPA groups

TPA TPA TPA TPA TPA
@ Spacer Spacer
Nile Red Nile Red Nile Red
TPA TPA
79 81

Nile Red

0
. \¢N
O S
ACNeH
N

TPA
HO

Scheme39 Two-photon dendrimers with a Nile Red dye acceptor by Fréchet and
Prasad [106, 107]
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to the NR core [107]. Three dendritic compounds consisting of 1, 2, and 4
TPA hosts (79, 80, and 81, respectively) surrounding a NR guest showed 8,
20, and 34-fold increases in NR emission, respectively, also attributed to the
antennae effect. Compounds such as these which can absorb and transfer
both single- and two-photon energy to a central core are important as en-
ergy harvesters because the window of wavelengths that can be used to excite
the molecules is increased substantially over systems capable of only single-
photon absorption.

An approach to singlet-oxygen generation sensitized by porphyrins at
the core of dendrimers with containing donor TPA chromophores has re-
cently been reported (Scheme 40) [109, 110]. Compound 82a was prepared
from eight AF-343 TPA donor chromophores and a multi-valent acceptor
porphyrin and exhibited a steady-state absorption spectrum consistent with

82a: M = H,
82b: M = AI-CI
82c: M=2Zn
82d: M = Ag

Scheme 40 Porphyrin core dendrimers with TPA donors for singlet oxygen sensitization
by Fréchet and Prasad [109, 110]
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a linear addition of the absorption spectra of model compounds of the in-
dividual chromophores [110]. Single-photon excitation conditions at both
the absorption maxima of the AF-343 chromophore (Lex = 385 nm) and the
Soret band of the porphyrin core (Aex = 424 nm) resulted in porphyrin emis-
sion, with the energy transfer efficiency in the former case calculated at 97%.
The emission spectrum of 82a measured when a 780 nm fs mode locked
Ti:Sapphire laser was the excitation source showed porphyrin emission 17
times more intense than emission from a monomeric model porphyrin under
the same conditions. The ability of 82a to generate singlet-oxygen following

O_
O/_/ o/
O—/_ o—/_

83 N
@ 0

O—\_O O_\—O\
b

Scheme 41 Water soluble dendrimers with TPA donors for singlet oxygen sensitization by
Fréchet and Prasad [111]
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TPA was evaluated by monitoring the emission of singlet-oxygen at 1270 nm.
Singlet-oxygen generation via TPA begins with absorption of two-photons to
populate a higher that attained by one-photon excitation. Rapid internal con-
version results in the first excited singlet state, which can then undergo FRET
to the porphyrin, intersystem crossing to the triplet state, and then collisional
deactivation by 30, to produce !0,* and ground state porphyrin. Excita-
tion at both single photon (532 nm) and TP (780 nm) wavelengths resulted in
1270 nm luminescence

Compound 82a was metallated to produce compounds 82b, 82¢, and 82d to
attempt to tune the singlet-oxygen generating efficiency of this system by in-
creasing the efficiency of intersystem crossing to the triplet state [109] Time-
resolved fluorescence, transient absorption measurements, and TP excitation
experiments indicated efficient energy harvesting upon TPA and FRET to the
central porphyrin chromophore for the Al-Cl and Zn species. The Ag com-
plex was non-fluorescent, and whether the nature of the AF-343 quenching
was via FRET or electron transfer was unclear. Metallation of the porphyrins
strongly influenced the quantum yields of the triplet excited states for the
Al-Cl and Zn species, and this increased triplet quantum yield resulted in en-
hanced singlet-oxygen production, as measured by singlet-oxygen emission
intensities, although quantum yields for singlet-oxygen generation were not
measured.

A water soluble version of this system with eight AF-343 TPA donor
chromophores and a core acceptor porphyrin was also been produced
(Scheme 41) [111]. Water solubility was achieved by inclusion of tri(ethylene
glycol) (TEG) moieties in the periphery of the dendrimer. Although oxy-
gen luminescence could not be observed upon TPE (lex = 780 nm) in D,0
solution, when the solvent was changed to benzene-ds, weak emission was
observed under TPE conditions.

9
Energy Transfer to Encapsulated Guests

While several researchers have investigated energy transfer from a host (of-
ten the dendron itself) to a guest at the core of the dendrimer, there are few
examples of guests that are not covalently bound but encapsulated in some
fashion into the voids of the dendrimer. In an elegant example by Meijer and
coworkers, oligo (p-phenylene vinylene)s (OPPVs) are covalently attached to
the periphery of a PPI dendrimer and transfer energy to an encapsulated an-
ionic dye, Sulforhodamine B (Scheme 42) [112]. The dye is first loaded into
the dendrimer by extraction from an aqueous solution into a dendrimer-
containing organic phase. An acid-base reaction between the tertiary amines
in the dendrimer and the carboxylic acids of the dye holds the dyes creates
electrostatically bound guests. Seven dyes are loaded into the third generation
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84

L
(H2CH3C)2N O N*(CH2CHg)z

Sulforhodamine B

Scheme 42 Structures of third generation PPI-OPPV dendrimer 84 and Sulforhodamine B
by Meijer and coworkers [112]

dendrimer 84, while the fifth generation dendrimer is capable of extracting
26 dyes into its interior, occupying about half of the available tertiary amine
sites located in each dendrimer. Solution photoluminescence measurements
indicate that when the dye concentration in the dendrimer is at a maximum,
energy transfer from the OPPV groups to the dye is approximately 40% for
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both third and fifth generation. Although the energy transfer percentage is
lower than in most covalently incorporated guests, Meijer’s system offers the
unique opportunity of switching the wavelengths of emitted light if the dye
can be removed from the dendrimer as easily as it is introduced.

Fluorescence titration curves show an initial steep increase in dye fluo-
rescence when approximately one or two dyes are bound followed by only
a gradual increase in fluorescence as each additional dye is bound to the
interior of the dendrimers (Fig. 8). This change in slope could be due to ei-
ther self-quenching of the dyes which will compete with fluorescence once
the concentration of dye is high enough, or just simply an antennae effect of
the OPPVs. Thin films of the dye-loaded dendrimers showed a much higher
energy transfer efficiency (greater than 90%) which could be due to either
better spectral overlap (the film fluorescence is slightly red-shifted) or better
orientation of the host and guest molecules relative to each other within the
film, a parameter in the Forster energy transfer equation. Additional dyes that
were incorporated into the dendrimer all resulted in near-quantitative energy
transfer in thin films.

Vogtle and Balzani have also explored light-harvesting and energy trans-
fer to non-covalently linked guests [113-115]. They utilize PPI dendrimers
modified with dansyl groups at the periphery (85) as the hosts for acidic
dyes (i.e. eosin Y, fluorescein, rose bengal) as the encapsulated guest emit-
ters (Scheme 43) [113, 114]. Dendrimers of second through fifth generation
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Fig.8 Emission spectra of 59a-d in toluene and direct core emission (dotted line) [86]
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Scheme43 PPI dendrimer with 32 dansyl groups at the periphery by Vogtle and
Balzani [113, 114]

were capable of extracting eosin Y (a diacid) into their cavities. The amount
of eosin molecules incorporated into the dendrimers was both pH and con-
centration dependent. Fluorescence measurements were performed mainly
on the fourth generation dendrimer 85, and show that when the 32 dansyl
groups of the dendrimer are excited, the eosin guests quench their fluores-
cence. Emission from eosin, however, is also significantly quenched. This is
thought to be due to non-radiative emission pathways made possible by the
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electrostatic bonds holding the eosin molecules in place. Encapsulation of
one eosin molecule is enough to quench the fluorescence of all 32 dansyl
groups.

A more recent example by Balzani and Végtle provided an additional chro-
mophore for cascade energy transfer [115]. Poly(aryl ether) dendrons with
naphthyl groups at the periphery were attached to the sulfonamides of the
second generation dansyl terminated dendrimers to create a “super” den-
drimer 86 consisting of three different types of chromophores: 32 naphthyls,
24 alkoxybenzenes, and 8 dansyls (Scheme 44). When eosin is extracted into
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Scheme 44 Schematic of “super” dendrimer 86 by Vogtle and Balzani [115]
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tion of dye is increased in the water layer. b Fluorescence spectra of the CHCI3 layer as
concentration of the dye is increased in the water layer [112]
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the interior of the dendrimer and the dansyl groups are excited, emission oc-
curs from eosin with greater then 80% energy transfer efficiency. Any light
harvested by the naphthyl or dimethoxybenzyl chromophores is thought to
undergo energy transfer to the dansyl units and then on to the eosin guest(s).
Therefore, a cascading energy transfer dendrimer was realized.

10
Conclusion

Dendrimers have been shown to act as efficient light harvesters. Since they
can be easily synthesized and modified to include chromophores, many
routes to light-harvesting dendrimers have been explored and will continue
to be developed. Energy transfer efficiency in many dendritic systems is near
quantitative, establishing them as viable photosynthetic mimics. The high en-
ergy transfer efficiency in these systems has led to their use in optoelectronic
devices such as OLEDs and fluorescent sensors. With new easier synthetic ap-
proaches to light harvesting dendrimers constantly emerging, it is envisioned
that these dendritic systems will be competitive with polymers as organic
materials for devices.
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Abstract The first part of this review presents the state of the art on two-photon absorb-
ing molecules. Early works concerned the optimization of dipolar push-pull molecules.
Recently, the synthesis of linear and branched centrosymmetrical quadrupolar molecules
led to higher nonlinearities, but still far from reaching the fundamental limits of molecu-
lar two-photon cross-sections.

The second part of this review summarizes our theoretical and experimental results on
fluorene-based oligomers, and branched oligomers (V-shape molecules and dendrimers).
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They are model molecules to investigate an alternative approach based on spatial assem-
blies of nonsubstituted 7-electron systems that are coupled by dipole-dipole interactions.
In all geometries, two-photon absorption cross-sections have superlinear dependencies
that depend on coupling energies and oligomer sizes. These results are well rationalized
by an excitonic model based on N interacting three-level systems. Analytical expressions
for one-photon and two-photon energies and absorption strengths are derived for linear
oligomers. An accurate calculation of large exitonic systems is obtained by diagonalizing
the Hamiltonian operator on a reduced basis set.

Keywords Branched molecules - Dendrimer - Excitonic coupling - Fluorene - Oligomer -
Two-photon absorption

Abbreviations

NLO Nonlinear optic

TPA Two-photon absorption

By First-order, second-order hyperpolarizabilities

Yijki Second-order hyperpolarizability components following i, j, k, I axis
E Electric field

1) Laser frequency

Aabs Linear absorption wavelength

ATPA Two-photon absorption wavelength

OTPA Two-photon absorption cross-section

x® Macroscopic third polarizability or second hyperpolarizability
u Unitary vector of space

d Intermonomeric distance

! Electric dipole moment operator

|7) Electronic eigenstate i

li1...iy)  Element of the oligomeric or dendrimeric basis set.
{li1...in)} Oligomeric or dendrimeric basis set

E; Energy of |i)

ejor Ey; E;i-Ej

wjj (Ei - Eo)/h

ij (il iilj)

ij | i

Ay ki - ]

rffill Junction parameter within the excitonic model
Vij Excitonic perturbation matrix element

fij Transition oscillator strength

fij PA Two-photon absorption transition strength
DEANST  N,N-Diethyl-4-(2-nitroethenyl)phenylamine

Nn Oligomer consisting of N monomers

Vn V-shape molecule with N monomers on branches
DnGg g-generation dendrimer with N monomers on branches
F-F fluorene-fluorene junction

F-P-F fluorene-phenyl-fluorene junction in Vn (V-type) and DnGg (D-type)
L Metric oligomeric length

o Power of L in the dependency of oTpa as a function of L

N (or n) Number of monomeric units in an oligomer or dendrimer
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1
Introduction

Since its theoretical prediction by Goppert-Mayer in 1931 [1], the nonlinear
optical (NLO) process of two-photon absorption (TPA) has received consid-
erable attention, owing to numerous relevant applications in several fields [2],
such as optical limiting [3-5], three-dimensional microfabrication [7-15],
up-converted lasering [16-18], photodynamic therapy [19-22], data stor-
age [23-28], and biomedical imaging [29-33].

Because of this wide range of applications, much effort was dedicated to
the design and synthesis of new molecules with optimized TPA efficiency;
in this context, the characteristics of the designed molecules (linear absorp-
tion, solubility, substituents...) will depend on the targeted application. The
TPA response of molecules can be understood in the context of its TPA
cross-section orpa, which can be measured using different techniques, such
as nonlinear transmission, two-photon induced fluorescence and the Z-scan
method!; although in a pure TPA process orpa does not depend on the
laser pulse duration, the nonlinear absorption can be more efficient in the
nanosecond regime than in the femtosecond one, due to excited state reab-
sorption phenomena [34].

A NLO active molecule submitted to an electric field E is described by
the induced electronic dipole moment p following the relationship Eq. 1, in
which pg is the permanent dipole moment, « is the linear polarization, while
B and y are respectively the first and second hyperpolarizabilities.

M=Mo+aE+,BE2+yE3+... (1)

oTpa is related to the imaginary part of the second hyperpolarizability y fol-
lowing the relationship Eq. 2 [35], in which A is the Planck constant, n the
refraction index of the medium and f the local field factor; w is the incident
laser frequency.
872 ha?
OTRA= ) fimy(- w0, 0,- ). 2

Since sTPA is a third-order NLO process, there are no restrictions on the
molecular process to occur. The optimization of TPA properties of organic
molecules is related to the optimization of the second hyperpolarizability
v, which is given by the Orr and Ward sum-over states (SOS) relationship
Eq. 3[36]. Inthis expression, P(i, j, k, ; - w; o, w, — ®) is a permutation operator,
|0) is the ground state, while |m), |n) and |p) are excited states. (0|u;|m) and
(m|[i;|n) correspond respectively to the components ,uf)m and ,uf,m of the transi-
tion dipole moment between |0) and |m) and between |m) and |n) along the axis

Yorpa is generally expressed in Goppert-Mayer (GM) with 1GM = 10%cm?/
photonmolecule.
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i of the molecule; (n|fi;|n) is the component of the static dipole moment differ-
ence i}, = A, along the axis i. hiwpg represents the energy Eoy, of the excited
state |m), while I}, is the homogeneous width associated to the state |m1).

1
Yiiki (= @3 @, @, - 0) = P(i,j, kL - w0, 0,- o)
<0|u:|m (2 |m) (ml ik ) (pl4110)
)BPIPD (wmo-w~ ZFmO)(CUn(J) 2w-il 7o) (wpo-w-ilpo)
MO TY  olatmy ol 0) Qgm0 3)
wilm) (m|ui|0)(0] g m)(n| :
-2 2 (o ! ! ’

w-il} wpo-w-ily0)(wno+w-il;
o 0- m0 ) (@Wno— 10)(@Wno o)

In order to compare theoretical orps values to those measured in solution,
the orientationally averaged value of y is generally calculated following Eq. 4:

(y)= 15 Z (Vll]] + Vijij + Vl]]l) Li=%)2 (4)
i,j
Different parameters of Eq. 3, such as excited-state energies and dipole mo-
ments, must be tuned to obtain high TPA cross-sections. This has been
obtained using different molecular approaches optimizing the second-order
hyperpolarizability y. We will present in the first part, a review of the most
efficient molecules for TPA, following their symmetry. Although a wide pri-
ority will be given to branched systems (octupolar and dendritic molecules)
developed in order to optimize TPA properties by dipolar interactions, linear
systems (dipolar and quadrupolar) with high TPA cross-section values will be
also described.

2
State of the Art on Two-Photon Absorbing Molecules

2.1
Linear Molecules

Linear organic molecules were firstly considered for the design of TPA ef-
ficient molecules. This family can be divided into two groups (Fig. 1): (1)
dipolar molecules constituted by a noncentrosymmetric structure, with a lin-
ear delocalized electrons system substituted at each end by electron donor
D and acceptor groups A (push-pull molecules); (2) quadrupolar systems,
consisting of symmetric molecules with a 7 electrons system substituted by
donor or acceptor groups.

In this case, the second-order hyperpolarizability y can be considered as a
unidimensional parameter defined along the axis x of the molecule following
the single component yxxxx. Equation 3 can be simplified into the relationship
Eq. 5, when applying the three-level model in which the lowest excited state |1)
and the two-photon excited state |2) are considered to be the most significant
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p— (=}
(D-w-D)
o)
Dipolar molecules ( D-w-A) @

(A-m-A)

Quadrupolar molecules

Fig.1 Schematic representation of dipolar and quadrupolar molecules (A and D repre-
sents, respectively, electron acceptor and donor)

contributors to the value of yxxxx [37]. This model is illustrated in Fig. 2.

_ “31 IN
(EOl—hw—iF)Z(E01+hw—iF)
2 A 2
VxxxxO | + e |D (5)

(Eo1-hw- lF)z(E()l 2hw-il")
e |T
(E01 hw-il)2(Egy-2hw-il")
This expression consists of three terms: (1) the negative term N, which con-
tributes only for a one-photon resonance and can be neglected in the case of
TPA; (2) the two-photon term T, which is related to a two-photon resonance
with the excited state |2) and takes the specific two-photon excited states partic-
ipation into account (case ain Fig. 2); (3) the dipolar term D, which corresponds
to a two-photon resonance with the low-lying excited state |1) (as illustrated by
configuration b in Fig. 2) and is zero for centrosymmetric molecules.
This model has been examined for numerous organic molecules; an ex-
ample is shown in Fig. 3, in which variations of orpy values are plotted
as a function of the number of excited states involved in the SOS rela-

Sz EOZ Sz E02

S
Eoq i Eos

A A
Ho1 - T - Mo+
So T So
@) (b)

Fig.2 Schematic representation of the TPA process. (a) In the case of the three-level
model for symmetric systems; (b) in the case of the two-level model for noncentrosym-
metric systems
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Fig.3 orpa variations with the number of excited states involved in the SOS expression
(3) for the 4-dimethylamino-4-nitrostilbene and the dimethylamino)-E-stilbene

tionship Eq. 3 for a dipolar molecule (4-dimethylamino-4-nitrostilbene) and
a symmetric one (dimethylamino)-E-stilbene [38]. This figure shows that the
convergence for y is rapidly reached for seven excited states and that only
lowest excited states contribute mainly to orps values.

2.1.1
Push—-Pull Molecules

This type of molecule is usually noted as D-7-A, in which D and A are re-
spectively electron donor and acceptor groups and = the central conjugated
system (Fig. 1). This noncentrosymmetric structure has been widely studied
for its high efficiency in quadratic NLO, quantified at the molecular level by
the first hyperpolarizability 8 in relationship Eq. 1. This coefficient can be ex-
pressed following the relationship Eq. 6, assuming the validity of the two-level
model [39] presented in Fig. 2b; in the case of push-pull molecules, this two-
level model is valid for TPA at Ey; resonance, while the three-level model must
be considered at Eg, resonance. In the former case, the same parameters 1101,
A1 and Eq; are involved in both expressions of Bxxx and yxxxx (Egs. 6 and 5,
respectively); this implies that molecules, designed for high g values, should
present also high y values at least at Ey; = hwo; resonance.

_ 3(ror)*Apor o}

ST 2o ? (o - 10?) (6 - )

(6)



Excitonically Coupled Oligomers and Dendrimers for Two-Photon Absorption 155

Much theoretical as well experimental studies have been focussed on the
design of efficient TPA molecules [40-51]. As for quadratic NLO, the best
trade-off between transparency and TPA response is obtained by tuning the
conjugation of the charge transfer (CT) system and the strength of the sub-
stituents A and D of the molecule; this leads to the shift of excited states. This
trend is illustrated in Fig. 4 by the work of Reinhardt et al. [52], from which
several structure/TPA efficiency relationships enhancing ops values could be
deduced: (1) the role of the conjugated system can be observed in the conju-
gation extension from R1 to R2, in the planarity increase from R3 to R4, in the
substitution of the naphtyl by the biphenyl from R2 to R3, and in the exten-
sion of the fluorene to the bifluorene (R4 to R5); (2) the role of the acceptor by
the substitution of the 4-pyridyl by the 2-pyridyl (R4 and R10, respectively);
(3) the role of the fluorene moieties pendant alkyl chains on the molecular
aggregation; (4) the role of the donor in R4 and R6; (5) the role of hydrogen
bonds in R7 with respect to R6.

Nunzi et al. [53] showed the two-level model was well adapted for the 4-(N-
(2-hydroxyethyl-N-ethyl)-amino-4’-nitrobenzene (DR1) dye, while a three-
level model had to be considered for the 4-dibutylamino-4’-nitrobenzene
(DBANS) system, due to electron-vibration interactions; values of o1, (12
and Apg; could be deduced for both molecules.

Brédas et al. studied theoretical TPA properties of the 4-dimethylamino-4’-
formylstilbene (DAFS) with the degree of = bond-order alternation (BOA) by
the application of an external field [54]. This work shows two possible strate-
gies to optimize TPA response in stilbenic molecules, as shown in Fig. 5: (1) In
the case of TPA resonance in the lowest excited state at Ey; energy, the D term
of Eq. 5 presents the main contribution and oTpy varies in the same way as
and Ao as a function of BOA, with a maximum for an intermediate regime
between the neutral Brl and the cyanine Br2 limits. (2) For a TPA resonance
in the specific two-photon state S,, the structure presents huge opa values for
the cyanine structure near the double resonance at Ey; = Egz.

Barzoukas and Blanchard-Desce proposed an approach of molecular en-
gineering using multivalence-bond state models [55]. Push-pull polyenes
were shown also to present an enhancement of the TPA response and a loss
of transparency of molecules, as a function of the increase of the polyenic
chain length [56,57]. Trends observed in these polyenic systems are sup-
ported by the large third-order optical nonlinearities measured in asym-
metric carotenoids, in which the role of the large value of dipole moment
difference A was shown [58].

In good agreement with the model described in Fig.2b for push-pull
molecules, TPA spectra match one-photon absorption curves; this confirms
that the value of orps is dominated by the dipolar term of Eq. 5 and that dipo-
lar molecules efficient in quadratic NLO processes (see Eq. 6) should present
high TPA responses. This trend has been illustrated by work on azo-aromatic
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Fig.4 Example of the relationship between molecular structure/TPA efficiency in push-

pull molecules containing pyridyl and biphenyl amino moieties; orpa(Amax) in THF is
expressed in GM for a laser excitation at 800 nm, and the linear absorption Amax is in nm
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molecules, in which a TPA resonance in the one-photon state |1) with a more
efficient peak at resonance with the higher two-photon excited state |2) [59].
Belfield et al. studied different dipolar molecules based on fluorene deriva-
tives for the m-system with a diphenylamine and a benzothiazole as the
electron donor and acceptor, respectively (Fig. 6).
Variations of orpy and of the intermediate state resonance enhancement
ISRE, the ratio between the nondegenerate TPA cross-section and the degen-

S
O 10 "))
Lo, sTav us
CioHa™ "C1oHa CyoHor™  "CyoHpy N
Be 1 Be 2
OO0
N
S
O O
CioHai™ "CyoHay
CioHai™ "CyoHay
Be 4

Be 5

Fig.6 Benzothiazolyl fluorene derivatives Bel-Be5
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Fig.7 Variations of orpa and of ISRE in Bel, as a function of the pump energy fw, in
a nondegenerate TPA process

erate one (that corresponds to Ey = Aw; + Aw; in the nondegenerate TPA
process, w; being the probe energy) are plotted in Fig. 7 for Bel as a func-
tion of hw;,; the possibility of a three-fold enhancement of ops with respect
to data observed in a degenerate TPA process has been shown by tuning
the laser pump energy hw,. Furthermore, an enhancement of 20-times the
response in the case of the degenerate process was observed for higher ex-
cited states [60]. This last trend is confirmed in the case of Be2 with a more
extended m-system, for which orps values of 1530 and 525 GM have been
measured at 610 and 790 nm, respectively, in linear absorption bands [61].

The two-photon excited fluorescence properties of compounds Fgl-9,
bearing B(Mes), as acceptor, with different donors and 7-systems, have been
studied by Fang et al. (Fig. 8) [62]. From linear absorption, the strength of the
B(Mes); group has been found to be intermediate between those of CN and
NO; and higher than that of the benzothiazole (Fgl0); this group has been
shown to induce significant charge transfer in the ground state and more pre-
dominantly in the first excited state. The molecule Fg3 has the highest orpa
value at 800 nm; an efficiency of 300 GM, which is of an order-of-magnitude
higher than that of the fluorescein, with a fluorescence quantum yield of 0.9.
These observations provide evidence for continued interest of this class of
molecules for TPA applications.

The group of Abbotto observed a tunable two-photon pumped lasing emis-
sion in the range of 500-600 nm with the same laser pumping at 790 nm,
by the modulation of the chemical structure of heterocycle-based derivatives
(Table 1) [63].

A series of diphenylaminofluorene derivatives (Fig.9) was studied in
order to reach higher TPA responses than that of AF-50, a TPA bench-
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Table 1 Laser emission wavelengths obtained by two-photon pumping at 790 nm for dif-

ferent molecules

Molecules

N
\ /)
CF3S0;
Me\%j Me
|
=
o 7\
CF3S0;
Me\%‘ N Me
N
Pz Me
CF3S0. ” \
3 3 Mé
Meﬂﬁ)‘ S Me
N
o NS \ / Me
CF4S0;
AN Me
| N
=
o 7\

Jem (nm)

522

532

555

557

576



160 C. Andraud et al.

mark in the nanosecond regime with improved thermal and photochemical
stabilities [64]; for this purpose, 2-benzothiazolyl, benzoyl, 2-benzoxazolyl,
2-quinoxalinyl, 2-(N-phenylbenzoimidazolyl) and 2-(4,5-diphenylimidazolyl)
groups have been successively introduced as acceptors in AF-240, AF-370,
AF-390, AF-260, AF-386, AF-385, respectively. The conclusion was that the 2-
benzothiazolyl and the benzoyl derivatives AF-240 and AF-370 respectively
were good candidates to replace AF-50 in nanosecond TPA applications.

Dithienothiophene derivatives DTT1 and DTT2 (Fig. 10), with a 2-phenyl-
5-(4-tert-butyl)-1,3,4-oxadiazole as acceptor and respectively with carbazole
and triphenylamine as donors, have been also compared to AF-50 [65]; the
comparison between DTT1 and DTT2 demonstrated the higher efficiency of
the triphenylamine with respect to that of the N-ethylcarbazole. On the other
hand, DTT2 has been found to be 6-times more efficient than AF-50 (meas-
ured with a o7ps value of 19400 GM in benzene)?; this study contributed to
show a great interest in dithienothiophene as a transmitting bridge (for the
comparison, acceptor groups pyridine of AF-50 and oxadiazole of DTT2 have
been considered to present similar efficiencies).

Recently, dyes based on the dicarboxamide pyridine as acceptor have been
designed to obtain a high two-photon excited fluorescence and second har-
monic signals for potential membrane measurement (Table 2) [66]. These
systems have been found to present orps values close to those of the most ef-

21t is worth to note that, in the nanosecond regime, several values of orpy for AF-50 were published:
9700 and 11560 GM in THF at 800 nm (see molecules R4 and AF-50 in Figs. 4 and 9 respectively and
19400 GM in benzene in [65]).
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AF-3% 2270 (4.5) AF-260 3920 (7.6) AF-50 11560 (16.1)

CioHar™ "CioHay
AF-386

6710 (8.3) “ 3900 (0.4)

Fig.9 Diphenylaminofluorene derivatives AF; opa at 800 nm in THF is expressed in GM
(GM g™), and the molecular weight is in g
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Fig. 10 Dithienothiophene derivatives DTT1-DTT4; orps measured in 1,1,2,2-Tetrachloro-
ethane at 810 nm is expressed in GM

ficient systems used in two-photon microscopy. These ligands were also used
to induce efficient TPA antenna effects for lanthanide fluorescence [67].

It is important to note that molecules with TPA in the NIR spectral region
have been less than those in the visible. Dipolar systems of D-7r-D'--A’-
7—-A type, bearing intermediate pyrrole and thiazole as donor and acceptor
groups (Fig. 11), were studied at telecommunications wavelengths by Marder
et al. [68]. These chromophores were shown to exhibit high nondegenerate
orpa values of 1500 GM between 1.3 and 1.55 pum.

Our group in Lyon developed heptamethine dyes with promising TPA cross
sections in the range 1400-1600 nm [69]. Anl (Fig. 12) exhibits a orps value
of 792 GM at 1445 nm; these molecules, have many promising properties in
terms of synthesis, stability and solubility and may have potential for practi-
cal applications in biology and optical limiting.

Table 2 Dicarboxamide pyridine-based chromophores

Molecules Ve oTPA uBo

(nm) (GM) (1078 esu)

770 780 177

830 1146 249
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Fig. 11 Dipolar systems of Mal-Ma3 for TPA at telecommunications wavelengths

Although asymmetric dipolar systems have been shown to exhibit high
orpa Vvalues at a variety of ranges of wavelengths, the linear absorption
of these molecules is generally red-shifted with respect to their symmet-
rical analogs. Similarly, due to the main contribution of the dipolar term
in Eq. 5 for the lowest TPA allowed state, the TPA transparency in push-pull
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An3 X =1I,Br

Fig. 12 Heptamethine dyes Anl1-An3 for TPA in the NIR

molecules is lower; the main drawback of this trend for practical applications
is the overlap between linear and TPA spectra, as has been discussed in [14].

2.1.2
Quadrupolar Molecules

The structure of quadrupolar molecules is generally noted as D-7-D or A-
7-A (see Fig. 1). For these molecules, the term Ay of the relationship Eq. 5
cancels and this equation can be rewritten as Eq. 7, and molecules fulfill the
three-level model represented in Fig. 2a.

o1 14T

(Eo1 - Bz /2T

The pioneering work of Brédas, Marder, Perry et al. in this field appeared
in 1998 [70]. From the trans-stilbene Q1 as starting molecule, the authors de-
signed quadrupoles based on a symmetrical CT from the ends to the molecule
center (Q2-6) or vice-versa (Q7-9), following different motifs : D-7-D for
Q1-3, D-w-D'-7-D for Q4 and Q5, D-w—-A-n-D for Q6, A-m-D-m-A for Q7-
9 (Table 3). These types of structures were shown to be very efficient, with
oTpa values up to 4400 GM for Q9. Quantum chemical calculations pointed to
a large electronic redistribution with excitation, which correlated with a sig-
nificant increase of 1. This is the main factor in the orps enhancement
between Q1 and Q2, for which the terminal substitution leads to a red-shift
of excited states energies. The intermediate substitution by donors in Q4 does
not modify spectroscopic properties with respect to those of Q3 without in-
termediate donor; an inverse trend is observed for Q6. The conjugation extent
(Q2 vs. Q3, Q4 vs. Q5) induces variations of parameters in Eq. 7. The high-
est value of orps has been observed in Q9, which bears a strong acceptor; this
system exhibits also the strongest red-shifted TPA properties.

(7)

OTPACO
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Molecules )\ffs’ )‘%5& [)‘EthA] J;}Iii I:U”}}II’A:I Mot Apor
(nm) (nm) (GM) (D) (D)
O O 514 [466]  124[27] 7.1 3.1
[e}]
Butyl,
R o T 374 605([529] 210 [202] 88 7.2
Q2 Butyl
ButyLN O
o N e 408 730 [595] 995 [681] 133 9.1

Qs Butyl

Butyl, O o—
WNNW 428 730 [599] 900 [670] 13.1 9.3
Q ‘Butyl

Butyl,

456 775 [620] 1250 [713] 14.6 6.0

Butyl’

Butyl

472 835[625] 1940 [950] 12.4 11.9

Butyl’

513 825 [666] 480 [570] 14.3 8.3

554 970 [-] 1750 [-] - -

618 975 [-] 4400 [-] - -

Table 3 Properties of quadrupolar bis(styryl)benzene chromophores

A similar study from the same group confirmed the strong influence of
donors on excited states properties and particularly on 115, while 111 and the
detuning energy are correlated to the conjugation extent of molecules [71].

This work led to many molecular engineering investigations on quadrupo-
lar molecules for TPA [72-88]. Quadrupolar polyenes have been theoretically
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studied by Cho et al. [89]. Parameters involved in Eq. 7 have been investi-
gated: in general increasing the strength of donor or acceptor induces an
increase of the product pg; 412 in the numerator, and simultaneously a de-
crease of the detuning energy term of the denominator; a saturation in the
orpaenhancement has been obtained for about 14 double bonds.

In addition to general work based on engineering for a molecular struc-
ture/TPA relationship building, more specific studies targeting different TPA-
related applications have been performed; in this regard molecules, fulfill-
ing requirements for the selected application, have been designed. Because
of the need for TPA-based optical limitors in the visible region (between
450-650 nm) with a good transparency, triarylamine derivatives displayed in
Fig. 13 have been synthesized [90]. For the purpose of optical limiting in the
visible region, specific requirements for molecules were high solubility (of the
order of one molL™!) and a linear absorption cut-off at 420 nm. While the
above relationship structure/TPA properties in molecules Q1-9 was based on
the optimization of the charge transfer at the expense of the molecule trans-
parency, the visible transparency condition for optical limiting requires the
optimization of the trade-off between TPA properties and the linear absorp-
tion of molecules. This was realized by molecular engineering around the
moderately conjugated biphenyl RA1; the optimization of the charge trans-
fer by the increase of the planarity, in RA2 and RA3 or RA4 and RA5, was
considered. All molecules RA1-5 exhibit a A ytoff < 420 nm. Broad band TPA
spectra were obtained in the visible region; the planar conjugated fluorene
RA2 was shown to exhibit the best TPA efficiency. Besides the molecular en-
gineering of the optimization of orpa, molecular engineering for the excited
states dynamics was reported for this family [91].

Recently, the group of Marder obtained high TPA cross-sections of
1000-5000 GM in the range 600-650 nm using pyrrole or dialkoxythiophene
bridges in D--D'-7-D type molecules Ma4 and Ma5 (Fig. 14) [92].

Quantum chemical calculations have ascribed this large TPA response to
the role of high energies of two-photon excited states with a large detuning
energy term and an unusually large transition dipole moment w12 (Eq. 7).

100, 120 (550,640) OcH, ocH,
40 (550) Q Q Q Q 80 (550) Q

N

@ a0 @

70, 50 (500, 615)

23 Faod

Fig.13 Triarylamine derivatives RA1-RA5 for TPA between 450 and 650 nm; opa (A1pa)
is expressed in GM and the TPA wavelength Arpa is in nm

HaCO
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Fig. 14 Symmetric systems Ma4 and Ma5 for TPA in the visible

On the contrary, D-m-A-m-D molecules are generally known to provide
high o7ps values from the lowest two-photon excited states with a weaker
detuning energy term; this has been observed recently in conjugated por-
phyrins [93], in extended phenylenevinylene oligomers for which ops values
up to 5300 GM have been obtained [94], and in squaraines [95].

Many molecules were designed for TPA properties in the range of wave-
lengths used in two-photon microscopy between 750 and 950 nm. Ferrocene-
based chromophores have been shown to lead to interesting TPA proper-
ties; their efficiency depends strongly on the conjugation length and on the
strength of the acceptor. Quadrupolar molecules have been shown to be
4-times more efficient than their dipolar analogs [96]. TPA properties of
distyrylbenzenes and polyenes have been studied in the spectral range of
710-960 nm [57]. D-w-A-m-D type molecules are shown to present the larg-
est efficiencies, with A = CN or SO;R; as expected for symmetric molecules,
two-photon excited states have been found to be energetically higher than
the lowest singlet state. The fluorene derivative Be3 (Fig. 6) has been studied
by nondegenerate two-photon absorption [60]; a efficiency 5-times higher
than that of the dipolar analog Bel has been obtained. TPA properties of
quadrupoles Be4 and Be5 have been compared to those of the dipolar Be2
(Fig. 6) by the same group [61]. TPA spectra consist of two bands at ~ 800
and 600 nm, with a higher intensity for that at 600 nm, which corresponds
to TPA into the |S;) state; the conjugation increase from Be4 to Be5 led to
an increase of orpa values from 370 to 6000 GM at 600 nm, while the push-
pull molecule Be2 exhibits a response 4-times weaker at the same wavelength.
The same trend has been observed for dithienothiophene derivatives DTT3
and DTT4 when comparing their efficiencies to those of dipolar molecules
DTT1 and DTT2, respectively (Fig. 10) [65]; moreover in good agreement
with the observations described above from comparison between DTT1 and
DTT2, the higher orps value obtained for DTT4 (199000 GM?) compared to
that of DTT3 (105000 GM) also points to the stronger donor efficiency of the
triphenylamine with respect to that of N-ethylcarbazole. The pseudoconju-
gated cyclodiborazane core has been shown by Nicoud et al. to induce strong
electronic interactions between both parts of the molecule and to enhance

31t is worth noting that a orps value of 3 orders of magnitude lower was measured for DTT4 in the
femto second regime; this discrepency was ascribed to excited state reabsorption when using longer
laser pulses.
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strongly TPA properties [97]. A TPA cross-section of 1350 GM was found at
830 nm for molecule Nil in Fig. 15.

The group of Blanchard-Desce synthesized a family of molecules based on
the general scheme displayed in Fig. 16, in order to deduce wide and compre-
hensive relationships in structure/physical properties (TPA and fluorescence)
in the range 700-900 nm for two-photon excited fluorescence-based applica-
tions [98, 99]. The influence of the conjugated core, of the length or the nature
of linkers on TPA and spectroscopic properties was systematically studied.
A TPA cross-section of 4200 GM at 710 nm has been measured, with high
two-photon fluorescence properties.

TPA photoinitiators, with good reducing properties for radical creation,
have been designed for 3D microfabrication following incident laser wave-
lengths. RA1 and RA2 (Fig. 13) have been used at 532 nm [100, 101]. For the

Fig. 15 Cyclodiborazane core chromophore Nil

@conjugated Iinkerl—[conjugated core}—‘conjugated Iinkerl—@

Fig.17 TPA initiators MK1 and MK2 derivated from Michler’s ketone
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Fig. 18 Symmetric bisdioxaborine polymethines and squaraines Ma6-Ma9 for TPA in the
NIR
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near IR, Michler’s ketone derivatives MK1 and MK2 were considered (Fig. 17)
with orps values up to 325 GM at 900 nm [102, 103].

As in the case of dipolar molecules, a new field of research appeared
recently in IR, particularly at telecommunications wavelengths. The group
of Marder and Perry developed bisdioxaborine polymethines Ma6 and
Ma7 (Fig. 18) with large third-order nonlinearities in solution and solid
state [104]. The same group designed conjugated squaraines Ma8 and Ma9
with vinylene groups and electron-rich heterocycles as bridges (Fig. 18) [95].
Large TPA cross-sections have been obtained (up to 33000 GM around 1 pm;
1600 and 800 GM at 1.3 and 1.5 um, respectively); these values have been
ascribed to small detuning energy terms (0.32-0.39 €V) and high dipole tran-
sition moments (17 (18.4-20.4 D).

Our group in Lyon developed near-IR symmetric cyanines An2 and An3
(Fig. 12) for TPA-based optical limiting [69]. Significant TPA cross-sections
have been found for these molecules (544 and 731 GM at 1495 and 1437 nm,
respectively); it is worth noting that, for this family, the dipolar analog Anl
presents a higher efficiency of 792 GM, while usually dipolar systems are less
active than their symmetric parents. Excited state absorption, interesting for
the optimization of optical limiting, was shown for these molecules between
1400-1600 nm.

In conclusion to this part, Kuzyk published several papers related to
the existence of a fundamental limit for the cross-section orps of organic
molecules [105,106]. According to sum-over states rules, this maximum

cross-section oqp,* is given by the relationship Eq. 8 at resonance. In this

equation, o and energies Eo; and Eg, are expressed respectively GM and
in éV; n is the refractive index at the incident laser energy and N the electrons

number in the molecule.

max 1 (2 +2)’ Ex 2 Ejg N?
orpy =635 5 |- (8)
n 3 2Ej9 - Exo I E,

A relevant characteristic of the relation Eq. 8 is the quadratic propor-
tionality between opyX and N. In these papers, all considered organic
molecules were shown to present orpa values falling far below o, Unex-
pectedly, molecules with the largest number of electrons feature a weak ratio
otpa/07ps - This allowed Kuzyk to conclude that the model, relating TPA ef-
ficiency and molecular structure, and which led to the design of different
families of molecules as described above, is not well optimized and does not
take advantage of all electrons. Kuzyk suggests to consider the ratio orps /N?
as the relevant parameter to evaluate the TPA efficiency of molecules.

In the following section, different types of branched molecules will be de-
scribed and we are going to discuss the possibility to obtain an enhancement
of TPA efficiency by inducing molecules interactions within considered TPA

systems.
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2.2
Branched Molecules

The branched molecules approach to create interactions between chro-
mophores and enhance orpa values has been widely used. Different systems
have been designed; we will report some of them and the results for TPA re-
sponse optimization. The factor F(,), defined in Eq. 9 as the ratio between

the TPA cross-section aé’& of the branched molecule with n branches of

monomers and TPA cross-section crﬁ,)A of the monomer, will be used to draw

conclusions about interactions within the branched molecule: F(,;y = n will be
ascribed to independent branches, while F(,,) # n will correspond to deleteri-
ous (F(,) < n) or constructive (F(,) > n) interactions between branches.

(n)
o

TPA (9)

1 -
Orpa

F(n) =

Zyss has widely demonstrated the interest of multipolar systems for
quadratic NLO [107-109]; on the basis of his theory, efficient octupolar
quadratic nonlinear systems have been designed [110-116]. This symmetry
has been considered as a new strategy for the design of efficient systems in the
field of TPA. In a preliminary theoretical study Brédas et al. predicted, in the
case octupoles with three independent branches, an increase by a factor of 3
of ops values (F(,) = 3) with respect to those of their dipolar analogs [117];
furthermore, this study suggests a larger enhancement, when the structuring
core allows an electronic coupling between branches (F(,) > 3).

2.2.1
Metallic Systems

Different octupolar metallic complexes have been studied. Theoretical papers
have shown that orps values depend strongly on the nature of the ligand L,
of the metal and of the symmetry of the complex [118, 119]. A large enhance-
ment in orps values has been shown from dipolar complexes D to octahedral
octupoles O, with intermediate values for tetrahedral octupoles T (Fig. 19).
Experimental studies correlate these theoretical studies. Le Bozec et al. de-
signed a series of octahedral Ru(II), Ni(II), Cu(II) and Zn(II) tris(bipyridyl)
LB complexes (Fig. 20) [120]. This work shows clearly that TPA properties can
be strongly tuned by the nature of the metal, since orps values of 2200, 1900,
1700, 1050 and 650 GM at 765 nm were observed for Ru(II), Fe(II), Zn (II),
Cu(II) and Ni(II), respectively. The role of the metal has been also demon-
strated in 1,10-phenanthroline-based complexes [121], and indirectly from
the comparison between data of Le Bozec et al. and those obtained by Coe
et al. from Ru(II) and Fe(II) complexes with electron acceptor pyridinium
groups (Fig. 20); weaker orps values were found for these complexes: 5, 62,
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Fig.19 Dipolar D, tetrahedral T and octupolar O metallic complexes based on the ligand
L; n depends on the charge of the metal

120, 180 and 92 GM at 750 nm for Col-5, respectively, while Fe(II) feature
very low values (< 13 GM) [122]. The influence of the ligand on TPA proper-
ties has been demonstrated on 1,10-phenanthroline derivatives [123].

Although a strong increase was predicted in these systems by theoretical
calculations [124], a recent paper demonstrated that Zn(II) does not produce
an enhancement of the TPA efficiency with respect to that of the ligand in oc-
tupolar complexes of Fig. 21 [125]; both complexes C1 and C2 feature orpa
values (214 and 530 GM, respectively) close to 3-times those of ligands Lgl
and Lg2 (69 and 190 GM, respectively).

In the field of metallic multibranched molecules for TPA, Humphrey et al.
developed several series of organo-metallic complexes (Fig. 22). The iron oc-
tupolar complex Hulb exhibits a TPA cross-section of 920 GM at 695 nm,
which corresponds to an enhanced value with respect to that of the linear
system Hula (66 GM) in a ratio of 14 between TPA cross-sections of both
structures (Table 4); it must be noted that this efficiency increase is obtained
with a red shift of the linear absorption (460 against 436 nm, respectively, as
reported in Table 4) [126].

Alkylruthenium complexes Hu2 have been also designed for TPA (Fig. 22).
Linear absorption properties show a weak bathochromic shift from the
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Fig.20 Ruthenium(II) complexes LB and Col-Co8; n depends on the charge of the metal

monomer to the octupole in non-nitro systems, with a higher transparency
of the dendrimer Hu2d; a similar trend has been observed from the octupole
in nitro-containing systems (Hu2c’ and Hu2d'), with a significant red shift in
the series with respect to the non-nitro containing analog. Concerning TPA
properties, the dimer (octupole) Hu2b (Hu2c), with a value of F(3) (F(3)) of 1.7
(2.3) at 800 nm, which corresponds to the MLCT (metal-ligand charge trans-
fer) excitation band, gives rise to no (or a weak and deleterious) interaction
(Table 4) [127-131]; the behavior of complexes Hu2b’ and Hu2¢ is similar.
The dendrimer of second generation Hu2d, with a ratio F(o) of 15.5, exhibits
significant interactions, while the existence of deleterious couplings in the
derivative Hu2d', for which a ratio F(g) of 7.3 has been found.
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Table 4 TPA properties of multi-branched molecules; only fs data were reported

Molecules Apax Mpas 1 J%’,?A O'%,)A Fn) Fig. Ref.
(nm) (nm) (GM) (GM)
Hula 436 695 1 66 66 1.0 22 60
Hulb 460 695 3920 66 14.0 22 60
Hu2a(a') 382(386) 800 1 310 310(-) 1.0 2 61
Hu2b(b’) 407(463) 800 2 530(1200) 310 1.7 22 61
Hu2c(c) 412(459) 800 3 700(1300) 310  2.3(2.2) 2 61
Hu2d(d) 402(467) 800 9  4800(4400) 310  15.5(7.3) 22 61
Pr1 399 796 1 87 8.7 1.0 25 64
Pr2 417 796 2 274 8.7 3.1 25 64
Pr3 426 796 3 59.8 8.7 6.9 25 64
Rol 392 800 1 4.6 4.6 1.0 26 68
Ro2 418 800 2 123 4.6 2.7 26 68
Ro3 429 800 3 158 4.6 3.4 26 68
Rol’ 377 800 1 3.6 3.6 1.0 26 68
Ro2’ 386 800 2 78 3.6 2.2 26 68
Ro3’ 393 800 3 122 3.6 3.4 26 68
Rel 389 670 1 320 320 1.0(2.0) 28 75
Re2 412 680 3 1300 320 4.1(8.1) 28 75
Re3 417 694 5 2700 320 8.4(16.9) 28 75
Re4 413 694 13 4500 320 14.1(28.1) 28 75
BD4 351 710 1 9 95 1.0 29 78
BD5 355 710 3 290 95 3.1 29 78
BD6 378 740 1 130 130 1.0 29 78
BD7 384 735 3 470 130 3.6 29 78
Pr4 402 740 1 9% 94 1.0 30 79
Pr5 412 752 3 603 94 6.4 30 79
Pr6 413 770 6 1412 94 15.0 30 79
- 2+

1 —@—NBUQ

(CH,CH,0)5CHs

Fig.21 Zn(II) complexes C1 and C2 and the parent ligands Lgl and Lg2
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Fig.22 Organo-metallic complexes and the parent ligands Hul and Hu2
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222
Organic Systems

Experimental values of orpa obtained for crystal violet CV and brilliant green
BG (Fig. 23) confirm the potentialities of octupolar molecules, for which TPA
cross-sections of 1980 and 762 GM have been reported respectively by excita-
tion in the state 2A’; the efficiency of CV has been found comparable to that
of dipolar or quadrupolar systems [117].

The group of Cheah designed zigzag oligoaryleethynylenes C1-C5 (Fig. 24)
with up to six dipolar units [132]. Photophysical properties of molecules C1-
C5 are summarized in Table 5. Two types of observations can be deduced

Me,N O O NMe; Et,N O O NEt,
(+)

(+)
NMe, BG
cv

Fig.23 Crystal violet CV and brilliant green molecules BG

0
O\\S/

Fig.24 Zigzag oligoaryleethynylenes molecules C1-C5
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Table 5 Spectroscopic properties of molecules C1-C5

Molecules AopeX (nm) Aem (nm) otpa (GM)
Cl1 302, 341 440 -
C2 302, 341 443 -
C3 299, 341 446 -
C4(MP) 345 466 25
C5(MP) 345 466 23
C4(MF) 364 478 212
C5(MF) 367 476 433
C4(DF) 373 483 378
C5(DF) 374 485 723
C4(TF) 377 498 609
C5(TF) 378 499 1214
C4(DTP) 405 534 264
C4(TTP) 425 553 465

from this Table: (1) the increase of the conjugation length within each branch
leads to a red shift of linear absorption and emission bands and to an in-
crease of the orps value (comparison between C4(MF), C4(DF) and C4(TF),
or C5(MF), C5(DF) and C5(TF), or C4(DTP) and C4(TTP)); (2) the increase of
branches number within the same family does not lead to a significant shift of
bands position (comparison between C1, C2 and C3, or C4(MP) and C5(MP),
or C4(MF) and C5(MF), or C4(DF) and C5(DF), or C4(TF) and C5(TF)), while
the value of the TPA cross-section for the molecule C4 is half the value of the
molecule C5 for the same family (except for the series MP). This last trend
clearly illustrates the lack of interaction between each dipolar unit within this
type of system.

Many dendrimeric structures investigated for enhanced TPA properties
were based on a triphenylamine core. Prasad et al. studied TPA properties of
oxadiazole derivatives Pr1-3 (Fig. 25) [133]. Bathochromic shifts in linear ab-
sorption (emission spectra) from 399 (503) to 417 (510) and 426 (516) nm in
Prl1 to Pr2 and Pr3 respectively indicate interactions between chromophores
with electronic delocalization. This trend is confirmed by TPA cross-sections,
for which F(,) takes values of 1.0, 3.1 and 6.9 from Prl, Pr2 and Pr3, respec-
tively (Table 4). These interactions were ascribed, from ab initio calculations,
to electronic and vibronic couplings [134]. Goodson III et al. contributed
to the understanding of the NLO efficiency enhancement mechanism by the
study of dynamics processes (vibrational distortions, energy redistribution,
energy transfer, long-range interactions) in this type of multibranched struc-
ture [135]. This work led him to the conclusion that delocalization of the
optical excitation over several branches in Prl1, Pr2 and Pr3, involves a coher-
ent energy transfer due to strong intramolecular coupling interactions [136].
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Different other papers reported the comparison of TPA properties in lin-
ear, quadrupolar and octupolar analog systems with triphenylamine as the
structuring core. Coupling between arms did not lead to TPA enhance-
ments as high as those obtained by Prasad et al. Two series of benzothiazole
derivatives Ro1-3 and Rol’-3/, which differ by an additional phenyl ring in
each branch in the last series, have been designed (Fig. 26) [137]; a strong
bathochromic shift has been obtained within each series, while the introduc-
tion of the phenyl ring led to a better transparency for systems with the same
symmetry. TPA properties vary similarly for both series in the ratio 1.0; 2.7;
3.4 and 1.0; 2.2; 3.4 (Table 4). In spite of the weak interactions, these molecules
were shown to exhibit high nonlinear transmission properties related to
excited-state absorption from singlet and triplet excited levels. Systems bear-
ing sulfonyl groups were designed (Fig. 27) [138]; their TPA efficiency has
been found to vary in the ratio 1.0; 2.2; 3.2 and 1.0; 4.7; 11.1 depending on the
TPA maximum. The wavelength dependence of this strong enhancement is
illustrated in Fig. 27; calculations have shown a multidimensional intramolec-
ular charge transfer from the donor triphenylamine to the peripheral groups.
Other works on triphenylamine cored dimers and octupole TPA properties
revealed a similar trend with ratios 1.0; 2.3; 3.1 [139], 1.0; 1.7; 4.2 and 1.0; 2.1;
3.5 [140], 1.0; 2.2; 2.8 [141] and 1.0; 2.5; 4.7 [142].

As the interest of these multibranched stilbene-type structures has been
already theoretically demonstrated [143], Rebane et al. proposed dendrimers
based on triphenylamine stilbene derivatives Rel-Re4 (Fig. 28) [144, 145].
The TPA efficiency varies in the ratio 1.0; 4.1; 8.4; 14.1 from the parent Rel
to the second generation dendrimer Re4, as reported in Table 4*. The authors
choose the number of triphenylamines N or the number of 7-electrons N
to investigate size dependence of the TPA response of these systems; they
show that ops appears to scale as (N?) or (NJZT) with a saturation for higher
generations of dendrimers; a similar trend has been observed in the case of
three-photon absorption. This was ascribed to an interbranch m-conjugation
phenomenon; it was shown that Re3, with an effective maximum number of
m-electrons of nearly 150, is the optimum dendrimer generation in terms of
the largest coherence domain size. Similar dendrimers with SBu as periph-
eral groups have been shown to exhibit very high orpa values (11000 GM for
the fourth generation dendrimer); however, orpy varies linearly with the total
number of stilbene moieties [146].

Corroborating above experimental data on triphenylamine cored den-
drimers, a theoretical analysis of the TPA enhancement of these systems
revealed that it is strongly dependent on the nature of the parent chro-
mophore (dipolar or quadrupolar) [147]: the strong increase of TPA efficiency
of dipoles in triphenylamine cored systems is interpreted in terms of polar-

*We only use data of papers 148 and 149 corresponding to systems bearing exactly the same
substituents.
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ization enhancement in a system considered as a monomer bearing a more
efficient electronic withdrawing group (due to the triphenylamine donor
common to the three branches), while the weak enhancement in the case of
quadrupoles, in spite of coherent interactions between branches, is due to the
significant dissymmetry of quadrupolar branches. In contrast, in the case of
triphenylbenzene octupoles BD4 and BD6, based on dipolar monomers BD5
and BD7 (Fig. 29), the three branches are shown to behave independently
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(Table 4), due to only electrostatic interactions and not coherent couplings as
in the case of the triphenlamine core [148].

The truxene core has been shown to be also very efficient to enhance TPA
properties (Fig. 30) [149]; the orpa value of Pr5 is 6.4-times higher than that
of Pr4, while Pr6 presents a TPA efficiency 15.0-times larger than that of Pr4
(Table 4). It is worth noting that this intramolecular extended 7-conjugation
in the octupole Pr5 and the dendrimer Pr6 leads to a two-photon excited flu-
orescence enhancement of 190% and 135% respectively with respect to that of
the monomer Pr4.

Finally, the concept of the [2.2]paracyclophane, which has been introduced
by Zyss and Bazan et al. as an out of plane core inducing through-space delo-
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calization within octupolar systems [150], has been used in the TPA field with
arms of varying length (Fig. 31) [151].

The linear absorption spectra are red shifted, when increasing the length
of the molecule in linear systems from Ba3L to Ba5L, as in paracyclophanes
dimers from Ba3P to Ba5P (see values reported in Fig. 31); it is worth noting
that shoulders in absorption and emission spectra of dimers Ba3P and Ba5P,
ascribed to a “Davydov-like splitting”, have been observed. As far as TPA data
is concerned, no effect of the dimerization has been observed: in good agree-
ment with theoretical calculations, no change in TPA maxima was observed
from the linear to the corresponding dimer, as reported in Fig. 31; further-
more, the additive effect of the dimerization on oTps values can be concluded
from F(;) values, which have been calculated to be 1.6 and 2.4 in the case of
Ba3 and Ba5, respectively.
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Fig.31 [2.2]Paracyclophane branched molecules Ba3P and Ba5P, with the corresponding
linear branches Ba3L and Ba5L. The wavelengths Amax; Atpa(oTpa) are expressed in nm,
oTpa in GM

The following conclusion from all examples of families reported above
can be expressed: although some dendrimer families have been reported
to present nonlinear enhancements in terms of TPA response, in particu-
lar dendrimers based on triphenylamines, most branched molecules were
shown to exhibit no perturbation, i.e. only additive effect, in their TPA ef-
ficiency with respect to that of the corresponding linear system; it is worth
noting that several other dendritic systems have been shown to confirm this
trend [152]. As for linear molecules, Kuzyk presents the limits of this den-
drimeric approach [105, 106].
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3
Enhancement of Two-Photon Absorption by Excitonic Coupling

An alternative approach, no longer based on the existence of charge trans-
fer but related to excitonic coupling interactions between monomers within
oligomers and dendrimers, was developed by our group. It is a promising ap-
proach for obtaining enhanced orps values in the visible, for which the best
compromise transparency/nonlinearity is a real challenge.

The possibility to obtain the enhancement of x® nonlinear susceptibili-
ties by excitonic coupling in molecular aggregates was theoretically proposed
by Spano et al. in 1989 [153]. Their analysis was based on interacting two-
level systems. They found that the x® of small aggregates contain terms
that scale as N and N(N - 1) that could lead to giant nonlinearities. Strong
effects of excitonic coupling in the two-photon absorption spectrum of the
DEANST crystal have been reported by Feneyrou et al. [154]. The DEANST
crystal has a broad absorption band that is rationalized using the framework
of Frenkel-Davydov exciton theory, and does not display the strong molecu-
lar TPA resonance that is due to the internal charge-transfer transition. The
two-photon absorption spectrum of organic nanocrystals grown in gel glasses
has been reported by Sanz et al. [155]. However, it did not show any clear TPA
enhancement.

The TPA properties of polyene oligomers were investigated in the mid
1990s, and a strong correlation between their TPA and their lengths has been
established. The oligomer properties of thiophene, furan and pyrrole where
calculated by Agren et al. (Fig. 32) [156]. In these oligomers, orpy was shown
to increase as L’9, L52, and L*0 respectively, with L the head to tail length of
the molecule.

In 1998, our group pointed out that dimers and small oligomers of phenyls,
fluorene and stilbene have enhanced TPA cross-sections with their size. This
alternative strategy to design efficient two-photon sensitive molecules with-
out grafting donor/acceptor substituent groups on a conjugated core led to
a better trade-off between the TPA strength and the linear absorption cut-off
for optical limiting applications at visible wavelengths. The experimental data
and CNDO/S calculations were rationalized with Davydov’s excitonic model
of interacting monomers.

/ \ / \ / N\

S /n 0 /n N/ on
T(n) F(n) P(n)

Fig.32 Oligomers T(n), F(n) and P(n)
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3.1
CNDO/S Calculation of Enhanced Two-Photon Absorption
with Polyphenyl Oligomers

Typical CNDO/S linear and two-photon absorption spectra of polyphenyls
are displayed in Fig. 33 [157]. The low energy optical response of all com-
pounds is accurately described by a three-level model with parameters that
are summarized in Table 6. Transition energies are red-shifted, and transition
dipole moments increase with the monomer number n.

The TPA cross-sections orps of polyphenyls (n =1 to 6, with n the number
of benzene rings) are displayed in Table 6 with the TPA resonance energies.
These calculations show a large increase of orpa as a function of n according
to a power law:

orpa = 1.1 x 1079130,

xiof x1074
16| € ML emel) /\ | Stpa (cm# s/photon)
Absorption | 22| =2
(\ P \ TPA -6
| | I\ —__ n=
—_— :2 \
T R
\ 11 !
\ ;!
\ ;o
AN n Vi \
" - //‘\_ Il .
220 260 300 340 380 350 450 550 650

wavelength (nm)

Fig.33 Absorption spectra of biphenyl and sexiphenyl. (a) Linear absorption; (b) two-
photon absorption

Table 6 Excited states parameters of polyphenyls from CNDO/S calculations

n Eo Ep, o1 112 OTPA
(cm™) (cm™) (D) (D) (10730 cm* s/photon)
2 43103 45662 6.0 9.0 80
3 37594 42373 8.5 1.4 330
4 35461 42017 9.9 12.0 610
5 33670 41152 11.6 16.2 1260
[ 32362 40486 12.6 18.3 2090
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Table7 Power dependency o of parameters describing the two-photon absorption of
polyphenyls in the three-level model

Ep )™
P Ho1 Moz <E°1 T2 )

o 0.67 0.64 0.47

No saturation effect was predicted up to n =6 in good agreement with ex-
perimental data on the tetra and the pentaphenyl. The increase of orps values
with n occurs with a red shift of the first absorption and of the opsbands.

The variations of each parameter P describing the two-photon absorption
of polyphenyls in the three-level model can be described by a power law. The
corresponding powers « are displayed in Table 7.

Using these exponents in the three-level model, one finds a orpy power de-
pendency « = 3.5 in good agreement with the power « = 3.0 obtained from
the CNDO/S calculation. Thus, on the basis of the three-level model, the
enhancement of polyphenyl TPA can be rationalized by the simultaneous in-
crease of ground-state transition dipole moment (13, excited-state transition
dipole moment 113, and energy resonances with the number n of monomer
units. The power dependency of transition dipole moments, i.e. « = 0.67 and
0.64, is comparable with the power « = 0.5 obtained in the exciton model for
linear aggregates [158]. The difference in power laws is due to the conjugation
that occurs between monomers.

3.2
Perturbative Three-Level Excitonic Model for Linear Oligomers

In this section, we present a simple perturbative model to describe the one-
and two-photon absorption properties of linear oligomers [159]. We demon-
strate that these dipole-dipole interactions determine the size dependency of
optical properties, and in particular the enhancement of oligomer TPA.

A centro-symmetric monomer with only three eigenstates: |0), |1) and
|2) is considered. The one-photon transition and two-photon transition are

Oligomer
" monomer k-1 k K+l
1 : Hiin Hj
—d ) » 4
i Dipole-dipole interaction

Fig.34 Model oligomeric structure
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|0) — |1) and |0) — |2), respectively. An oligomer consisting of N identical
monomers is considered (Fig. 34).

This oligomer is assumed linear along #, a unitary vector. Each next
monomer is assumed to be the image of the previous one through transla-
tion along dii. It is also assumed that jig; = o1 and fi12 = t124. Monomers
are assumed interacting via excitonic coupling, what we considered here as
a dipole-dipole interaction between the transition electric dipole moments of
monomers. Since this interaction may not be pure, correction factors are in-
troduced that lead to an “effective” excitonic coupling. Dipole-dipole interac-
tions are assumed limited to nearest neighbors, which means that a monomer
k only interacts with monomers k - 1 and k + 1. The energy resulting from the
interaction between the transition dipole moments fi; (i+1), and ﬁjk+l’(j+1)k+l
is assumed equal to the following corrected classical dipole-dipole interac-
tion energy:

Vij=-el WT{’,{:II ,U«z,z+1;U«],]+1 ’

01

(10)

with W = ZMSI/(el4nsod3) and where r{{ill
tioned correction factors.

We here assume that V;; matrix elements are much smaller than el and
e2 - el. The perturbative treatment is applied up to the first order for wave
functions and up to the second order for energies. The initial unperturbed
oligomer is described with {|i1i,...iy)} as a basis set, in which i; means that
the monomer number k is in the state |i). For convenience, elements 0 are
suppressed from these representations; for example |1;0,...0y), which means
that all monomers are in state |0) except the first one which is in state |1), is
simply written |1;). Here, we are only concerned with the changes induced
by oligomerization on the one- and two-photon absorptions initially exhib-
ited by the monomer. The perturbative treatment is then limited to states |0),
|1) and |2). The fundamental state |0) leads to a new fundamental state called
|0). The N first degenerate excited states |1;) and the N second degenerate ex-
cited states |2x) lead respectively to N new excited states called |ip) and to N
new excited states called |2,) with p varying from 1 to N. The corresponding
wavenumbers are:

represents the previously men-

S _e. 5 0 pr
o1, = hc|:1 27y, Wcos (N+1)
2 2
W {(ed)” + () }{ 2y pm }
- 1- sin ( )
& N+1 N+1
2 (01\2 (A7 _
_ w (TOI) (N 1){1_ 4 sin2< pr )_1}:|’ (11)
2 . N+1 N+1/

~

N>2
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22 W2 [ (22)" + (c%)’ 2
@g3,/2 = © {1 77 [( o)+ (712) (1—N+1sin2( pnl))

2he | E(2-§) 2 N+

12_01 p;l )
+ 1757 T;, COS
01712 (N+ 1 ]

01\2 1472
T, w 4 T
—(012)5 [N—3+N+1sin2(Np+l)—N+1”, (12)
N2

where wxy represents the wavenumber associated to the energy difference
between states |X) and |Y). It is also easily shown that the electric dipole mo-
ments between those new states are all null except (0]i|1,) and (1,|fi|2,) for
any p and p’. This means that, from state |0), one-photon absorptions only
lead to states |fp) and two-photon absorptions to state |§p).

A molecular material consisting of a homogeneous and isotropic disper-
sion of monodisperse oligomers in a transparent homogenous, linear and
isotropic matrix is considered. 7} and )} are assumed equaTl. The oscilla-

PA

tor strengths f5; and the two-photon absorption strengths f;;** associated

to the one- and two-photon absorptions of interest have then the following
expressions:

for, 2 1-(-1)P (13)
Nfpy N(N+1 pr )’
fOl ( ) 2tan2 (2(N+1)>
TPA p
0, 2 1-(-1)
Nfgy® NN +1) 3 an2 (2(1{’,110
2wl 2712
x {1+ o1 6-&+ o) cos P
2-¢ o0 N+1
4712 2 T
+ 2 (1— sin2< p ))]} (14)
Qe N+1 N+1

A short mathematical analysis of formulae Eq. 13 and Eq. 14 shows that the
absorptions corresponding to p = 1 and p’ = 1 are highly dominating the one-
and two-photon absorption spectra.

3.3
Two-Photon Absorption Properties of 9,9-Dihexylfluorene Oligomers

In this section, the previous model is used for analyzing the one- and
two-photon absorption properties of the 9,9'-dihexylfluorene oligomers
(Fig. 35) [161]. Their one- and two-photon absorption experimental data are
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Fig.35 9,9'-Dihexylfluorene oligomers
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Fig.36 Experimental one- and two-photon absorption spectra of 9,9’-dihexylfluorene
oligomers in dichloromethane. Top: Absorption coefficient per monomer. Bottom: Two-

photon absorption cross-section per monomer. Nx indicates an oligomer containing x
monomeric units
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Fig.37 Comparison between experimental and calculated optical properties of 9,9'-
dihexylfluorene oligomers. Top: One-photon absorption. Bottom: Two-photon absorption.
Left: Absorption energies. Top right: Oscillator strength per monomer. Bottom right: Two-
photon absorption strength per monomer. Experimental uncertainties are displayed

reported in Fig. 36. As can be seen, an enhancement of two photon absorption
per monomer is effectively obtained when the oligomer size increases [161].

The agreement between experimental and calculated data is very good,
except for two-photon absorption strengths (Fig. 37).

Calculated data are obtained by varying the six effective parameters of the
model ey, ey, (o1, Ko2> tgll and 1512, and by fitting the corresponding predicted
data with the 28 experimental data corresponding to oligomers with sizes 2
to 8. The complete model Hamiltonian corresponding to the fitted param-
eters has been diagonalized and the resulting transition energies, oscillator
strengths and two-photon absorption strengths were calculated to test the rel-
evance of the perturbative treatment. The overall behavior of energies does
not change drastically when the Hamiltonian is diagonalized. Similarly, the
behavior of oscillator strengths is only slightly affected. On the contrary, two-
photon absorption strengths are changed towards a better agreement with
experimental data, particularly in case of small 7]7 values. It can then be
concluded that the quantitative disagreement between experimental and cal-
culated two-photon absorption strengths takes one of its main origins in the
use of a perturbative treatment.
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34
Two-Photon Absorption Properties of Fluorene V-Shapes
and Dendrimeric Structures

Particular examples of V-shape and dendrimeric structures are represented
in Fig.38. A V-shape molecule is noted Vn and consists of two identi-
cal 9,9-dihexylfluorene oligomers of size n, substituted in meta position on
a benzene core. A dendrimer is noted DnGg and consists of identical 9,9-
dihexylfluorene oligomers of size n organized around benzene cores, on
which they are substituted in meta position. Each benzene core bears three
oligomers and g represents the dendritic generation.

Bifluorene derivative properties have been described previously [162].
Two-photon absorption properties are displayed in Fig. 39 for all branched
molecules. Whatever the way monomers are organized, an increase of their
number globally implies a decrease of both one- and two-photon absorp-
tion energies as well as an increase of the two-photon absorption strength
per monomer, while the oscillator strength remains mainly constant. It shows
however simultaneously that optical properties may strongly vary depend-
ing on the way the constituting monomers are organized. D2G1 and N6, for
example, both consist of six monomers. N6 is however a better two-photon
absorber than D2GI, with a two-photon absorption strength (1889) which
is however 3.3-times larger than that of D2G1 (571), whereas D2G1 exhibits
a better one-photon transparency, since its one-photon absorption energy
(28653 cm™) is 1986 cm™" higher than that of N6 (26 667 cm™).

Thus, the coupling and spatial structuring of centrosymmetric units lead
to an enhancement of two-photon absorption per monomeric unit. A figure-
of-merit of all compounds investigated in this study is displayed in Fig. 40.
High nonlinear absorption properties in the visible ascribed to these exci-
tonic couplings have been described for this dendritic family [163].

3.5
Partial Diagonalization of the Three-Level Excitonic Interaction
Hamiltonian Operator

In this section, we go beyond the perturbative treatment and calculate the
eigenstates of large excitonic systems by diagonalizing the Hamiltonian oper-
ator on an efficient reduced basis set [164].

The full basis set of D1G3, which is here the largest investigated molecule
with 21 monomeric units, contains around 10'° (= 32!) vectors and the cor-
responding Hamiltonian then exhibits 10?° matrix elements. This makes the
diagonalization process rather tricky and time consuming, even with iterative
diagonalization methods. We are interested in the changes induced via the
oligomerization and dendrimerization processes on both low-lying one- and
two-photon absorptions of the investigated compounds. These latter initially
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Fig.38 Schematic representation of branched monofluorene derivatives: V-shape com-

pound V1, dendrimeric compounds D1G1, D1G2 and D1G3
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Fig.40 Figure of merit of all investigated compounds using both experimental and calcu-
lated data

correspond to both [0) — [1) and |0) — |2) transitions of the monomeric
unit. The three lowest excited states of the molecular system, which corres-
pond to the ground state and to the excitation of one single monomer over
the whole oligomeric or dendrimeric structure, exhibit a direct interaction



Excitonically Coupled Oligomers and Dendrimers for Two-Photon Absorption 195

with excited states that correspond to up to a maximum of three excited
monomeric units. We then chose to restrict the diagonalization to the space
defined by the basis vectors corresponding to a maximum of up to three exci-
tations. This strongly reduces the size of the basis set, which, for example, now
only contains 11523 vectors for D1G3. The reduced basis sets of N2, N3, V1
and D1G1, which are the compounds used for fitting the parameters of the ex-
citonic model, and which contain a maximum of three monomeric units, are
the full basis sets of these systems.

Since the reduced basis sets remain quite large, and since we are only in-
terested in the low-lying one- and two-photon absorptions of each molecular
system, a full diagonalization of the Hamiltonian matrix is not necessary.
We then use the Davidson iterative algorithm [165] for performing this op-
eration, except for N2, N3, V1 and D1G1, where a full diagonalization is
performed [166]. One- and- two-photon absorption properties are calculated
using the 2N + 1 lowest lying eigenvectors. For each one of them, the one- and
two-photon absorption energies, the oscillator strength, and the two-photon
absorption strength are calculated.

We use the smallest possible number of reference compounds for fitting
the parameters of the excitonic model. The underlying idea is to validate
the ability of the model to provide access to the expected properties of large
structures from the knowledge of the experimental data of the smallest ones.
First, e1, ez, to1, and (12, as well as F-F junction parameters '5811, 1612, and
72, are fitted on N2 and N3 data. Second, V- and D-type F-P-F junction
parameters 73;, 7oZ, and )7 are fitted on V1 and D1G1 data, respectively.

The comparison between calculated and experimental data is graphically
represented in Fig. 41. It can immediately be seen, even if the number of data
used for the fitting procedure (16 for 13 parameters) is smaller than in our
perturbative approach used for linear oligomers (28 for 6 parameters), that
the agreement between experimental and calculated data is much better.

The agreement is better for small structures (high absorption energies and
low oscillator strength and two-photon absorption strength) than for large
structures. This is not very surprising, first, because the splitting of the ini-
tially noninteracting |1) and |2) states of the monomeric units constituting
the molecular structure becomes larger when the size of the system increases,
which necessarily involves a higher contribution of the highly excited states
that are not included in the reduced basis set, and, second, because the three-
level approximation becomes less adequate when the size of the system in-
creases. The second main deviation concerns the oscillator strengths. It seems
indeed that this property remains theoretically constant over all molecular
structure, whereas it experimentally varies. The conservation of the oscillator
strength per monomer is the result of the well known Thomas-Reiche-Kuhn
sum rule [167-170]. It is then intrinsic to the model and independent of
the fitted parameters. Experimental molecular structures however involve
phenyl centers that are energetically included in our model via the r;g junc-
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tion parameters, but that are not included in overall transition electric dipole

moments.

4
Conclusion

In the last ten years, many works have designed efficient two-photon ab-
sorbers in relation with fast-spreading applications such as fluorescence
bioimaging, optical limiting, and microfabrication. The first part of this
work summarizes the state of the art of these researches. The main strat-
egy has been to design quadrupolar molecules with symmetrical electron
donor or acceptor substituents. World record-breaking molecules have been
reported with two-photon cross-sections reaching the tens of thousand GM.
Such molecules are highly conjugated with high dipole transition moments
(< 10 D). They are colored and their two-photon resonances occur at near
infrared laser wavelengths. However, studies on fundamental limits of mo-
lecular two-photon cross-sections indicate that these molecules are far from
reaching the limits, i.e. they do not take advantage of all electrons. More
recently, numerous dendrimeric molecules based on dipolar branches have
been designed to obtain larger two-photon cross-sections. Spectroscopic



Excitonically Coupled Oligomers and Dendrimers for Two-Photon Absorption 197

studies have pointed out the strong dipolar interactions that occurs between
branches, and the following delocalization of optical excitation over several
branches. If some dendrimer families present some nonlinearity enhance-
ment, most branched molecules have only additive nonlinearity. This is prob-
ably due to the charge transfer term (113, Aj13,) of two-photon cross-sections
that may be only additive.

In the second part of this work we review our theoretical and experimental
works to obtain enhanced two-photon cross-sections by using the super-
linear response of centrosymmetric monomers that are coherently coupled.
In this alternative approach, the nonlinear material consists of an assem-
bly of nonsubstituted m-electron systems that are coupled by dipole-dipole
interactions. The monomer two-photon term is a pure transition dipole
term (113, 142,). Typical materials can be molecular aggregates, nanocrystals,
oligomers, and dendrimers. The dipole-dipole interactions determine the
size dependency of optical properties, and in particular of two-photon cross-
sections.

A perturbative excitonic model based on N interacting three-level sys-
tems is presented for linear oligomers of size N. Analytical expressions for
one-photon and two-photon energies and absorption strengths are derived.
Despite the splitting in N excited states, the one- and two-photon absorptions
are dominated by the lowest excited states, and oligomer optical responses
can be approximated by new three-level systems. Transition energies are red-
shifted with a dependency on coupling energy and oligomer size that is
similar to previous results on interacting two-level systems. The one-photon
oscillator strength increases linearly with the oligomer size, while the two-
photon absorption strength has a superlinear dependency that depends on
the coupling energy and the oligomer size. There is a good agreement be-
tween calculated and experimental data of fluorene oligomers, except for
two-photon absorption strengths that are underestimated by this perturba-
tive treatment.

Enhancement of two-photon cross-sections by two-dimensional and three-
dimensional arrangements of monomers has been demonstrated with fluo-
rene V-shapes and dendrimeric structures. Such multidimensional structures
lead to lower two-photon absorptions than linear oligomers, but they have
better one-photon transparencies. An accurate calculation of large exitonic
systems is obtained by diagonalizing the Hamiltonian operator on a reduced
basis set.

This theoretical and experimental work on model fluorene oligomeric and
dendritic structures opens the way for an alternative strategy to design two-
photon absorbers without the need for donor and acceptor substituents. This
new approach may lead to a better trade-off between high nonlinearities and
transparency in the visible. More importantly, it substantiates the need for
more two-photon studies on molecular nanocrystals that can provide a strong
packing of interacting monomers, and therefore giant nonlinearities.
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Dicarboxamide pyridine 160
9,9-Dihexylfluorene oligomers, two-photon
absorption 189
4-Dimethylamino-4'-formylstilbene
(DAFS) 155
4-Dimethylamino-4-nitrostilbene 154
Diphenylaminofluorene derivatives 158
Dipole-dipole interactions 187
Distyrylanthracene 108
Distyrylbenzenes (DSB) 105, 106
Dithienothiophene derivatives 160
DMOS-PPV 42
Donor-acceptor “bulk heterojunction”
concept 3
Dye-sensitized solar cells (DSSCs) 59

Electrical contacts 12

Encapsulated guests, energy transfer 139
Energy transfer 87, 136

Er** dendrimers 98

Eu®* dendrimers 98

Excitonic coupling 149

F8BT (poly(9,9’-dioctylfluorene-co-
benzothiadiazole)) 2,
46
Ferrocene-based chromophores 166
Fill factor (FF) 9,26
Fluorene 149
-, V-shapes, two-photon absorption 192
FRET 87,89
Fullerenes 12

Gritzel cells 59
Heptamethine dyes 163

HOMO/LUMO 3
Hot-band absorption (HBA) 113
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Indium tin oxide (ITO) 9
Ink 2
Inkjet printing (IJP) 49
InP 54

Lanthanide cores 98

Layer-by-layer (LBL) deposition 64

Lead selenide (PdSe) 57

Lead sulfide (PbS) 57

Ligand-centered (LC) transitions 90

Light harvesting, dendrimers 87

-, two-photon 136

Light-induced electron resonance (LESR)
6

Linear molecules 152

Linear oligomers, perturbative three-level
excitonic model 187

Liquid crystal displays (LCD) 2

Maximum power point (MPP) 9

MDMO-PPV (OC1C10-PPV) (poly|2-
methoxy-5-(3,7-dimethyloctyloxy)]-1,4-
phenylenevinylene)
2

MDMO-PPV:PCBM 22

MDMO-PPV:PCNEPV 46

MEH-PPV (poly[2-methoxy-5-(2'-
ethylhexyloxy)-1,4-phenylenevinylene])
18, 41

Mercury telluride (HgTe) 57

Metal-containing dendrimers 90

Metal-insulator-metal (MIM) model 8

Metallic systems 170

Metal-to-ligand charge-transfer (MLCT)
90

Multiwalled carbon nanotubes (MWNTs)
62

Nile Red dye (NR) 136

7-Octenyltrichlorosilane (7-OTS) 50

Oligo (p-phenylene vinylene)s (OPPVs)
139

Oligoaryleethynylenes, zigzag 175

Open circuit voltage (Voc) 12,26

Organic field-effect transistors (OFETs) 2

Organic light-emitting diodes (OLEDs) 2

Organic solar cells (OSCs) 2

Organic systems 175

Os(II) 90

Subject Index

Oxadiazoles 132,176

P3HT (poly(3-hexylthiophene-2,5-diyl))
2

P3HT/PCBM 31

P3HT/TiO; bulk heterojunctions 62

Paracyclophane 181

PCBM ([6,6]-phenyl Cg;-butyric acid
methyl ester) 2,18

PCNEPYV (poly[oxa-1,4-phenylene-(1-
cyano-1,2-vinylene)-(2-methoxy-5-(3,7-
dimethyloctyloxy)-1,4-phenylene)-1,1-
(2-cyano vinylene)-1,4-phenylene])
45

PEDOT:PSS 10

Peierls instability 2

PEO-PPO-PEO triblock 59

Perylenediimide 129

PF10TBT (poly-[9,9-didecanefluorene-alt-
(bis-thienylene)benzothiadiazole])
39

PFB (poly[9,9-dioctylfluorene-co-bis-
N,N’-(4-butylphenyl)-bis-N,N’-phenyl-
1,4-phenylenediamine])
2,46

Phenylacetylene dendrimers 99

-, unsymmetrical 104

Phenylazomethine dendrimers, porphyrin
core 113

Phenyloctyl-substituted polythiophene
derivative (POPT) 42

Photoinduced absorption (PIA) 6

Photoinduced charge transfer 6, 18

Photoinduced electron transfer (PET) 132

Platinum acetylide dendrons 117

Polaron pairs, geminate 6

Poly(aryl ether) dendrimers, coumarin dye
labeled 121

Poly(aryl ether) dendrons 106, 111, 143

Poly(3-hexylthiophene) (P3HT) 42

Poly(L-lysine) dendrimers, porphyrins
115

Poly-(3-octylthiophene) (P30T) 57

Poly(phenylene) dendrons 112

Poly(p —phenylenevinylene) (PPV) 6, 18,
41, 105

Poly(propylene imine) (PPI) dendrimers
96

Poly(triphenylamine acrylate) (PTPAA)
56
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Polyfluorene derivatives 39

Polymer light-emitting diodes (PLEDs)
66

Polymer solar cells 5

-, organic-inorganic hybrid 53

Polymer-fullerene solar cells 6, 18

Polymer-polymer solar cells 41

Polyphenyl oligomers, enhanced
two-photon absorption, CNDO/S 186

Polyphenylene dendrimers 129

Polythiophenes 64

POPT:MEH-CN-PPV 42

Porphyrin arrays 114

Porphyrin core, donor periphery 117

Porphyrins 109

-, peripheral groups 115

PPI dendrimer, OPPVs 139

PPV 6, 18,41, 105

PS-b-EO 60

PTPF70 41

PTPTB 40

Push-pull molecules 154, 167

Quadrupolar molecules 152, 163
Ru(bipy)s cores 93

Ru(I) 91,170

Rylene cores 129

Scanning near-field optical microscopy
(SNOM) 24
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Self-assembled monolayers (SAMs)
13

Shell effect 90, 98

Single-walled carbon nanotube (SWNT)
62

Squaraines 168

Stilbene 105

Sulforhodamine B 139

SWNT/P30T 64

Tb** dendrimers 98
Terrylenediimide (TDI) 130
TFB (poly[9,9’-dioctylfluorene-co-N-(4-
butylphenyl)diphenylamine])
46
Thienylene-PPV derivatives 40
Thin film transistor (TFT) arrays 2
Three-level excitonic interaction
Hamiltonian operator 192
Titanium(IV) isopropoxide (Ti(OC3H7)4)
60
Titanium(IV) tetraethoxide (TEOT)
39
Transfer matrix formalism 29
Triarylamine derivatives 165
Two-photon absorbing molecules 152
Two-photon absorption 149
-, excitonic coupling 185

Zinc oxide (ZnO) 57
Zn(II) tris(bipyridyl) 170
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