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F] G. 4A 
Scheme 1: Description of the singlet ?ssion energetics 
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FIG. 4C 
Scheme 3: Quenching of host singlet by donor singlet and further conversion 
and transfer into triolet of the host 
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FIG. 40 
Scheme 4: Overall process of proposed enhanced triplet creation on the host 
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ORGANIC PHOTOSENSITIVE 
OPTOELECTRONIC DEVICES WITH 

TRIPLET HARVESTING 

[0001] This application claims the bene?t of Us. provi 
sional application No. 60/955,485 ?led Aug. 13, 2007, the 
disclosure of Which is incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention generally relates to organic 
photosensitive optoelectronic devices comprising organic 
photoconductive materials Which comprise singlet ?ssion 
host materials doped With triplet forming materials. 

BACKGROUND 

[0003] Optoelectronic devices rely on the optical and elec 
tronic properties of materials to either produce or detect elec 
tromagnetic radiation electronically or to generate electricity 
from ambient electromagnetic radiation. 
[0004] Photosensitive optoelectronic devices convert elec 
tromagnetic radiation into an electrical signal or electricity. 
Solar cells, also called photovoltaic (“PV”) devices, are a type 
of photosensitive optoelectronic device that is speci?cally 
used to generate electrical poWer. Photoconductor cells are a 
type of photosensitive optoelectronic device that are used in 
conjunction With signal detection circuitry Which monitors 
the resistance of the device to detect changes due to absorbed 
light. Photodetectors, Which may receive an applied bias volt 
age, are a type of photosensitive optoelectronic device that are 
used in conjunction With current detecting circuits Which 
measures the current generated When the photodetector is 
exposed to electromagnetic radiation. 
[0005] These three classes of photosensitive optoelectronic 
devices may be distinguished according to Whether a rectify 
ing junction is present and also according to Whether the 
device is operated With an external applied voltage, also 
knoWn as a bias or bias voltage. A photoconductor cell does 
not have a rectifying junction and is normally operated With a 
bias. A PV device has at least one rectifying junction and is 
operated With no bias. A photodetector has at least one recti 
fying junction and is usually but not alWays operated With a 
bias. 
[0006] As used herein, the term “rectifying” denotes, inter 
alia, that an interface has an asymmetric conduction charac 
teristic, i.e., the interface supports electronic charge transport 
preferably in one direction. The term “semiconductor” 
denotes materials Which can conduct electricity When charge 
carriers are induced by thermal or electromagnetic excitation. 
The term “photoconductive” generally relates to the process 
in Which electromagnetic radiant energy is absorbed and 
thereby converted to excitation energy of electric charge car 
riers so that the carriers can conduct (i.e., transport) electric 
charge in a material. The term “photoconductive material” 
refers to semiconductor materials Which are utiliZed for their 
property of absorbing electromagnetic radiation to generate 
electric charge carriers. 
[0007] When electromagnetic radiation of an appropriate 
energy is incident upon an organic semiconductor material, a 
photon can be absorbed to produce an excited molecular state. 
In organic photoconductive materials, the generated molecu 
lar state is generally believed to be an “exciton,” i.e., an 
electron-hole pair in a bound state Which is transported as a 
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quasi-particle. An exciton can have an appreciable life-time 
before geminate recombination (“quenching”), Which refers 
to the original electron and hole recombining With each other 
(as opposed to recombination With holes or electrons from 
other pairs). To produce a photocurrent, the electron-hole 
forming the exciton are typically separated at a rectifying 
junction. 
[0008] In the case of photosensitive devices, the rectifying 
junction is referred to as a photovoltaic heterojunction. Types 
of organic photovoltaic heterojunctions include a donor-ac 
ceptor heterojunction formed at an interface of a donor mate 
rial and an acceptor material, and a Schottky-barrier hetero 
junction formed at the interface of a photoconductive material 
and a metal. 

[0009] FIG. 1 is an energy-level diagram illustrating an 
example donor-acceptor heterojunction. In the context of 
organic materials, the terms “donor” and “acceptor” refer to 
the relative positions of the Highest Occupied Molecular 
Orbital (“HOMO”) and LoWest Unoccupied Molecular 
Orbital (“LUMO”) energy levels of tWo contacting but dif 
ferent organic materials. If the LUMO energy level of one 
material in contact With another is loWer, then that material is 
an acceptor. OtherWise it is a donor. It is energetically favor 
able, in the absence of an external bias, for electrons at a 
donor-acceptor junction to move into the acceptor material. 
[0010] As used herein, a ?rst HOMO or LUMO energy 
level is “greater than” or “higher than” a second HOMO or 
LUMO energy level if the ?rst energy level is closer to the 
vacuum energy level 10. A higher HOMO energy level cor 
responds to an ioniZation potential (“IP”) having a smaller 
absolute energy relative to a vacuum level. Similarly, a higher 
LUMO energy level corresponds to an electron a?inity 
(“EA”) having a smaller absolute energy relative to vacuum 
level. On a conventional energy level diagram, With the 
vacuum level at the top, the LUMO energy level of a material 
is higher than the HOMO energy level of the same material. 
[0011] After absorption of a photon 6 in the donor 152 or 
the acceptor 154 creates an exciton 8, the exciton 8 dissociates 
at the rectifying interface. The donor 152 transports the hole 
(open circle) and the acceptor 154 transports the electron 
(dark circle). 
[0012] A signi?cant property in organic semiconductors is 
carrier mobility. Mobility measures the ease With Which a 
charge carrier can move through a conducting material in 
response to an electric ?eld. In the context of organic photo 
sensitive devices, a material that conducts preferentially by 
electrons due to a high electron mobility may be referred to as 
an electron transport material. A material that conducts pref 
erentially by holes due to a high hole mobility may be referred 
to as a hole transport material. A layer that conducts prefer 
entially by electrons, due to mobility and/or position in the 
device, may be referred to as an electron transport layer 
(“ETL”). A layer that conducts preferentially by holes, due to 
mobility and/or position in the device, may be referred to as a 
hole transport layer (“HTL”). Preferably, but not necessarily, 
an acceptor material is an electron transport material and a 
donor material is a hole transport material. 
[0013] HoW to pair tWo organic photoconductive materials 
to serve as a donor and an acceptor in a photovoltaic hetero 
junction based upon carrier mobilities and relative HOMO 
and LUMO levels is Well knoWn in the art, and is not 
addressed here. 
[0014] One common feature of bulk semiconductors, as 
Well as insulators, is a “band gap.” The band gap is the energy 
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difference between the highest energy level ?lled With elec 
trons and the lowest energy level that is empty. In an inorganic 
semiconductor or inorganic insulator, this energy difference 
is the difference betWeen the valence band edge (top of the 
valence band) and the conduction band edge (bottom of the 
conduction band). In an organic semiconductor or organic 
insulator, this energy difference is the difference betWeen the 
HOMO and the LUMO. The band gap of a pure material is 
devoid of energy states Where electrons and holes can exist. 
The only available carriers for conduction are the electrons 
and holes Which have enough energy to be excited across the 
band gap. In general, semiconductors have a relatively small 
band gap in comparison to insulators. 
[0015] In terms of an energy band model for organic semi 
conductors, only electrons on the LUMO side of the band gap 
are charge carriers, and only holes on the HOMO side of the 
band gap are charge carriers. 

[0016] Additional background explanation and description 
of the state of the art for organic photosensitive devices, 
including their general construction, characteristics, materi 
als, and features, can be found in Us. Pat. No. 6,657,378 to 
Forrest et al., U.S. Pat. No. 6,580,027 to Forrest et al., and 
Us. Pat. No. 6,352,777 to Bulovic et al., the disclosures of 
Which are incorporated herein by reference. 
[0017] The performances of small molecular solar cells are 
determined by studying their characteristic IV responses 
under dark conditions and under illumination. The poWer 
conversion e?iciency, 111,, is dependent on the open circuit 
voltage (Voc), the short-circuit current density (156), and the 
?ll factor (FF) via [Ref 1]: 

YIPIUSCX VoCXFO/Po (1) 

Where P0 is the incident optical poWer. Here, FF depends on 
the series resistance and is typically betWeen 0.5 and 0.65 for 
high performance small molecular Weight organic photovol 
taics. The maximum JSC is de?ned by the overlap betWeen the 
absorption of the organics, the solar spectrum and the extinc 
tion coef?cients and thicknesses of the absorbing layers and 
other factors. HoWever, the photocurrent is highly dependent 
on the charge transport properties of the materials, since 
resistivity to charge ?oW represents a signi?cant challenge to 
cell performance [Ref 2]. Another very important parameter 
to be considered When referring to cell performance is the 
exciton diffusion length. The exciton diffusion length of a 
material represents the distance that an exciton can travel 
prior to recombination. Accordingly, in order to achieve a 
high percentage of charge carriers relative to the number of 
excitons created by absorbed photons the exciton is prefer 
ably formed Within about LD of a Heterojunction. The exciton 
diffusion length, LD, is related to the exciton diffusion coef 
?cient, D, and the exciton lifetime, I, by the expression: L D: 
m. The exciton diffusion length is generally short for 
organic semiconductors relative to the optical absorption 
length L A, hence limiting the thickness of the organic layer to 
be used due to the relatively loW ability of the excitons to 
reach the Donor-Acceptor interface for charge separation. 
This effect not only restrains the amount of absorbing mate 
rial but also creates a resistive pathWay for separated charge 
that is undesirable for ef?cient light conversion [Ref 1]. 
[0018] The origin ofVoc, in organic solar cells is not Well 
understood [Refs. 3,4]. Some people suggest that it is mainly 
dependent on the energy difference betWeen the loWest unoc 
cupied molecular orbital (LUMO) of the acceptor-like mate 
rial and the highest occupied molecular orbital (HOMO) of 
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the donor-like material at the heterointerface in a bilayer cell 
(referred to as the interface gap, Ig) [Ref 5]. HoWever others 
have observed no evident relation betWeen this Ig and the Voc 
observed and propose that this voltage is controlled by a 
chemical potential gradient that Would depend on the carrier 
mobility [Ref 6].Yet, it is clear that the Voc does not re?ect 
the total energy of the photons absorbed and that energy must 
be lost during the poWer conversion process. These losses 
have not been accounted for so far and much care must be 
taken When assessing the foundations of the open-circuit 
voltage. 
[0019] Organic photovoltaic (OPV) cells have great prom 
ise to become a viable alternative to the existing solar cell 
technologies, dominated by silicon based devices. HoWever, 
their ef?ciencies are currently too loW to compete effectively 
With Si based devices. The record ef?ciencies for laboratory 
based OPV cells is 5.7%, [Ref 7] Which is roughly half the 
ef?ciency of commercial amorphous silicon based PV cells. 
An inherent limitation of the current OPV systems is related 
to light collection e?iciency, Which is controlled by the exci 
tons diffusion length. NeW device architectures have been 
developed to compensate for the short diffusion lengths, but 
there has not been a detailed study of applicable materials, 
focused on solving the problem by extending the diffusion 
length. [Refs. 8,9] 
[0020] The basic mechanism of photocurrent generation in 
organic photovoltaic cells (OPVs) can be illustrated With tWo 
organic materials, one a net electron donor (D) and the other 
an acceptor (A). The process can be broken doWn into four 
sequential steps (FIG. 2). The ?rst step of the process is light 
absorption, leading to exciton formation, With an ef?ciency 
given by 11A. In order to cover a large fraction of the solar 
spectrum, the donor and acceptor materials chosen for OPVs 
must have broad absorbance lines and high extinction coef 
?cients, giving a high optical density for thin ?lms. 
[0021] Once formed, the exciton then migrates to the D/A 
interface, or alternatively decays to the ground state via radia 
tive or nonradiative processes (kdecay). The optimal thickness 
is determined by the exciton diffusion length, since excitons 
generated beyond this distance decay faster then they migrate 
to the D/A interface. The ef?ciency of exciton diffusion (11 ED) 
is related to the relative magnitudes of the diffusion rate (kdlf) 
and the decay rate (k decay). The majority of the OPV materials 
that have been examined have short exciton diffusion lengths. 
For example, CuPC and C60, common donor and acceptor 
materials, have exciton diffusion lengths of 8-10 and 40 nm, 
respectively. The short exciton diffusion lengths seen for 
these materials forces the D and A ?lms to be kept thin, 
limiting the optical density in OPVs, and thus the amount of 
light that can be e?iciently collected and the e?iciency of 
OPVs. 

[0022] At the D/A interface, the exciton undergoes a charge 
transfer reaction (ef?ciencyjncr), forming a hole and elec 
tron in the D andA layers, respectively. The driving force for 
charge transfer is the energy offset betWeen the donor and 
acceptor orbitals. After the hole and electron are generated, 
they are conducted through the D and A materials and 
extracted by the electrodes (charge collection). A high carrier 
mobility is critical for an e?icient OPV. A loW mobility (high 
resistance) material Will leave charges trapped near the D/A 
interface, promoting back electron transfer (recombination of 
the hole and electron at the interface). This leads to a 
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decreased photocurrent and a marked decrease in the ?ll 
factor, both contributing to loWer the power available for the 
device. 

[0023] A number of different approaches have been 
explored to increase the optical densities of OPVs, Without 
decreasing exciton collection at the D/A interface. One ben 
e?cial approach is to stack the OPVs, making a tandem cell 
[Refs 9,10], for example, see FIG. 3A. Tandem OPVs have 
been shoWn to give up to tWo times the poWer output of a 
single OPV of the same structure.[Ref. 9] An alternate 
approach has been used broadly in polymer based OPVs, 
Which involves the use of a bulk heterojunction. [Refs 11,12] 
If the D andA materials are mixed, they tend to phase separate 
into microdomains of pure D and A, Which provide the 
respective charge conducting channels. This bulk heteroj unc 
tion material can be made thick enough to absorb the majority 
of the incident light, Without forming excitons that are too far 
from the D/A interface to be collected. (FIGS. 3A-B) 
[0024] The basic strategy for attacking the short exciton 
diffusion lengths in OPV materials in both tandem and bulk 
heterojunction devices involve increasing light absorbance, 
Without trying to deal With the short exciton diffusion length 
directly. These approaches involve device structure changes 
and not neW materials design. The problem With this approach 
is that it does not address the underlying problem, Which is the 
short exciton diffusion length of these organic semiconduc 
tors. 

[0025] The exciton diffusion length, LD, is related to the 
exciton diffusion coef?cient, D, and the exciton lifetime, '5, by 
the expression: L DI?. The highest exciton diffusion coef 
?cients Will be observed for single crystalline thin ?lms. The 
amorphous glasses used in typical OPV cells tend to have 
loWer diffusion coef?cients, due to exciton scattering at 
defect sites. The exciton formed on light absorption is in a 
singlet con?guration. The radiative lifetime of this exciton is 
typically 10 nsec or less. The measured lifetimes for singlet 
excitons in neat thin ?lms are markedly loWer than their 
radiative lifetime, due to excimer formation, quenching at 
defects and unimolecular nonradiative decay, principally 
intersystem crossing to the triplet exciton. The exciton diffu 
sion coe?icient for a singlet exciton can be rather high, since 
Forster energy transfer processes are operative, alloWing hops 
of several nm at a time. Triplet excitons have lifetimes that are 
markedly longer than their singlet counterparts. While an 
organic molecule can have a singlet lifetime in the nsec range, 
the triplet lifetime of the same material can be as high as 
minutes to hours in a dilute sample. Based on the E rela 
tionship, it Wouldbe expected to see long diffusion lengths for 
triplet excitons. While triplet exciton diffusion lengths can be 
reasonably long, for example C6O gives an L D of 40 nm for an 
amorphous thin ?lm, they are not as long as one Would have 
guessed from the triplet lifetime. There are several reasons for 
this. The ?rst reason is that the lifetime in a neat thin ?lm is 
markedly less than that in a dilute matrix, Where it is often 
measured. Quenching, excimer formation and T-T annihila 
tion decrease triplet lifetimes by several orders of magnitude. 
Also, the diffusion coef?cients for triplets are markedly loWer 
than those for singlets. In contrast to singlets, Forster energy 
transfer processes are not very ef?cient, due largely to the loW 
oscillator strengths for triplet absorption bands. Thus, triplet 
exciton diffusion occurs mainly through nearest neighbor 
hopping, via a Dexter mechanism. While the triplet lifetimes 
for common organic molecules can be very long, common 
OPV materials have triplet lifetimes in the microsecond 
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regime. This coupled With the loW D values give triplet based 
materials good but not exceptional L D values. 

[0026] If one could increase the exciton diffusion length for 
OPV materials, devices could be fabricated With thick, opti 
cally dense D and A layers. Thus, there is a need to provide 
organic photosensitive optoelectronic devices having 
improved properties via neW materials design, Which 
addresses the issue of the exciton diffusion length. 

SUMMARY OF THE INVENTION 

[0027] The present invention provides a photosensitive 
optoelectronic device comprising an anode, a cathode and at 
least one photoactive region disposed betWeen the anode and 
cathode Wherein: 

[0028] the at least one photoactive region comprises at least 
one organic photoconductive material comprising at least one 
singlet ?ssion host material and at least one triplet forming 
dopant material; 
[0029] the amount of the at least one singlet ?ssion host 
material is greater than the amount of the at least one triplet 
forming dopant material; 
[0030] the at least one singlet ?ssion host material is 
selected from a material that exhibits singlet ?ssion When 
light is absorbed; and 
[0031] the at least one triplet forming dopant material 
forms a triplet exciton after light is absorbed by the dopant. 

[0032] In another embodiment, the present invention pro 
vides a method of fabricating the organic photo sensitive opto 
electronic device of the invention, comprising: 
[0033] providing an anode, a cathode and putting at least 
one organic photoconductive material in contact With at least 
the anode or cathode Wherein: 

[0034] the at least one organic photoconductive material 
comprises at least one singlet ?ssion host material and at least 
one triplet forming dopant material; 
[0035] the amount of the at least one singlet ?ssion host 
material is greater than the amount of the at least one triplet 
?ssion dopant material; 
[0036] the at least one singlet ?ssion host material is 
selected from a material that exhibits singlet ?ssion When 
light is absorbed; and 
[0037] the at least one triplet forming dopant forms a triplet 
exciton after light is absorbed by the dopant. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0038] FIG. 1 is an energy level diagram illustrating a 
donor-acceptor heterojunction. 
[0039] FIG. 2 shoWs a general mechanism for photocurrent 
generation in OPV cells. 
[0040] FIGS. 3A-3B shoW a tandem cell design in 3A and 
a bulk heterojunction cell in 3B, Wherein the donor is shoWn 
solid cross-hatched and the acceptor is stippled in FIGS. 
3A-3B, and the internal transparent electrodes are shoWn as 
broken cross-hatched, and the cathode and anode are as 
labeled in the FIGS. 3A-3B. 

[0041] FIGS. 4A-4D shoW the singlet ?ssion energetics in 
Scheme 1 (FIG. 4A); dopant triplet quenching into the triplet 
state of the host in Scheme 2 (FIG. 4B); quenching of host 
singlet by donor singlet and further conversion and transfer 
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into the triplet of the host in Scheme 3 (FIG. 4C); and overall 
process of enhanced triplet creation on the host in Scheme 4 

(FIG. 4D). 

DETAILED DESCRIPTION 

[0042] The organic photoconductive material comprising 
at least one singlet ?ssion host material doped With at least 
one triplet forming dopant material described herein may 
have applications in optoelectronic devices other than organic 
solar cells. In one embodiment, other optoelectronic devices 
such as organic photodetectors, organic photosensors, 
organic photoconductors, chemical sensors and biological 
sensors may employ the nonplanar porphyrins. 
[0043] As used herein, photosensitive optoelectronic 
devices can be solar cells, photodetectors, photosensors, pho 
toconductors, chemical sensors, and biological sensors. 
[0044] As used herein, the term “organic” includes poly 
meric materials as Well as small molecule organic materials 
that may be used to fabricate organic photosensitive optoelec 
tronic devices. “Small molecule” refers to any organic mate 
rial that is not a polymer, and “small molecules” may actually 
be quite large. Small molecules may include repeat units in 
some circumstances. For example, using a long chain alkyl 
group as a substituent does not remove a molecule from the 
“small molecule” class. Small molecules may also be incor 
porated into polymers, for example as a pendent group on a 
polymer backbone or as a part of the backbone. Small mol 
ecules may also serve as the core moiety of a dendrimer, 
Which consists of a series of chemical shells built on the core 
moiety. The core moiety of a dendrimer may be a ?uorescent 
or phosphorescent small molecule emitter. A dendrimer may 
be a “small molecule.” In general, a small molecule has a 
de?ned chemical formula With a molecular Weight that is the 
same from molecule to molecule, Whereas a polymer has a 
de?ned chemical formula With a molecular Weight that may 
vary from molecule to molecule. As used herein, “organic” 
includes metal complexes of hydrocarbyl and heteroatom 
substituted hydrocarbyl ligands. 
[0045] There are a number of organic compounds that have 
been reported to undergo singlet ?ssion to e?iciently form 
tWo triplet excitons. Thus the absorption of a single photon 
could lead the formation of tWo excitons. If one of these 
materials is used as the donor or acceptor layer of an organic 
photovoltaic device, one could potentially realiZe high cur 
rents (relative to materials that do not undergo singlet ?ssion), 
due to the doubling of the number of excitons that could 
potentially reach the D/A interface. Moreover, the fact that 
the excitons ultimately formed on light absorption are in the 
triplet states has the added bene?t that triplet excitons have 
longer lifetimes than their singlet counterparts, potentially 
giving triplet exciton materials greater exciton diffusion 
lengths. The enhanced exciton diffusion length Will alloW for 
the use of thicker organic ?lms and thus enhanced light col 
lection e?iciency. 
[0046] In one embodiment, the present invention is directed 
to a method to improve singlet ?ssion materials to give 
enhanced/broader light absorption, particularly into the red 
and near IR regions of the solar spectrum. In another embodi 
ment, the present invention involves the doping of materials 
knoWn to give signi?cant intersystem crossing on optical 
excitation, such that absorption of a photon at the dopant site 
Will e?iciently from a triplet exciton at the dopant. The dopant 
materials being employed herein typically have small energy 
shifts betWeen the absorption bands and the triplet exciton, 
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such that the loss of the energy betWeen the singlet excited 
state formed in optical excitation and the triplet is small (i.e. 
a small exchange energy). Metal porphyrin and phthalocya 
nine complexes have these characteristics, With intense 
“Q-bands” in the red to near IR part of the spectrum and triplet 
energies in the near IR. The dopant formed triplet Will transfer 
e?iciently to the singlet ?ssion materials to be transported to 
the D/A interface. Thus, light absorption by either the ?ssion 
materials or the dopant Will give triplet excitons in the ?ssion/ 
host material. The absorption spectrum of the doped ?lm Will 
be the superposition of the spectra of the host and dopant 
materials, leading to a broad range of useful absorption ener 
gies. The dopant material Will be chosen so that its principal 
absorption bands fall betWeen the dominant absorption bands 
of the ?ssion material (singlet absorption bands) and the 
energy of the triplet in the ?ssion material. This Will ensure 
the broadest possible spectral absorbance for the doped ?lm 
and that the dopant triplet Will have a higher energy than the 
host triplet. In one embodiment, the dopant materials com 
prise about 50% or less of the material and the host comprises 
about 50% or more of the ?lm. 

[0047] The singlet ?ssion host material can be selected 
molecules that Would potentially undergo singlet ?ssion. In 
one embodiment, the singlet ?ssion host material is selected 
from molecules that present intense light absorption, consist 
ing of essentially J's-conjugated systems. Molecules that 
Would provide an ef?cient singlet ?ssion can be selected 
using the basic strategy presented in the publication by Paci 
et. al. [Ref. 15], the disclosures of Which are herein incorpo 
rated by reference. The selection criterion is based on the 
relative energetics of the S1, T1 and T2 states. First, it is 
necessary that the generation of the tWo Tl states to be 
slightly exoergic starting from the vibrationally relaxed 
excited state, so that E(Sl)>2E(Tl). This same requirement 
also assures a loW room-temperature rate of T1 -T1 annihila 
tion to yield S1 and S0 since it Would noW be endoergic. 
HoWever, T1 -T1 annihilation to yield the next higher triplet, 
T2 and S0 could be nearly isoergic and very fast. It is also then 
necessary to impose that E(T2)>2E(Tl) Which Will guarantee 
this annihilation process to be endoergic and very sloW. This 
is also desired to reduce the likeliness of the singlet to inter 
system cross into the triplet manifold. In summary, optimal 
singlet ?ssion materials should satisfy the highly unusual 
condition: E(Sl), E(T2)>2E(Tl). 
[0048] Good examples of ef?cient singlet ?ssion host mate 
rials can be found in the publication by Paci et al. [Ref. 15], 
Which include four groups of molecules: o-xylylene deriva 
tives, isobenZofulvene derivatives, p-xylylene derivatives and 
perylene derivatives. Of these families, many compounds 
arise as probable candidates for singlet ?ssion based on the 
calculations presented in the publication by Paci et al. The 
disclosures of Paci et al. are herein incorporated by reference. 
In addition to these four groups of molecules, polythiophene 
(P3HT) and polyacenes such as tetracene can also be used as 
the singlet ?ssion materials. 
[0049] While the use of triplet excitons could have a ben 
e?cial effect on devices from an exciton diffusion standpoint, 
there are other aspects of the charge generation process that 
may not be enhanced. In particular, triplet materials have 
tended to be avoided due to the exchange energy losses asso 
ciated With the exciton converting from a singlet to a triplet. 
This energy loss can be as a high as 1 eV and represents 
signi?cant loss in the photon energy harvested by the device. 
In one embodiment, the present invention comprises dopant 
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materials With comparatively small singlet-triplet energy dif 
ferences. Thus, light absorption in the material Will lead to a 
fairly small exchange energy loss. The singlet ?ssion mate 
rials Will of course have large singlet-triplet energy separa 
tions, since the singlet has an energy greater than tWice the 
triplet energy (i.e. E(S1) >2 E(Tl)). If this is not the case, 
singlet ?ssion Will not occur. 

[0050] There has been account of the fabrication of tWo 
OPV devices in the prior art. Yang [Ref. 13] has reported a 
tetracene donor OPV cell (lTO/PEDOT:PSS/tetracene/C6O/ 
BCP/Al) and Kippelen [Ref. 14] has reported a similar device 
With a pentacene donor layer. Both devices give high e?i 
ciency (2.3 and 2.7%, respectively).Yang and Kippelen chose 
to use acene donor materials, because of their high carrier 
mobilities, and attribute the high PV ef?ciencies to good 
energy matching betWeen the donor and acceptor materials, 
as Well as long excitons diffusion lengths, due to a high level 
of order in the acene layers. While these factors may be 
important, it is likely that triplet excitons play a signi?cant 
role in these devices. It has been Well documented that singlet 
excitons in both tetracene and pentacene solid samples 
undergo a ?ssion process to form tWo triplet excitons (i.e. 
S1+SO—>2 T 1). Thus, it is likely that for every photon absorbed 
in the donor layer of these devices, tWo excitons are gener 
ated, not one. (see scheme 1 of FIG. 4A) This effect is evi 
denced by the fact that the optimiZed thickness of the donor 
tetracene layer in Yang’s paper is as high as 800 A, Which is 
much higher than any thickness reported so far for a typical 
small molecule OPV. [Ref. 13] A longer exciton diffusion 
length Would alloW for this observed optically dense thick 
photoactive layer as Was mentioned before. 

[0051] The likely presence of an elongated exciton diffu 
sion length is very probably a result of the presence of singlet 
?ssion mechanism creating tWo triplets from one singlet exci 
ton, producing excitons that have a longer lifetime than sin 
glets, even on the solid sample. Singlet ?ssion is knoWn to 
occur as long as it is true that E(S1)>2E(Tl) and it offers the 
advantage that it usually happens Without appreciable loss of 
energy compared to those losses experienced during intersys 
tem crossing decay into the triplet since E(Sl)z2E(T1) for 
tetracene and for a various other systems. An extra added 
bene?t of singlet ?ssion occurring in solar cells is the genera 
tion of doubled the amount of excitons generated upon light 
absorption for a speci?c photon energy Which Would ideally 
generate doubled amount of carriers by splitting once they 
reach the D-A interface. 

[0052] It is also knoWn that the stacking and arrangement of 
tetracene molecules in ?lms is very e?icient and very likely 
results in layers organiZed enough to permit an enhanced 
diffusion coef?cient. The outcome of the combination of 
these effects, high exciton lifetime and enhanced diffusion 
coef?cient, results in a longer exciton diffusion length and 
therefore permits the use of more extensive layers capturing 
light more e?iciently. 
[0053] It is the case for example of the metallo-porphyrin, 
Pt(TPBP) (Platinum tetraphenyl tetrabenZoporphyrin). 
Pt(TPBP) has been tested in OPVs as donor layer and shoWed 
great performance making it a suitable donor material for 
solar cell applications. Due to the extensive at system of the 
porphyrin it is observed that the absorption coef?cient is high 
for the visible part of the spectrum. A very interesting feature 
of metallo-porphyrins is their high intersystem crossing 
yielding complete conversion from the singlet into the triplet 
state. The high lsc ef?ciency is due in large part to the high 
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spin-orbit-coupling of the heavy metal core of this complex. 
The triplet state is knoWn to be very long lived, ~53 us for a 
diluted solution of this molecule. Still, the problem of the 
small exciton diffusion length remains on the fabrication of 
solar cells by limiting the thickness of donor to be used and 
therefore the amount of light to be absorbed. 

[0054] It is knoWn that the triplet lifetime may be dimin 
ished on a solid sample due to quenching, excimer formation 
and T-T annihilation. HoWever it should still remain higher 
that that of singlet excitons on a solid matrix. The fact that the 
optimiZed thickness of Pt(TPBP) as donor layer is around 150 
A, very similar as those found for other non triplet materials, 
suggests that the diffusion coef?cient might be de?cient so 
that multiplied by a higher exciton lifetime it Would yield a 
similar value of Ld2 as those found for non-triplet materials. 
This loW diffusion coef?cient might be a result of a poor 
J's-stacking of the ?lm that reduces the possibility of the char 
acteristic exciton Dexter transfer for triplet molecules. The 
non-planarity of the molecule prevents close contact betWeen 
near neighbors impeding successful exciton hoping. 
[0055] Even though the systems presented above are good 
candidates for solar cell materials, they both introduce some 
Weakness in the effort of optimiZing light absorption and 
exciton transport into the D/A interface. Acenes have good 
J's-stacking providing an enhanced exciton and carrier trans 
port and moderately e?icient singlet ?ssion that may account 
for the creation of long lived triplet excitons but its absor 
bance does not extend into the red part of the spectrum. 
Metallo-porphyrins on the other hand have high absorption 
coef?cients in the red and near IR part of the spectrum, 
excellent triplet generation but poor transport ability. These 
tWo systems combined could overcome each other’s problem 
providing an excellent host-dopant ensemble for solar cell 
applications by giving a material With a highly enhanced 
exciton diffusion length. 
[0056] The advantage of this combination of molecules is 
to minimize energy losses and to provide a material consist 
ing of mainly triplet states upon light absorption in the hope of 
obtaining long exciton diffusion lengths. By doping into an 
acene matrix layer, metallo-porphyrin molecules Will absorb 
into the singlet state and very e?iciently convert into the 
triplet state due to its high intersystem crossing, With very 
little energy loss, due to the small exchange energy difference 
betWeen the S 1 and T1 in these materials. This triplet is 
thought to not diffuse extensively Within pure porphyrin 
matrix, but given that the porphyrin is only diluted into the 
acene, it can rapidly transfer the excitation to the acene host 
(see scheme 2 of FIG. 4B). For tetracene for example, the 
triplet state is close to 1.2 eV Whereas the Pt(TPBP)’s triplet 
is at 1.68 eV, alloWing for exothermic transfer of the porphy 
rin triplet to the tetracene material. The tetracene noW Will be 
highly populated into the triplet excited state and it is antici 
pated it Would have a large diffusion coef?cient that together 
With a very long lived exciton it Would result in a highly 
elongated exciton diffusion length. In this approach, the 
dopant excitons Will be transferred to the tetracene and dif 
fuse to the D/A interface for separation, using the acene for 
both exciton and carrier conduction. 

[0057] From the point of vieW of the singlet ?ssion mate 
rial, When light is absorbed, a singlet state is formed. This 
singlet state Will either undergo singlet ?ssion, giving tWo 
triplets, or it could also be quenched by the singlet state of the 
porphyrins Which are typically loWer in energy than the acene 
singlet (see scheme 3 of FIG. 4C). Consequently, it Will then 
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folloW the recently explained intersystem crossing pathway 
into the triplet and subsequently regained back by the acene 
triplet. This process Will lead to a triplet exciton, but not the 
tWo triplets that Would be formed by the ?ssion process. At 
suitably loW dopant concentrations this process can be mini 
miZed. 
[0058] In the effort of designing molecules With the right 
energetics to provide for ef?cient energy transfer into the 
triplet state of the ho st material, one has to keep in mind that 
the best combination of molecules Will be the one that pro 
vides the most favorable spectral overlap. The absorption 
spectra of both families shouldnot overlap markedly, but have 
the dopant absorbance bands ?ll betWeen the singlet absor 
bance bands of the ?ssion/host material and the triplet energy 
of the ?ssion/host material. 
[0059] A large number of different compounds have been 
reported that demonstrate singlet ?ssion, this Will give the 
ability to screen for the desired intermolecular interactions 
Within these materials as Well as With the dopant molecules. It 
is desired to use those molecules that shoW ordering and 
stacking necessary to provide With good diffusion coef? 
cients that Will enhance exciton diffusion length. Also, it is 
key to ?nd the right combination of ho st-dopant materials that 
Would provide energetically favoring systems both for mini 
miZing the energy losses during the formation of triplets and 
that offer the right cascade effect for energy transfer betWeen 
molecules, see scheme 4 (FIG. 4D). In addition, it is highly 
desired to design materials that Will shoW a reduced rate of 
T-T annihilation. This effect is highly detrimental for a good 
cell performance since excitons may annihilate before they 
reach the D/A interface and charge separate, markedly reduc 
ing light collection. 
[0060] The OPV cells of the present invention have a struc 
ture similar to those of the small molecule based devices 
described elseWhere, With the donor layer replaced With a 
singlet ?ssion host material doped With a triplet forming 
dopant (such as a heavy metal based porphyrin). 
[0061] In one embodiment, the present invention relates to 
an organic photosensitive optoelectronic device comprising 
an anode, a cathode, and at least one photoactive region 
disposed betWeen the anode and cathode Wherein: 
[0062] the at least one photoactive region comprises at least 
one organic photoconductive material comprising at least one 
singlet ?ssion host material and at least one triplet forming 
dopant material; 
[0063] the amount of the at least one singlet ?ssion host 
material is greater than the amount of the at least one triplet 
forming dopant material; 
[0064] the at least one singlet ?ssion host material is 
selected from a material that exhibits singlet ?ssion When 
light is absorbed; 
[0065] and the at least one triplet forming dopant material 
forms a triplet exciton after light is absorbed by the dopant. 
[0066] In another embodiment, the at least one singlet ?s 
sion host material satis?es the condition of E(S1), E(T2)>2E 
(T1). In a further embodiment the at least one singlet ?ssion 
ho st material is selected from o-xylylene, p-xylylene, isoben 
Zofulvene, perylene, polythiophene and polyacenes, such as 
tetracene, p-sexiphenyl, tetracyano-p-quinodimethane, tet 
ra?uoro tetracyano -p -quinodimethane, polydiacetylene, poly 
(p-phenylene), poly(p-phenylenevinylene), carotenoids, 1,4 
bis(tetracen-5-yl)benZene. In one embodiment, the at least 
one singlet ?ssion host material is selected from the folloWing 
compounds: 
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[0067] In another embodiment, the at least one singlet ?s 
sion host material is selected from the group consisting of 
anthracene, tetracene and pentacene. In a further embodi 
ment, the at least one singlet ?ssion host material is selected 
from crystalline anthracene, crystalline tetracene, and crys 
talline pentacene. 
[0068] In another embodiment, the at least one triplet form 
ing dopant material has a higher triplet energy than that of the 
at least one singlet ?ssion host material. In another embodi 
ment, the at least one triplet forming dopant material has a 
small singlet-triplet gap, for example a singlet-triplet gap of 
less than about 0.5 eV. In one embodiment, the triplet forming 
dopant material has the right energetics relative to the singlet 
?ssion host material so that the dopant material’s triplet Will 
transfer exothermically to the triplet of the singlet ?ssion host 
material. Examples of the triplet forming dopant material that 
can be used in the devices of the present invention can be, but 
are not limited to porphyrins and phthalocyanines. In another 
embodiment, a triplet forming dopant material other than a 
porphyrin or phthalocyanine complex Will Work in the 
devices of the present invention. 
[0069] In one embodiment, the at least one triplet forming 
dopant material absorbs light in the red and near IR regions of 
the solar spectrum. 
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[0070] In another embodiment, the at least one triplet form 
ing dopant material is selected from porphyrin compounds 
and phthalocyanine complexes. 
[0071] In another embodiment, the at least one triplet form 
ing dopant material is at least one porphyrin compound. 
[0072] In another embodiment, the at least one porphyrin 
compound is nonplanar. 
[0073] In another embodiment, the at least one nonplanar 
porphyrin is selected from compounds having formula (I), 

(I) 

Wherein 

[0074] M is selected from Sc,Y, La, Ti, Zr, Hf,V, Nb, Ta, Cr, 
Mo, W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, Cu,Ag, 
Au, Zn, Cd, Hg,Al, Ga, In, TI, Si, Ge, Sn, Pb, P, As, Sb, Bi, S, 
Se, Te, Po, Cl, Br, I, At, lanthanides, actinides, and 2H; R' is 
independently selected from Cl, Br, I, At, and a group com 
prising a Valence atom attached to the meso carbon of the 
porphyrin, Wherein the Valence atom is selected from B, C, N, 
O, Si, P, S, Cl, Ge, As, Se, Br, In, Sn, Sb, Te, I, TI, Pb, Bi, Po 
and At; and R is independently selected from Cl, Br, I, At, and 
a group comprising a Valence atom attached to a [3 carbon of 
a pyrrole ring, Wherein the Valence atom is selected from B, C, 
N, O, Si, P, S, Cl, Ge, As, Se, Br, In, Sn, Sb, Te, I, TI, Pb, Bi, 
Po and At, Wherein tWo adjacent R groups attached to the 
same pyrrole ring together With the tWo [3 carbons of the 
pyrrole ring may form a carbocyclic group or heterocyclic 
group. 
[0075] As shoWn in Formula I, 2H comprise the tWo non 
covalently linked nitrogen atoms (shoWn With dashed lines) 
that have hydrogen atoms. 
[0076] In another embodiment, the Valence atom in at least 
one R' or R group is C. 

[0077] In one embodiment, the at least one R' or R group is 
independently selected from an alkyl group, substituted alkyl 
group, alkenyl group, substituted alkenyl group, alkynyl 
group, substituted alkynyl group, cycloalkyl group, substi 
tuted cycloalkyl group, cycloalkenyl group, substituted 
cycloalkenyl group, cycloalkynyl group, substituted 
cycloalkynyl group, aryl group, substituted aryl group, het 
erocyclic group and substituted heterocyclic group. 
[0078] In another embodiment, 
[0079] the substituted alkyl group is substituted With at 
least one radical independently selected from cycloalkyl 
groups, cycloalkenyl groups, cycloalkynyl groups, aryl 
groups, heterocyclic groups, hydroxy groups, alkoxy groups, 
alkenyloxy groups, alkynyloxy groups, cycloalkoxy groups, 
cycloalkenyloxy groups, cycloalkynyloxy groups, aryloxy 
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groups, alkylcarbonyloxy groups, cycloalkylcarbonyloxy 
groups, cycloalkenylcarbonyloxy groups, cycloalkynylcar 
bonyloxy groups, arylcarbonyloxy groups, thiol group, alky 
lthio groups, cycloalkylthio groups, cycloalkenylthio groups, 
cycloalkynylthio groups, arylthio groups, formyl group, acyl 
group, carbamoyl groups, amino groups optionally substi 
tuted With at least one alkyl group, alkenyl group or alkynyl 
group, acylamino groups, N-acyl-N-alkyl amino groups, 
N-acyl-N-alkenyl amino groups, N-acyl-N-alkynyl amino 
groups, N-acyl-N-cycloalkyl amino groups, N-acyl-N-cy 
cloalkenyl amino groups, N-acyl-N-aryl amino groups, nitro 
groups, heterocyclic groups and halogen atoms; 
[0080] the substituted alkenyl group is substituted With at 
least one radical independently selected from cycloalkyl 
groups, cycloalkenyl groups, cycloalkynyl groups, aryl 
groups, heterocyclic groups, hydroxy group, alkoxy groups, 
alkenyloxy groups, alkynyloxy groups, cycloalkoxy groups, 
cycloalkenyloxy groups, cycloalkynyloxy groups, aryloxy 
groups, alkylcarbonyloxy groups, cycloalkylcarbonyloxy 
groups, cycloalkenylcarbonyloxy groups, cycloalkynylcar 
bonyloxy groups, arylcarbonyloxy groups, thiol group, alky 
lthio groups, cycloalkylthio groups, cycloalkenylthio groups, 
cycloalkynylthio groups, arylthio groups, formyl group, acyl 
groups, carbamoyl groups, amino groups optionally substi 
tuted With at least one alkyl group, alkenyl group or alkynyl 
group, acylamino groups, N-acyl-N-alkyl amino groups, 
N-acyl-N-alkenyl amino groups, N-acyl-N-alkynyl amino 
groups, N-acyl-N-cycloalkyl amino groups, N-acyl-N-cy 
cloalkenyl amino groups, N-acyl-N-aryl amino groups, nitro 
group, heterocyclic groups and halogen atoms; 
[0081] the substituted alkynyl group is substituted With at 
least one radical independently selected from cycloalkyl 
groups, cycloalkenyl groups, cycloalkynyl groups, aryl 
groups, heterocyclic groups, hydroxy group, alkoxy groups, 
alkenyloxy groups, alkynyloxy groups, cycloalkoxy groups, 
cycloalkenyloxy groups, cycloalkynyloxy groups, aryloxy 
groups, alkylcarbonyloxy groups, cycloalkylcarbonyloxy 
groups, cycloalkenylcarbonyloxy groups, cycloalkynylcar 
bonyloxy groups, arylcarbonyloxy groups, thiol group, alky 
lthio groups, cycloalkylthio groups, cycloalkenylthio groups, 
cycloalkynylthio groups, arylthio groups, formyl group, acyl 
groups, carbamoyl groups, amino groups optionally substi 
tuted With at least one alkyl group, alkenyl group or alkynyl 
group, acylamino groups, N-acyl-N-alkyl amino groups, 
N-acyl-N-alkenyl amino groups, N-acyl-N-alkynyl amino 
groups, N-acyl-N-cycloalkyl amino groups, N-acyl-N-cy 
cloalkenyl amino groups, N-acyl-N-aryl amino groups, nitro 
group, heterocyclic groups and halogen atoms; 
[0082] the substituted cycloalkyl group is substituted With 
at least one radical independently selected from alkyl groups, 
alkenyl groups, alkynyl groups, cycloalkyl groups, cycloalk 
enyl groups, cycloalkynyl groups, aryl groups, heterocyclic 
groups, hydroxy group, alkoxy groups, alkenyloxy groups, 
alkynyloxy groups, cycloalkoxy groups, cycloalkenyloxy 
groups, cycloalkynyloxy groups, aryloxy groups, alkylcarbo 
nyloxy groups, cycloalkylcarbonyloxy groups, cycloalkenyl 
carbonyloxy groups, cycloalkynylcarbonyloxy groups, aryl 
carbonyloxy groups, thiol group, alkylthio groups, 
cycloalkylthio groups, cycloalkenylthio groups, cycloalky 
nylthio groups, arylthio groups, formyl group, acyl groups, 
carbamoyl groups, amino groups optionally substituted With 
at least one alkyl group, alkenyl group or alkynyl group, 
acylamino groups, N-acyl-N-alkyl amino groups, N-acyl-N 
alkenyl amino groups, N-acyl-N-alkynyl amino groups, 
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N-acyl-N-cycloalkyl amino groups, N-acyl-N-cycloalkenyl 
amino groups, N-acyl-N-aryl amino groups, nitro group, het 
erocyclic groups and halogen atoms; 
[0083] the substituted cycloalkenyl group is substituted 
With at least one radical independently selected from alkyl 
groups, alkenyl groups, alkynyl groups, cycloalkyl groups, 
cycloalkenyl groups, cycloalkynyl groups, aryl groups, het 
erocyclic groups, hydroxy group, alkoxy groups, alkenyloxy 
groups, alkynyloxy groups, cycloalkoxy groups, cycloalk 
enyloxy groups, cycloalkynyloxy groups, aryloxy groups, 
alkylcarbonyloxy groups, cycloalkylcarbonyloxy groups, 
cycloalkenylcarbonyloxy groups, cycloalkynylcarbonyloxy 
groups, arylcarbonyloxy groups, thiol group, alkylthio 
groups, cycloalkylthio groups, cycloalkenylthio groups, 
cycloalkynylthio groups, arylthio groups, formyl group, acyl 
groups, carbamoyl groups, amino groups optionally substi 
tuted With at least one alkyl group, alkenyl group or alkynyl 
group, acylamino groups, N-acyl-N-alkyl amino groups, 
N-acyl-N-alkenyl amino groups, N-acyl-N-alkynyl amino 
groups, N-acyl-N-cycloalkyl amino groups, N-acyl-N-cy 
cloalkenyl amino groups, N-acyl-N-aryl amino groups, nitro 
group, heterocyclic groups and halogen atoms; 
[0084] the substituted cycloalkynyl group is substituted 
With at least one radical independently selected from alkyl 
groups, alkenyl groups, alkynyl groups, cycloalkyl groups, 
cycloalkenyl groups, cycloalkynyl groups, aryl groups, het 
erocyclic groups, hydroxy group, alkoxy groups, alkenyloxy 
groups, alkynyloxy groups, cycloalkoxy groups, cycloalk 
enyloxy groups, cycloalkynyloxy groups, aryloxy groups, 
alkylcarbonyloxy groups, cycloalkylcarbonyloxy groups, 
cycloalkenylcarbonyloxy groups, cycloalkynylcarbonyloxy 
groups, arylcarbonyloxy groups, thiol group, alkylthio 
groups, cycloalkylthio groups, cycloalkenylthio groups, 
cycloalkynylthio groups, arylthio groups, formyl group, acyl 
groups, carbamoyl groups, amino optionally groups substi 
tuted With at least one alkyl group, alkenyl group or alkynyl 
group, acylamino groups, N-acyl-N-alkyl amino groups, 
N-acyl-N-alkenyl amino groups, N-acyl-N-alkynyl amino 
groups, N-acyl-N-cycloalkyl amino groups, N-acyl-N-cy 
cloalkenyl amino groups, N-acyl-N-aryl amino groups, nitro 
group, heterocyclic groups and halogen atoms; 
[0085] the substituted aryl group is substituted With at least 
one radical independently selected from alkyl groups, alkenyl 
groups, alkynyl groups, cycloalkyl groups, cycloalkenyl 
groups, cycloalkynyl groups, aryl groups, heterocyclic 
groups, hydroxy group, alkoxy groups, alkenyloxy groups, 
alkynyloxy groups, cycloalkoxy groups, cycloalkenyloxy 
groups, cycloalkynyloxy groups, aryloxy groups, alkylcarbo 
nyloxy groups, cycloalkylcarbonyloxy groups, cycloalkenyl 
carbonyloxy groups, cycloalkynylcarbonyloxy groups, aryl 
carbonyloxy groups, thiol group, alkylthio groups, 
cycloalkylthio groups, cycloalkenylthio groups, cycloalky 
nylthio groups, arylthio groups, formyl group, acyl groups, 
carbamoyl groups, amino groups optionally substituted With 
at least one alkyl group, alkenyl group or alkynyl group, 
acylamino groups, N-acyl-N-alkyl amino groups, N-acyl-N 
alkenyl amino groups, N-acyl-N-alkynyl amino groups, 
N-acyl-N-cycloalkyl amino groups, N-acyl-N-cycloalkenyl 
amino groups, N-acyl-N-aryl amino groups, nitro group, het 
erocyclic groups and halogen atoms; and 
[0086] the substituted heterocyclic group is substituted 
With at least one radical independently selected from alkyl 
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groups, alkenyl groups, alkynyl groups, cycloalkyl groups, 
cycloalkenyl groups, cycloalkynyl groups, aryl groups, het 
erocyclic groups, hydroxy group, alkoxy groups, alkenyloxy 
groups, alkynyloxy groups, cycloalkoxy groups, cycloalk 
enyloxy groups, cycloalkynyloxy groups, aryloxy groups, 
alkylcarbonyloxy groups, cycloalkylcarbonyloxy groups, 
cycloalkenylcarbonyloxy groups, cycloalkynylcarbonyloxy 
groups, arylcarbonyloxy groups, thiol group, alkylthio 
groups, cycloalkylthio groups, cycloalkenylthio groups, 
cycloalkynylthio groups, arylthio groups, formyl group, acyl 
groups, carbamoyl groups, amino groups optionally substi 
tuted With at least one alkyl group, alkenyl group or alkynyl 
group, acylamino groups, N-acyl-N-alkyl amino groups, 
N-acyl-N-alkenyl amino groups, N-acyl-N-alkynyl amino 
groups, N-acyl-N-cycloalkyl amino groups, N-acyl-N-cy 
cloalkenyl amino groups, N-acyl-N-aryl amino groups, nitro 
group, heterocyclic groups and halogen atoms. 

[0087] In one embodiment, the tWo adjacent R groups of at 
least one pyrrole ring together With the tWo [3 carbon atoms of 
the at least one pyrrole ring form a carbocyclic group, substi 
tuted carbocyclic group, heterocyclic group, or substituted 
heterocyclic group. In another embodiment, the tWo adjacent 
R groups of the at least one pyrrole ring together With the tWo 
[3 carbon atoms of the at least one pyrrole ring form a car 
bocyclic group or substituted carbocyclic group. 

[0088] In one embodiment, the carbocyclic group or sub 
stituted carbocyclic group is a macrocycle or benZanulated 
J's-system. 
[0089] In one embodiment, the carbocyclic group or sub 
stituted carbocyclic group is aromatic. 

[0090] In another embodiment, the tWo adjacent R groups 
of the at least one pyrrole ring together With the tWo [3 carbon 
atoms of the at least one pyrrole ring form a heterocyclic 
group or substituted heterocyclic group. 

[0091] In one embodiment, the heterocyclic group or sub 
stituted heterocyclic group is aromatic. 

[0092] In one embodiment, the at least one R' or R group is 
phenyl, tolyl, Xylenyl, mesityl, methyl, ethyl, n-propyl or 
isopropyl. 
[0093] In one embodiment, the at least one nonplanar por 
phyrin is selected from the folloWing compounds: 
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-continued 

[0094] In one embodiment, the valence atom in at least one 
R' or R group is O. 

[0095] In another embodiment, the at least one R' or R 
group having 0 as the valence atom is hydroxy, alkoxy, alk 
enyloxy, alkynyloxy, cycloakoxy, cycloalkenyloxy, cycloalk 
nyloxy, aralkyloxy, aralkenyloxy, aralkynyloxy, aryloxy, 
alkylcarbonyloxy, alkenylcarbonyloxy, alkynylcarbonyloxy, 
hydroxycarbonyloxy or alkoxycarbonyloxy. 
[0096] In a further embodiment, the at least one R' or R 
group having 0 as the valence atom is hydroxy or alkoxy. 

[0097] In a further embodiment, the at least one R' or R 
group having 0 as the valence atom is OH, methoxy, ethoxy, 
n-propoxy or isopropoxy. 

[0098] In one embodiment, at least one R or R' group is 
independently selected from Cl, Br, I, and At. 
[0099] In another embodiment, at least one R or R' group 
has N as the valence atom. 

[0100] In one embodiment, the at least one R or R' group 
having N as the valence atom is selected from an amino 
group, alkylamino groups, dialkylamino groups, alkeny 
lamino groups, dialkenylamino groups, alkynylamino 
groups, dialkynylamino groups, N-alkyl-N-alkenylamino 
groups, N-alkyl-N-alkynylamino groups, N-alkenyl-N-alky 
nylamino groups, acylamino groups, N-acyl-N-alkyl amino 
groups, N-acyl-N-alkenyl amino groups, N-acyl-N-alkynyl 
amino groups, N-acyl-N-cycloalkyl amino groups, N-acyl 
N-cycloalkenyl amino groups, N-acyl-N-aryl amino groups, 
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nitro group, heterocyclic groups comprising a nitrogen 
valence atom and substituted heterocyclic groups comprising 
a nitrogen valence atom. 
[0101] In one embodiment, at least one R or R' group has S 
as the valence atom. 

[0102] In one embodiment, the at least one R or R' group 
comprising S as the valence atom is selected from a thiol 
group, alkylthio groups, alkenylthio groups, alkynylthio 
groups, aralkylthio groups, aralkenylthio groups, aralky 
nylthio groups, cycloalkylalkylthio groups, cycloalkenyla 
lkylthio groups, cycloalkynylalkylthio groups, cycloalkylthio 
groups, cycloalkenylthio groups, cycloalkynylthio groups, 
and arylthio groups. 
[0103] In one embodiment, M is Pt, Pd, or Ir. 
[0104] In another embodiment, M is Pt. 
[0105] In another embodiment, M is Pd. 
[0106] In one embodiment, the at least one nonplanar por 
phyrin is Pt(tetraphenyl benZo-porphyrin). 
[0107] In another embodiment, the at least one nonplanar 
porphyrin is Pd(tetraphenyl benZo-porphyrin). 
[0108] In one embodiment, the device is an organic photo 
voltaic cell. 
[0109] In another embodiment, the device is a photocon 
ductor cell. 
[0110] In another embodiment, the device is a photodetec 
tor. 

[0111] In one embodiment, the device is selected from 
organic photosensors, chemical sensors and biological sen 
sors. 

De?nitions 

[0112] As used herein, “carbocyclic group” means a cyclic 
chemical group Wherein all the ring atoms are carbon. The 
“carbocyclic group” is monocyclic or multicyclic. The “car 
bocyclic group” can be a cycloalkyl group, cycloalkenyl 
group, cycloalkynyl group and aryl group. 
[0113] As used herein, “heterocyclic group” refers to a 
cyclic chemical group having at least one N, O or S ring atom, 
With C atom(s) as the remaining ring atom(s). The “hetero 
cyclic group” is monocyclic or multicyclic. When the “het 
erocyclic group” is aromatic, it is called a “heteroaryl group.” 
The heterocyclic group can be a cyclic group comprising a 4-, 
5-, 6-, 7- or 8-membered ring, Wherein the ring comprises at 
least one ring atom selected from the group consisting of N, O 
and S With C as the remaining ring atom(s). Examples of the 
heterocyclic group include pyrrolidinyl group, piperidinyl 
group, piperaZinyl group, morpholino group, thiomorpholino 
group, homopiperidinyl group, chromanyl group, isochroma 
nyl group, chromenyl group, pyrrolyl group, furanyl group, 
thienyl group, pyraZolyl group, imidaZolyl group, furaZanyl 
group, oXaZolyl group, isoXaZolyl group, thiaZolyl group, 
isothiaZolyl group, pyridyl group, pyridaZinyl group, pyrim 
idinyl group, pyraZinyl group, pyranyl group, indolyl group, 
isoindolyl group, indaZolyl group, purinyl group, indoliZinyl 
group, quinolinyl group, isoquinolinyl group, quinaZolinyl 
group, pteridinyl group, quinoliZinyl group, benZoXaZinyl 
group, carbaZolyl group, phenaZinyl group, phenothiaZinyl 
group and phenanthridinyl group. 
[0114] As used herein, When the term “monocyclic” is used 
to modify “carbocyclic group” or “heterocyclic group”, the 
carbocyclic group or heterocyclic group comprises only a 
single ring. 
[0115] As used herein, When the term “multicyclic” is used 
to modify “carbocyclic group” or “heterocyclic group”, the 


































