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(57) ABSTRACT 

Pi-conjugated organoboron polymers for use in thin-?lm 
organic polymer electronic devices. The polymers contain 
aromatic and or unsaturated repeat units and boron atoms. 
Pi-conjugated organoboron polymers Which are end capped, 
derivatiZed With solubiliZing groups or both exhibit improved 
solubility and handling properties bene?cial for the formation 
of thin ?lms useful for device fabrication. The vacant p-or 
bital of the boron atoms conjugate With the pi-conjugated 
orbital system of the aromatic or unsaturated monomer units 
extending the pi-conjugation length of the polymer across the 
boron atoms. The pi-conjugated organoboron polymers are 
electron-de?cient and, therefore, exhibit n-type semiconduct 
ing properties, photoluminescence, and electroluminescence. 
The invention provides thin-?lm organic polymer electronic 
devices, such as organic photovoltaic cells (OPVs), organic 
diodes, organic photodiodes, organic thin-?lm transistors 
(TFTs), organic ?eld-effect transistors (OFETs), printable or 
?exible electronics, such as radio-frequency identi?cation 
(RFID) tags, electronic papers, and printed circuit elements, 
organic light-emitting diodes (OLEDs), polymer light-emit 
ting diodes (PLEDs), and energy storage devices employing 
the pi-conjugated organoboron polymers. In OLED and 
PLED applications these materials are used as the electron 
transport layer (ETL) to improve device e?iciency. The poly 
mers Which exhibit photo- and electroluminescence are also 
useful as light-emitting material in PLEDs. 
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PI-CONJUGATED ORGANOBORON 
POLYMERS IN THIN-FILM ORGANIC 

ELECTRONIC DEVICES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is the US. National Stage of International 
Application No. PCT/US2007/064328, ?led Mar. 19, 2007, 
Which is a continuation in part and claims the bene?t of US. 
application Ser. No. 11/378,619, ?led Mar. 17, 2006, noW 
abandoned, each of Which is incorporated by reference herein 
in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention Was made, at least inpart, With funding from 
the National Science Foundation contracts DMI-0319320 
and OII-0539625. The United States government has certain 
rights in the invention. 

BACKGROUND OF THE INVENTION 

This invention relates to pi-conjugated (or J's-conjugated) 
organoboron polymers and their use in thin ?lm electronic 
devices. The invention further relates to methods for the fab 
rication of such devices as Well as to methods of preparation 
of certain pi-conjugated organoboron polymers having 
improved solubility and stability. Pi-conjugated organoboron 
polymers are of interest because of their opto-electronic prop 
erties and are useful in thin-?lm plastic electronic devices, 
such as organic thin ?lm transistors (TFTs), organic light 
emitting diodes (OLEDs), printable circuits, organic super 
capacitors and organic photovoltaic (OPV) devices 

The speci?c functions of many electronic components and 
devices arise from the unique interactions existing betWeen 
p-type and n-type conducting and semiconducting materials. 
Until a feW years ago, inorganic conductors and semiconduc 
tors entirely dominated the electronic industry. In recent years 
there has been a major WorldWide research effort to develop 
conducting and semiconducting organic compounds and 
polymers, and to use them to fabricate plastic electronic 
devices, such as organic thin ?lm transistors (TFTs), organic 
light emitting diodes (OLEDs), printable circuits, organic 
supercapacitors and organic photovoltaic devices. Plastic 
electronic components offer several potential advantages 
over traditional devices made of inorganic materials; they are 
?exible and can be manufactured by inexpensive ink-j et print 
ing or roll-to-roll coating technologies. 

Intrinsically conducting polymers (ICPs) are polymers 
With extended at conjugation along the molecular backbone, 
and their conductivity can be changed by several orders of 
magnitude by doping. P-doping is the partial oxidation of the 
polymer by a chemical oxidant or an electrode Which causes 
depopulation of the bonding at orbital (HOMO) With the 
injection of “holes”. N-doping is the partial reduction of the 
polymer by a chemical reducing agent or electrode With the 
injection of electrons in the antibonding at system (LUMO, 
MacDiarmid A., Angew. Chem. Int. Ed, 40, 2581-2590, 
2001). The doping process incorporates charge carriers (ei 
ther electrons or holes) into the polymer backbone, and as a 
result the polymer becomes electrically conducting to a level 
that is commensurate With its doping level. 
An equally important class of electronic polymers is the 

conjugated semiconducting polymers. These polymers, like 
ICPs, are able to support the injection of p-type or n-type 
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2 
charge carriers; hoWever the charge carriers are often feW in 
number and are transient species that ultimately decay or are 
transferred to a different material. Some ICPs function as 
semiconducting polymers in their undoped state, hoWever 
other ICPs are not stable in their semiconducting state. Elec 
trical conductivity and Work function are the key parameters 
for characterizing ICPs, While charge carrier density and 
mobility, and energy levels are the key parameters for char 
acteriZing semiconducting polymers. One special class of 
semiconducting polymers is the group of light emitting poly 
mers. These polymers are also able to support the injection 
and transport of both positive and negative charges (although 
one carrier is often preferred). When holes and electrons 
recombine Within the electroluminescent material, a neutral 
excited species (termed an exciton) forms that decays to the 
ground state, liberating energy in the form of light (Salaneck, 
W. R. et al., Nature, 397, 121-128, 1999). 

Thus, certain pi-conjugated polymers are Well knoWn to 
possess semiconducting properties Which are due to the for 
mation of interconnected molecular orbitals along the pi 
bonding and pi-antibonding structure of the conjugated back 
bone. Charges that are introduced onto such polymer chains 
(either by addition or removal of an electron) are free to travel 
over a certain distance along the polymer chain giving rise to 
semiconducting properties. The number of charges that can 
be injected, the ease of introducing charges, the distance that 
a charge can travel (mobility), and the type of charge (positive 
holes or negative electrons) that is more favorable depend 
upon the electronic properties of the polymer. By careful 
design of the structure, a polymer that favors electrons (called 
an n-type semiconductor) or holes (called a p-type semicon 
ductor) as the dominant form of charge carrier can be 
selected. This is done through introduction into the polymer 
of selected atoms, organic groups and/or substituent groups 
based on their electron-donating or electron-Withdrawing 
properties. Appropriate selections of atoms or chemical 
groups for introduction into the polymer structure lead to a 
conjugated polymer structure that is either electron-rich or 
electron-de?cient. Electron-rich polymer structures have 
p-type semiconducting properties and electron-de?cient 
polymer structures have n-type semiconducting properties. 
Most pi-conjugated hydrocarbon polymers such as poly 

acetylene, poly(phenylenevinylene), poly(paraphenylene), 
poly?uorenes and their derivatives readily support the injec 
tion of both electrons and holes (the respective n-type and 
p-type charge carriers). In fact, theoretical calculations shoW 
that for certain hydrocarbon conjugated polymers such as 
poly(paraphenylene) there is a perfect electron-hole symme 
try [i.e. the frontier orbitals of positively and negatively 
charged carriers are fully symmetrical], indicating that elec 
tron and hole conduction are equally favorable processes 
(KertesZ, M. in Handbook of Organic Conductive Molecules 
and Polymers, Vol. 4, Ed. Hari Singh NalWa, J. Wiley & Sons, 
Chichester, UK, p. 163, 1997). This symmetry can be broken 
by introducing atoms other than carbon (heteroatoms, i.e., O, 
N, S, etc.), organic groups and/ or substituent groups that are 
either electron-rich or electron-de?cient, thus favoring either 
the injection of holes or electrons, respectively. It is generally 
easier to design electron-rich conjugated polymers than elec 
tron-de?cient conjugated polymers. An electron-rich poly 
mer can be created by appropriate introduction of an electro 
negative heteroatom, such as sulfur, nitrogen or oxygen into 
the conjugated polymer. A variety of chemistries are available 
in the art for introducing electro-negative heteroatoms into 
such polymers. As a result a large number of p-type conduct 
ing polymers have been developed and characterized over the 
past tWo decades. Furthermore, many p-type conducting and 
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semiconducting polymers have been used in commercial 
devices and are successfully competing With conventional 
inorganic semiconductors and conductors. 

In contrast, it is more dif?cult to design electron-de?cient 
conjugated polymer systems. Most of the polymers currently 
used as n-type semiconductors are hydrocarbon-based poly 
mers [especially poly(phenylenevinylene)] carrying elec 
tron-WithdraWing substituents such as cyano or nitro groups 

(Friend, R. H. et al. Nature, 395, 257-259, 1998; Holmes et al. 
Angew. Chemie. In. Ed., 37, 402-428, 1998), polymers con 
taining oxadiaZole, quinoxaline, or pyridine units (Bradley, et 
al. Appl. Phys. Lett., 69, 881 -883, 1996; Holmes et al. Angew. 
Chemie. In. Ed., 37, 402-428, 1998; Andersson et al. Macro 
molecules, 35, 1638-1643, 2002), and a feW ladder polymers 
such as BBL ({poly(7-oxo,10H-benZ[de]imidaZo[4',5:5,6] 
benZimidaZo[2,1-a]isoquinoline-3,4: 10,1 1-tetrayl)-10-car 
bonyl}) (Sherf, U. “Conjugated Ladder-Type Structures,” in 
Handbook of Conducting Polymers, 2nd Ed.”. Ed. T. A. 
Skotheim, R L Elsenbauer, J . R. Reynolds, Marcel Dekker, 
NeW York, 363-379, 1998). Unfortunately, current n-type 
semiconducting polymers have generally poor properties, 
including loW charge carrier density and loW carrier mobility. 
Furthermore, most of these materials are dif?cult to process, 
and some of them are dif?cult to synthesiZe. 

In some cases, n-type semiconducting non-polymeric spe 
cies, such as functionaliZed fullerenes, molecular glasses and 
metal complexes, are used instead of polymers (Strohriegl, P. 
et.Al,AdvancedMaterials, 14, 1439-1451, 2002; Shaheen, S. 
et. al., Appl. Phys. Lett., 78, 841-843, 2001). The disadvan 
tage of these non-polymeric semiconducting species is the 
loW charge carrier mobility due to the limited conjugation 
(due to loW molecular Weight), and the fact that they often 
need to be processed by vacuum deposition techniques. Thus, 
there is a signi?cant need in the art for neW n-type conducting 
and semiconducting materials having improved charge car 
rier mobility, Which are more readily synthesiZed and pro 
cessed. The present invention provides n-type semiconduct 
ing polymers Which provide such improvements. 

There are tWo basic Ways to make a pi-conjugated polymer 
structure that is electron de?cient. First, as noted above, the 
conjugated backbone of the polymer canbe chemically modi 
?ed by substitution With electron WithdraWing substituent 
groups, such as cyano or nitro groups. Such pendant modi? 
cation is effective to impart some electron de?ciency to the 
pi-conjugated polymer. For example, poly(para-phenylene 
vinylene) has been modi?ed With cyano and other pendant 
groups to produce a pi-conjugated semiconducting polymer 
With n-type properties (Granstrom et al. Nature 395, 257-260, 
1998). A second and more effective Way to impart n-type 
semiconducting properties is to directly modify the backbone 
of the polymer With electron de?cient atoms or organic struc 
tures. Holmes et al. prepared pi-conjugated oxadiaZole-con 
taining polymers that exhibited n-type semiconducting prop 
erties and photoluminescence (Li et al. J Chem. Soc. Chem. 
Commun. 2211-2212, 1995). Yamamoto et al. prepared pi 
conjugated quinoxaline-containing polymers that also exhib 
ited n-type semiconducting properties, photoluminescence, 
and electroluminescence. Both the oxadiaZole and quinoxa 
line structures are knoWn to impart electron de?ciency in 
molecules. Similarly, Babel and J enekhe. prepared pi-conju 
gated polymers incorporating regioregular dioctyl 
bithiophene and bis(phenylquinoline) units in the backbone 
of the polymer and demonstrated both PLED (polymer light 
emitting diodes) and OFET (organic ?eld-effect transistors) 
prototype devices utiliZing these materials (Babel, A., 
Jenekhe, S. A. Adv. Mater, 14, 371-374, 2002). 
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Certain non-polymeric, pi-conjugated, organoboron mol 

ecules have been observed to be electron de?cient (Noda et al. 
J. Am. Chem. Soc. 120, 9714-9715, 1998; Matsumi et al. 
Polymer Bulletin 50, 259-264, 2003). This is due to the 
valence electronic structure of the boron atom and its ability 
to form multiple stable bonds With carbon atoms. The empty 
p-orbital of boron can join in the pi-conjugated system With 
out any added electron density (ZWeifel et al. J. Organomet. 
Chem. 117, 303-312, 1976). The possibility of delocaliZation 
of pi electrons betWeen the vacant p orbital of boron and the 
pi orbitals of conjugated organic substituents has been exten 
sively studied on mono- and di-vinylhaloboranes and trivi 
nylborane. These molecules exist only in a planar conforrna 
tion, suggesting that there is, in fact, delocaliZation of the 
vinyl pi electrons over the boron atom (Pelter, A., and Smith, 
K. “Triorganylboranes,” in Comprehensive Organometallic 
Chemistry, Vol 3, 792-795, 1979). Theoretical calculations 
performed With the LCAO and self-consistent ?eld methods 
(Good, C. D., and Ritter, D. M. J. Am. Chem. Soc., 84, 1162 
1165, 1962) as Well as l3C-NMR studies (Yamamoto, Y. and 
Moritani, I. J. Org. Chem., 40, 3434-3437, 1975) also predict 
considerable delocaliZation of the vinyl pi electrons over the 
carbon-boron bonds. 

Marder et al. report that three-coordinate boron species are 
equivalent to carbonium ions, and are thus extremely elec 
tron-de?cient systems. HoWever, if the boron is sterically 
protected, for example, With bulky trimethylphenyl groups, 
the resultant materials are air-stable (Marder et al. J. of Solid 
State Chemistry, 154, 5-12, 2000). Kaim and co-Workers 
report that loW molecular Weight, non-polymeric, pi-conju 
gated organoboron compounds having redox properties that 
are analogous to nitrogen-containing pi-conjugated mol 
ecules. In fact, under chemical or electrochemical reduction, 
organoboron compounds form a series of anions of the type: 
iBRz, iBRZ’, :BR2_, While nitrogen-containing com 
pounds upon oxidation form the series of cations: iNRZ, 
iNRf', :NR2+ (Fiedler et al. Inorg. Chem., 35, 3039-3043, 
1996). This indicates that pi-conjugated organoboron com 
pounds are redox active and are effectively easy to reduce. 
The use of certain organoboron, non-polymeric pi-conju 
gated molecules as an electron transport layer (ETL) in 
molecular organic light-emitting diodes is reported by Shi 
rota and Noda. These authors report an improvement in maxi 
mum luminescence by a factor of 1.6 to 1.8 compared to an 
identical single layer device that does not contain the orga 
noboron ETL (ShirotaY. and T. Noda J Am. Chem. Soc., 120, 
9714-9715, 1998). The organoboron ETL materials of Shi 
rota and Noda are non-polymeric molecules of de?ned struc 
ture having a speci?c molecular Weight and are not pi-conju 
gated organoboron polymers. 

Chujo and co-Workers reported a number of pi-conjugated, 
organoboron polymers Wherein the boron atoms of the poly 
mer backbone are substituted With bulky aromatic groups 
such as 2,4,6-trimethylphenyl(mesityl) or 2,4,6-triisopropy 
lphenyl(tripyl) (Matsumi et al. J. Am. Chem. Soc., 120, 
10776-10777, 1998; Matsumi et al. J. Am. Chem. Soc., 120, 
5112-5113, 1998; Matsumi et al. Macromolecules, 32, 4467 
4469, 1999; Matsumi et al. Polymer Bulletin, 44, 431-436, 
2000, Chujo et al. Polymer, 41, 5047-5051, 2000). The 
authors concluded that the bulky protecting groups on boron 
led to stable non-conjugated polymers With Weight average 
molecular Weights that remained stable With constant expo 
sure to air for tWo Weeks (Chujo et al. Polymer 41, 5047-5051, 
2000). Chujo and coWorkers also prepared pi-conjugated, 
organoboron polymers Wherein the boron atoms of the poly 
mer backbone are substituted With phenyl groups (Miyata et 
al. Polymer Bulletin, 42, 505-510, 1999), or bonded to a 
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quinolate moiety (Nagata et al. Macromolecules, 40, 6-8, 
2007.) These polymers have absorption maxima in the visible 
region and are highly ?uorescent When irradiated With UV 
light, suggesting the existence of an extended J's-conjugation 
across the boron atoms. The polymers are also soluble in 
common organic solvents and stable in air and moisture in the 
pristine (undoped) state. Chujo and co-Workers have also 
reported the n-doping of a pi-conjugated, organoboron poly 
mer With triethylamine to a conductivity of 10'6 S/cm (Koba 
yashi et al. Synthetic Metals, 135-136, 393-394, 2003). The 
n-type semiconducting properties and photoluminescence of 
these materials have been reported, but the materials Were not 
shoWn to be useful in thin ?lm, organic polymer electronic 
devices, such as OPVs (organic photovoltaics), PLEDs, or 
OFETs. 

Jakle reported boron-modi?ed polythiophenes for use in 
chemical sensors Wherein the boron atoms of the polymer 
backbone are substituted With 4-isopropylphenyl, penta?uo 
rophenyl, and ferrocenyl groups (Sundararraman, et al., J. 
Am. Chem. Soc, 127, 13748-13749, 2005.) Siebert and co 
Workers reported the synthesis of certain pi-conjugated orga 
noboron polymers containing thiophene units by a hydrobo 
ration polymerization (Corriu et al., Chem. Commun. 963 
964 1998). 
US. Pat. Nos. 3,269,992, 3,203,909, 3,203,930, 3,203, 

929, 3,166,522, and 3,109,031 report the preparation of cer 
tain non-conjugated organoboron polymers. US. Pat. No. 
6,025,453 reports polymers containing at least an alkynyl 
group, at least one silyl group and at least one boranyl group 
and their use for making high temperature oxidatively stable 
thermosetting plastics. 

KanitZ et al. report non-conjugated polymeric perarylated 
borane copolymers and theiruses (published US Patent appli 
cation 2006/ 022943 1 A1 ; PCT Application WO 2005/063919 
and WO 2006/0229431). Cunningham et al. (US. Pat. No. 
6,057,078) report certain polyborane and polyborate photo 
initiators. 

SUMMARY OF THE INVENTION 

This invention relates to certain pi-conjugated polymers 
and their use in thin-?lm organic polymer electronic devices. 
These polymers all contain boron atoms in the pi-conjugated 
backbone of the polymer and therefore are electron-de?cient 
and exhibit n-type semiconducting properties, photolumines 
cence, and/or electroluminescence. 

The invention provides thin-?lm, organic polymer elec 
tronic devices Which comprise at least one active layer con 
taining a thin ?lm of a pi-conjugated organoboron polymer 
and at least tWo electrodes in contact With the active layer. The 
thin ?lm of the pi-conjugated organoboron polymer can be 
100 angstroms to 10,000 angstroms in thickness. Preferably 
the thin ?lm of the pi-conjugated organoboron polymer is 100 
angstroms to 3,000 angstroms in thickness. 

The devices of this invention include those Which exhibit 
current recti?cation or diode-like properties. The devices of 
this invention include those Wherein the thin ?lm comprises a 
pi-conjugated organoboron polymer that emits light under a 
voltage bias. 

The invention also provides devices Wherein the active 
layer of the device contains, in addition to the thin ?lm of the 
pi-conjugated organoboron polymer, a light-emitting thin 
?lm Which comprises a light-emitting polymer Which is not a 
pi-conjugated organoboron polymer, a light-emitting non 
polymeric molecule, or an inorganic light emitting com 
pound. 
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6 
The invention further provides devices having an active 

layer Which comprises at least one thin ?lm that in turn 
comprises one or more pi-conjugated organoboron polymers 
blended With one or more light-emitting molecules, or poly 
mers or an inorganic compound. 
The invention provides devices having an active layer com 

prising at least one thin ?lm of a pi-conjugated organoboron 
polymer blended With a different organic or inorganic con 
ducting or semiconducting material. This organic or inor 
ganic conducting or semiconducting material may be one or 
more polymers, one or more non-polymeric molecules, one 
or more inorganic compounds, or a mixture thereof. More 
particularly, the active layer of the devices herein can com 
prise at least one thin ?lm containing a p-type conducting or 
semiconducting polymer that is not a pi-conjugated orga 
noboron polymer blended With a pi-conjugated organoboron 
polymer. In other embodiments, the active layer of the devices 
herein comprises at least one thin ?lm containing inorganic 
p-type semiconducting particles mixed With a pi-conjugated 
organoboron polymer. More speci?cally, inorganic p-type 
semiconducting particles having at least one dimension less 
than 1000 angstroms can be employed in active layers herein. 
Regioregular poly(n-alkyl thiophene)s are examples of 
organic p-type semiconducting materials and boron-doped 
silicon, p-type gallium arsenide and p-type Zinc telluride are 
examples of inorganic p-type semiconductors that can be 
used in this invention. 

Devices of this invention further include those Wherein the 
active layer further comprises a second thin ?lm of a dielec 
tric insulating material that is in contact With one or more 
additional electrodes. The layer of dielectric insulating mate 
rial is usually in contact With one of the electrodes as exem 
pli?ed in FIGS. 2E and 2E. 

Representative structures of organoboron polymer compo 
sitions useful in the devices of this invention are shoWn in 
Schemes 2A, 2B, 3, 4, 5, 8, 10. Representative synthetic 
methods are shoWn in the Examples. 
The invention also provides certain novel pi-conjugated 

organoboronpolymers Which exhibit bene?cial properties for 
application in thin-?lm organic polymer electronic devices. 

Polymers of this invention include pi-conjugated orga 
noboron polymers and that do not contain an aromatic ring in 
the polymer backbone. Such polymers may, hoWever, contain 
one or/more aromatic rings in a side chain, as substituents on 
the boron atoms or as substituents of the unsaturated carbon 
atoms of the polymer backbone. Polymers of this invention 
include, among others, poly(vinylborane)s, poly(acetyle 
nylborane)s, poly(divinylborane)s, poly(vinyl acetylenylbo 
rane)s, and poly(polyenylborane)s. Representative structures 
of these organoboron polymer compositions useful in the 
devices of this invention are shoWn in Scheme 2A, formulas a, 
f and g and Scheme 2B formulas a, f and g. More speci?c 
structures of novel organoboron polymers of this invention 
are shoWn in Scheme 3, formula D. Representative synthetic 
methods for these polymers are shoWn in Example 2. Poly 
mers of this invention can exhibit improved properties over 
prior art polymers, particularly those reported by Chujo and 
coWorkers, because the higher density of boron atoms can 
provide higher electron-de?ciency. 

Polymers of this invention also include poly(9,9-dialky 
l?uorenylborane)s. Examples of these polymers include 
polymers 3dx, 3dy, 3ex, 3ey, and 3gx of Scheme 4. Repre 
sentative synthetic methods for making these polymers are 
provided in Example 1. These polymers exhibit improved 
properties compared to knoWn polymers because of their 
speci?c light emitting properties (color and intensity). 
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Polymers of this invention further include structures E, F, 
G, H, and I of Scheme 3. Representative synthetic methods 
for making these novel polymers are given in Example 7. 
These polymers can provide improved properties compared 
to knoWn polymers because of the higher electron de?ciency 
of the aromatic unit. 

Methods or improved methods for synthesis of certain 
pi-conjugated organoboron polymers are also provided. A 
signi?cant improvement of the method of preparation of poly 
(arylborane)s polymers 3a-3e of Scheme 10 in Example 1 
over prior art methods is the use of an organolithium deriva 
tive rather than a Grignard reagent and the use of cyclohexane 
(a cyclic hydrocarbon) rather than tetrahydrofurane (THF) or 
other oxygenated solvent. The improved methods provide 
polymers having boron atoms that are free from coordination, 
While prior art methods provide polymers having the boron 
atoms coordinated to the solvent. Coordination of boron 
atoms With the solvent partially ?lls the empty p orbital of the 
boron atoms and decreases the electron-de?ciency of the 
polymer. 

In another aspect, the invention provides end-capped pi 
conjugated organoboron polymers that have improved solu 
bility and handling properties compared to equivalent pi 
conjugated organoboron polymers that are not end-capped. 
Examples of end-capped pi-conjugated orgaoboron polymers 
are shoWn in Scheme 2B formulas a-j, Scheme 4 formulas A 
and B and Scheme 5 formulas C-G. The invention further 
provides methods of preparation of such end-capped poly 
mers. 

The invention is based at least in part on the discovery that 
end-capping of such polymers improves the solubility prop 
erties of the polymers, such that they remain soluble in 
selected solvent after repeated puri?cation cycles. In pre 
ferred embodiments, end-capped pi-conjugated organoboron 
polymers are soluble at a level of l gr/L or more in an organic 
solvent that is useful for making thin ?lms. In more preferred 
embodiments, end-capped pi-conjugated organoboron poly 
mers are soluble at a level of 10 gr/L or more in an organic 
solvent that is useful for making thin ?lms. In some cases the 
equivalent pi-conjugated organoboron polymers that are not 
end-capped form insoluble material during extensive puri? 
cation. Polymers that are soluble at a level of 10 g/L or more 
in a selected organic solvent (particularly those solvents listed 
in paragraph beloW are particularly useful for the fabrication 
of organic thin-?lm electronic devices, While polymers 
soluble at level of 1 g/L or less in such organic solvents are 
less useful or not useful for making thin ?lms. End-capping of 
such polymers provides polymeric materials having 
improved utility for the fabrication of thin-?lm electronic 
devices. 

This invention, thus, provides a method for reducing or 
eliminating the reactive groups that remain at the end of the 
groWing pi-conjugated organoboron polymer chains When 
the polymerization reaction stops. End-capped pi-conjugated 
organoboron polymers according to this invention are soluble 
after repeated puri?cation cycles, preferably at least four 
puri?cation cycles. It is believed that polymer solubility is 
detrimentally affected through cross-linking reaction of the 
reactive polymer end groups. End-capping reduces or elimi 
nates such cross-linking and provides improved polymers. 
Methods or improved methods for synthesis of certain end 
capped pi-conjugated organoboron polymers are also pro 
vided in Examples 8, l0 and 13. 

The invention also provides certain novel end capped, pi 
conjugated organoboron polymers. Representative structures 
of end-capped pi-conjugated organoboron polymers of this 
invention are provided in Scheme 2B. The invention also 
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8 
provides polymer mixtures and blends in Which an end 
capped pi-conjugated organoboron polymer is combined, 
mixed or blended With one or more useful polymers Which are 

not end-capped pi-conjugated organoboron polymers. The 
invention also relates to polymer mixtures and blends in 
Which an end-capped pi-conjugated organoboron polymer is 
combined, mixed or blended With one or more useful poly 
mers Which are not pi-conjugated organoboron polymers. 
The invention also provides thin ?lms comprising end 
capped pi-conjugated organoboron polymers, methods of 
making such thin ?lms, organic polymer electronic devices as 
described above containing such thin ?lms and methods of 
making such devices employing such thin ?lms. 

In a speci?c embodiment, the invention provides a method 
for making thin ?lms comprising one or more organoboron 
polymers Which comprises the step of reacting a organoboron 
polymer Without end groups With an end capping agent to 
form an end-capped polymer, and dissolving the end-capped 
polymer in a solvent useful for making thin ?lms, for example 
to form a coating solution Which can be employed to form the 
thin ?lm. The end capping agent reacts With polymer ends to 
form non-reactive end groups on the polymer. The end cap 
ping agent is a reactive species that is different in structure 
and/or reactivity from any of the monomers that are used to 
form the organoboron polymer. In other embodiments, a mix 
ture of polymers including an end-capped organoboron poly 
mer is dissolved in the solvent to form a thin ?lm. More 
speci?cally the methods involves an initial step of forming an 
organoboron polymer, for example an organoboron polymer 
of Scheme 2A, folloWed by a step of reacting the polymer 
With the end-capping reagent to form an end-capped polymer. 
In speci?c embodiments, the end-capped polymer is thereaf 
ter puri?ed, for example, by Washing, continuous extraction 
or other methods disclosed herein or knoWn in the art. In 
speci?c embodiments, the end-capped organoboron polymer 
is soluble in an organic solvent useful for thin ?lm formation 
and in more speci?c embodiments the end-capped organobo 
ron polymer is soluble at a level of 10 g/L or more in the 
solvent. In speci?c embodiments, the solvent is selected from 
alkanes, aromatic hydrocarbons, ethers, alcohols, ketones, 
esters, nitriles, lactones, nitroalkanes, halogenated alkanes, 
and supercritical carbon dioxide. More preferred solvents are 
benZene, chlorobenZene, toluene, xylenes, pentane, hexanes, 
cyclohexane, tetrahydrofuran, dimethylformamide, dimeth 
ylsulfoxide, N-methylpyrrolidone, dimethylcarbonate, 
acetonitrile, chloroform, dichloromethane, dichloroethane. 
Thin ?lms are formed employing any of the various methods 
knoWn in the art. 
The invention additionally provides methods employing 

thin-?lm organic polymer electronic devices that contain an 
active layer comprising one or more end-capped pi-conju 
gated organoboron polymers, alone or in combination With 
other useful polymers, for use in photovoltaic cells, diodes, 
photodiodes, TFTs, organic ?eld effect transistors (OFETs), 
printable or ?exible electronics like radio-frequency identi? 
cation (RFID) tags, electronic papers, printed circuit ele 
ments, OLED)s, polymer light emitting diodes (PLEDs), and 
energy storage devices. 

In yet another aspect, the invention provides improved 
pi-conjugated organoboron polymers Which carry solubiliZ 
ing groups (e.g., alkyl or ether groups attached to an aromatic 
group, such as a phenyl group) bonded to one or more boron 
atoms in the polymerbackbone. The solubiliZing group facili 
tates solubility of the polymer in one or more organic solvents 
useful for the preparation of thin ?lms. IN speci?c embodi 
ments, all of the boron atoms of the polymer carry the solu 
biliZing group. These derivatiZed polymers are optionally, but 
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preferably, also end-capped. These derivatiZed pi-conjugated 
organoboron polymers exhibit improved solubility and han 
dling properties. The invention also provides polymer mix 
tures and blends comprising these derivatiZed polymers. 
Polymer mixtures and blends of this invention include those 
in Which the pi-conjugated organoboron polymer represents 
from 1% to 99% by Weight of the mixture or blend. Polymer 
mixtures and blends of this invention include those in Which 
the pi-conjugated organoboron polymer represents from 10% 
to 90% by Weight of the mixture or blend. Polymer mixtures 
and blends of this invention include those in Which the pi 
conjugated organoboron polymer represents from 25% to 
99%, from 50% to 99% and from 75% to 99% by Weight of 
the mixture or blend. This invention further provides thin 
?lms comprising these derivatiZed organoboron polymers, 
methods of making such thin ?lms, organic polymer elec 
tronic devices, as described above, containing such thin ?lms 
and methods of making such devices employing such thin 
?lms. 

Additional aspects and embodiments of the invention Will 
be apparent in vieW of the draWings, detailed description and 
examples that folloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1. Cyclic voltammetry of a thin ?lm of polymer 3ay. 
ArroWs indicate direction of the voltage sWeep. 

FIG. 2. Exemplary con?gurations of various thin-?lm 
organic polymer electronic devices containing a layer of a 
pi-conjugated organoboron polymer. 

FIG. 3. Current versus voltage response of a MEH-PPV 
diode With a 3by polymer layer acting to transport electrons. 

DETAILED DESCRIPTION OF THE INVENTION 

This invention relates to the use of pi-conjugated orga 
noboron polymers comprising both organic conjugated 
repeat units and organoboron units in thin-?lm, organic poly 
mer, electronic devices. The invention additionally relates to 
certain novel pi-conjugated organoboron polymers and par 
ticularly to pi-conjugated organoboron polymers that exhibit 
improved solubility and handling properties. More speci? 
cally, the invention relates to end-capped pi-conjugated orga 
noboron polymers and to pi-conjugated organoboron poly 
mers derivatiZed With solubiliZing groups and their use in 
thin-?lm organic polymer electronic devices. These polymers 
all contain boron atoms in the pi-conjugated backbone of the 
polymer and preferably exhibit one or more of the folloWing 
properties: n-type semiconducting properties, photolumines 
cence, and electroluminescence. 

The folloWing de?nitions are used herein: 
An individual polymer molecule is a molecule comprising 

a plurality of repeating units. For clarity herein, a polymer 
molecule is broadly de?ned herein as containing tWo or more 
repeating units of the same type, or tWo or more repeating 
units of at least one type of repeating unit, if different repeat 
ing units are presents. The tWo repeating units in a polymer 
molecule need not be contiguous in the molecule. (This de? 
nition of polymer molecules encompasses molecules having 
small numbers of repeating units Which are often called oli 
gomers.) Different repeating units can be distributed in an 
ordered or random (non-ordered) fashion in the polymer mol 
ecule. Polymer molecules are thus distinguished from non 
polymeric molecules Which do not contain repeating units. A 
polymer molecule may comprise a linear chain of tWo or more 
repeating units or may comprise branched chains of tWo or 
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10 
more repeating units. Polymer molecules optionally contain 
end groups that differ in structure and chemistry from the 
repeating units. 

In general, because of the Way that they are prepared, 
polymers are a mixture of polymer molecules comprising a 
statistical distribution of individual polymer molecules Which 
contain a different number of repeating units, or a different 
ordering of more than one repeating unit. Each individual 
polymer molecule in the polymer has a speci?c chemical 
structure and molecular Weight. HoWever, the polymer is a 
mixture of individual polymer molecules. Unless otherWise 
speci?ed herein the term polymer refers to such mixtures of 
individual polymer molecules. 

Therefore polymers (mixtures of individual polymer mol 
ecules) are characterized by their “Weight average molecular 
Weight,” also called “Weight average molar mass” that is 
de?ned as: 

Where < > indicates that it is an average, 

where N. is the number of molecules of the polymer i having 
molar mass Mi. [1. M. G. CoWie, “Polymers: Chemistry & 
Physics of Modern Materials”, 2”“ Edition, Blackie Aca 
demic & Professional, Great Britain, (1993), pages 8-9]. The 
Weight average molecular Weight is typically measured by 
Gel Permeation Chromatography (also called siZe exclusion 
chromatography) using either a light scattering or a refractive 
index detector, using appropriate standards of knoWn mass [J . 
M. G. CoWie, “Polymers: Chemistry & Physics of Modern 
Materials”, 2”“ Edition, Blackie Academic & Professional, 
Great Britain, (1993), pages 210-214]. The chain length of 
polymers can also be described by the “average degree of 
polymeriZation xW” Where x:<M>m/MO, Where MO is the 
molar mass of a monomer (repeating unit) and <M>W is the 
Weight average molar mass as de?ned above. As knoWn in the 
art, polymers may also be characterized by a “number average 
molecular Weight” or the “Z-average” both of Which are terms 
that are Well-knoWn in the art. 

According to this invention polymers encompass oligo 
meric and telomeric molecules and any mixtures containing a 
distribution of polymer molecules having the same tWo or 
more repeating units, but having different molecular Weights 
or having a different ordering of repeating units. In speci?c 
embodiments, polymers of this invention include those in 
Which the average degree of polymeriZation is 3 or more. In 
additional embodiments, polymers of this invention include 
those in Which the average degree of polymeriZation is 6 or 
more or 10 or more. In other speci?c embodiments, polymers 
of this invention include those in Which the average degree of 
polymeriZation is 20 or more. In other speci?c embodiments, 
polymers of this invention include those in Which the average 
degree of polymeriZation is 50 or more. 
The term “organic” refers to a chemical species, i.e., a 

molecule, moiety, radical, or functional or substituent group, 
Which contains a single carbon atom (substituted With hydro 
gen or other substituent group, e.g., CH3i, CF3i, CH3i 
NH4CH2i) or contains covalently bonded carbon atoms 
and optionally contains various other atoms in addition to 
carbon and hydrogen. The bonds betWeen carbons may be 
single, double, triple or aromatic (as in benZene). Carbons 
may be bonded in a linear chain, a branched chain, or a ring 
Which may be an aromatic ring. 
The term organic polymer refers to a polymer comprising 

organic polymer molecules in Which at least one of the repeat 
ing units is an organic moiety Which contains covalently 
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bonded carbon atoms and optionally contains various other 
atoms. Typically an organic moiety contains a carbon-carbon 
bonded backbone or ring structure Which may be substituted 
With various substituents (other than hydrogen) containing 
various atoms or in Which the backbone remains predomi 
nantly composed of carbon, but may contain other atoms 
(e. g., O, S, N, etc.). Organic polymers may be formed having 
more than one repeat unit that are different in structure from 
each other, and are distributed along the polymer chain in any 
ordered or random arrangement or sequence. Therefore, the 
term polymer herein encompasses also random, alternated 
and block copolymers. 
A monovalent organic radical (or simply a monovalent 

radical) is a group of atoms (molecular fragment) derived 
formally by removal of a single hydrogen atom from an 
organic molecule. Examples of monovalent organic radicals 
include, among others, CH3i (methyl radical), CH3i 
CHZi, HO%H2%H2i, C6H5iCH2i, and CH3i 
CH:CHi. Additional organic radicals are species derived 
formally by removal of a single hydrogen atom from a non 
carbon atom (e.g., O, N, S) in the organic molecule, such as 
alkoxide radicals (R4Oi, Where R is an alkyl or other 
organic group) Which is derived by removal of hydrogen from 
an alcohol or an amine radical (RR'iNi, Where one of R or 
R' is an alkyl or other organic group). 
A divalent organic radical (or simply a divalent radical) is 

a group of atoms (molecular fragment) derived formally by 
removal of tWo hydrogen atoms from an organic molecule 
Where both hydrogens may be removed from the same atom 
in the organic molecule or tWo different atoms in the organic 
molecule. Exemplary divalent organic radicals are: 4CR2i, 
iCFzi, %6R4i (a phenylene radical), i(CR2)ni, 
ACRQFXACRQF, QHCHZP, *NRL. 
Where n and m are integers, each R, independent of other R’ s 
is hydrogen, halogen, alkyl or other organic group, R" is an 
organic group and X is O, S, NR, CO, CS, NRCO, COO, 
double bond, triple bond, or phenylene, among others. 
A multivalent organic radical (or simply a multivalent radi 

cal) is a group of atoms (molecular fragment) derived for 
mally by removal of three or more hydrogen atoms from an 
organic molecule. Examples of multivalent radicals include 
i(R)C<, i(CR2)niCR<, i(CR2)niX<, i(CR2)ni 
X(—)i(CR2)miYi, i(CR2)niX(—)i(CR2)mi, Where 
n and m are integers, each R, independent of other R’s is 
hydrogen, halogen, alkyl or other organic group, X is N, CR, 
NiCO, andY is CR2, CO, COO, CS, O, S, NR, NRiCO, 
and phenyl (C6R4). 

Organic radicals can contain linear or branched carbon 
chains or rings containing carbon and other atoms (e.g., O, S, 
N). Organic radicals can contain double bonded carbons, 
triple bonded carbons, non-aromatic or aromatic rings. 
Organic radical may be aliphatic, alicyclic or aromatic. An 
aliphatic organic radical results from removal of one or more 
hydrogen atoms from a saturated or unsaturated carbon com 
pounds, in Which the carbon atoms are joined in open chains. 
An alicyclic organic radical results from removal of one or 
more hydrogen atoms from a saturated or partially unsatur 
ated cyclic compound carbon compound, An aromatic radical 
results from removal of one or more hydrogen atoms from an 
aromatic organic molecule. Carbons in organic radicals can 
be substituted With one or more various non-hydrogen sub 
stituents, including halogens, amino group, alkoxide or 
hydroxide groups, alkyl thiols or thiols, oxygen or sulfur (to 
form CO or CS groups). 
A functional group is a combination of atoms (or in the case 

of halides a single atom) that When attached to an organic 
radical has either a speci?c reactivity or imparts to the mol 
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12 
ecule a speci?c character, for example, by electron WithdraW 
ing or electron donating action. Hydrogen is not a functional 
group. Typical functional groups include halogen atoms, nitro 
groups, cyano groups, cyanate groups, thiocyanate groups, 
isocyanate groups, thioisocyanate groups, alcohol groups 
(eg organic groups With one or more OH groups), polyol 
groups (e.g., organic groups With more than one and more 
typically a plurality of OH groups), alkoxide groups, ether 
groups (e.g., alkyl or other organic groups containing one or 
more CiO4C linkages), thiols, thioether groups (e.g., alkyl 
or other organic groups containing one or more CiS4C 
linkages), silyl (e.g., R3Sii, Where R is various substituents 
or organic groups), siloxy (e.g., R2iSi(OR)i), aldehyde 
groups (organic radicals containing a iCOH moiety), ketone 
groups (organic radicals containing a CO moiety), carboxylic 
acids (organic radicals containing 4COOH groups or 
‘COO’ groups, carboxylic ester groups (organic groups 
containing 4COOR" groups, Where R" is an alkyl group or 
other organic group), acyl halide groups (organic groups con 
taining ‘COX groups Where X is a halide), anhydride groups 
(an organic group containing an anhydride group), groups 
containing other carboxylic acid derivatives, amino groups, 
alkyl amino groups, amino oxide groups and groups contain 
ing other derivatives of amino groups, diaZo groups, aZide 
groups, phosphoric acid ester groups, alkyl phosphate groups 
and groups containing other phosphoric acid derivatives, 
phosphinic acid groups, and groups containing phosphinic 
acid derivatives, phosphine groups, groups containing phos 
phonium salts, sulfuric acid ester groups, sulfate groups, sul 
fonate groups, groups containing sul?nic acid derivatives, 
groups containing sulfonium salts, groups containing oxo 
nium salts, groups containing carbon-carbon double bonds 
(e.g., alkenyl groups) and groups containing carbon-carbon 
triple bonds (e. g., alkynyl groups), and combinations thereof. 
Functional groups include organic functional groups. 
Many other functional groups are knoWn in the art. Alde 

hyde groups, halogen atoms, isocyanate groups and acyl 
halide groups are examples, among many others, of func 
tional groups that may be used to impart a desired reactivity to 
a molecule or polymer. Nitro groups, cyano groups, chlorine 
and bromine atoms, and carboxylic acid derivatives are 
examples, among many others, of functional groups With 
electron-Withdrawing properties. Alcohol groups, alkoxide 
groups, thiol groups, mercapto groups, and amino groups are 
examples, among many others, of groups With electro-donat 
ing properties. The terms “electron-Withdrawing group: and 
“electron-donating group” are terms that are Well knoWn in 
the art of chemistry. Many groups are knoWn in the art Which 
are classi?ed into one of these groupings. These terms are 
used herein to have their broadest meaning in the art. One of 
ordinary skill in the art understands the meaning of these 
terms and knoWs hoW to select functional groups Which Will 
function as an electron-Withdrawing group or an electron 
donating group in a particular molecular structure. 
A conjugated compound, fragment, moiety or group is a 

chemical species that contains one or more bonding orbitals 
that are not restricted to tWo atoms, but they are spread (or 
delocaliZed) over three or more atoms. A pi-conjugated (or 
J's-conjugated) compound is a compound in Which the delo 
caliZed molecular orbitals are made by overlap of atomic p 
orbitals such as the remaining (non hybridiZed) p orbital of an 
sp2 hybridiZed carbon atom (M. B. Smith and J March, 
“March’ s Advanced organic Chemistry, DelocaliZed Chemi 
cal Bonding” 5th Ed. John Wiley and Sons, 2001, p 32-33). 
This continuum of pi bonds de?nes pi-conjugation, often 
referred to simply as conjugation, and is most commonly 
observed in unsaturated or aromatic organic molecules. 
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Chemical species other than molecules, including radicals, 
moieties and groups may be conjugated. 

Organic molecules include saturated, unsaturated and aro 
matic organic molecules. Chemical species other than mol 
ecules, including radicals, moieties and groups may be satu 
rated, unsaturated or aromatic or contain portions that are 
saturated, unsaturated or aromatic. In a saturated organic 
molecule, each carbon has four bonds to other carbons, 
hydrogens, non-hydrogen substituents, or functional groups 
(that do not contain double or triple bonds). Exemplary satu 
rated organic groups are alkyl groups Which may be straight 
chain, branched or cyclic alkyl groups, and Which are option 
ally substituted With one or more non-hydrogen substituents, 
such as halogens, hydroxide groups, alkoxide groups, thiol 
groups, thioalkyl groups, ether groups, thioether groups, silyl 
groups (e.g., R3 Sii groups) and/or amino groups, among 
others. 

Unsaturated organic molecules are molecules containing at 
least one carbon-carbon or carbon-heteroatom double bond 

(e.g., C:O, C:S, C:N). Exemplary unsaturated organic 
groups are alkenyl groups and alkynyl groups Which may be 
straight-chain, branched or contain one or more ring groups, 
and Which are optionally substituted With one or more non 

hydrogen substituents, such as halogen atoms, or unsaturated 
functional groups (e. g., as listed above) and alkyl groups 
Which are substituted With unsaturated functional groups, 
such as aldehyde and/or ketone groups (containing 4COH or 
iCOi), carboxylic acid, carboxylate or carboxylic ester 
groups (containing 4CO4Oi), acyl halide groups, cya 
nide groups, isocyanide groups, among many others. Chemi 
cal species other than molecules, including radicals, moieties 
and groups may be unsaturated. 

Aromatic organic molecules are de?ned in M. B. Smith and 
J March, “March’ sAdvanced organic Chemistry, Delocalized 
Chemical Bonding” 5th Ed. John Wiley and Sons, 2001, p 
46-48). Aromatic molecules may carry additional substitu 
ents including, halogens, organic functional groups, and 
organic radicals (substituents may be saturated and/or unsat 
urated groups). Chemical species other than molecules, 
including radicals, moieties and groups may be aromatic or 
contain portions that are aromatic. Aromatic organic radicals 
are molecular fragments formally obtained by removal of a 
hydrogen atom from the aromatic portion of an aromatic 
molecule. 
A pi-conjugated polymer is an organic polymer compris 

ing pi-conjugated repeat units in Which one or more bonding 
orbitals are delocalized over at least tWo repeat units. A pi 
conjugated organoboron polymer is a polymer Whose back 
bone is made of repeat units that comprise both unsaturated 
and/ or aromatic units and substituted or unsubstituted boron 
atoms, Wherein the vacant p-orbital of the boron atoms con 
jugate With the pi-conjugated orbital system of the aromatic 
and/ or unsaturated units. In a preferred embodiment the 
boron atoms are trivalent (i.e. carry three substituents) and are 
sp2 hybridized. Repeating units of these polymers optionally 
contain one or more hydrogen substituents, including halo 
gens or organic functional groups. In preferred organoboron 
polymers of this invention, the B atoms are substituted With a 
group that protects the B from attack and facilitates polymer 
stability. 
A polymer end group is a functional group or an organic 

radical that terminates the polymer chains. Each linear poly 
mer chain has tWo polymer end groups. Branched polymer 
chains have more than tWo end groups and cyclic polymer 
chains have no end groups. The remainder of a polymer chain 
is the entire polymer chain (backbone, optional functional 
groups, substituents and side chains) With the exclusion of the 
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14 
polymer end groups. Scheme 1 on the left shoWs representa 
tive polymer chain structures Wherein X, Y, Z are repeat units 
that may be different or the same and may optionally be 
substituted With functional groups or organic radicals; A, B 
and C are the polymer end groups, and n, m, and l are integer 
numbers. Scheme 1 on the right shoWs the corresponding 
remainder of the polymer chains Without the end groups. 

Chains With no End Groups 

A reactive polymer end group is an end group that can 
either undergo further addition of monomer units, react With 
other polymer end groups, or react With the solvent or the 
environment under conditions Where the remainder of the 
polymer chain is stable and non-reacting. 
A non-reactive polymer end-group is an end group that 

cannot further add monomer units under the polymerization 
conditions used, cannot react With other polymer end groups, 
and is stable under the same conditions under Which the 
remainder of the polymer chain is stable. A non-reactive 
polymer end-group may, however, be reactive under condi 
tions that alter the composition of the remainder of the poly 
mer chain. 

An end-capped polymer is a polymer Whose chains are 
terminated With an end-capper compound that is chemically 
different from the monomer or monomers used to make the 
polymer, and cannot further add monomer units under the 
polymerization conditions used. An end-capped pi-conju 
gated organoboron polymer is a pi-conjugated organoboron 
polymer Whose polymer chains are terminated With an end 
capper compound that is chemically different from the mono 
mer or monomers used to make the polymer and cannot 
further add monomer units under the used polymerization 
conditions. 
An end-capper compound is a reactive organic molecule 

used to terminate a polymerization reaction by capping the 
groWing polymer chains. After reaction With the groWing 
polymer chains the end-capper compound becomes a poly 
mer end- group and cannot further add monomers to the poly 
mer ends under the polymerization conditions used. 
The classi?cation of a speci?c end group as “reactive or 

“non-reacting” depends upon the polymerization conditions 
and puri?cation method used as Well as the structure of the 
polymer to Which the end group is attached and those skilled 
in the art in vieW of the methods used knoW hoW to select 
groups Which are non-reactive. It Will also be understood in 
the art that some very loW level of reactivity of a selected end 
group may occur that does not substantially detrimentally 
affect the use of the end group as a non-reactive end group. 
Thus, for example, hydrogen is a reactive end group if it is 
attached to a boron atom and We are carrying out a hydrobo 
ration polymerization (as in Example 9 herein), While it is a 
non-reactive end group if attached to an aromatic radical and 
We are carrying out a polymerization by Grignard coupling 
(as in Example 8 herein). Hydrogen, hydroxyl, methoxide, 
alkoxide, bromine, chlorine, halogens, metals, metal halides, 
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oragnometallics, amines, substituted amines, thiols, acids, 
and carbon-carbon multiple bonds may be reactive end 
groups under selected polymerization conditions described 
herein. 
A semiconductor is a material in Which the uppermost band 

of occupied electron energy states is completely full at the 
temperature of 0 K (and Without excitations). It is Well-knoWn 
from solid-state physics that electrical conduction in solids 
occurs only via electrons in partially-?lled bands, so conduc 
tion in pure semiconductors occurs only When electrons have 
been excited-thermally, optically, or by other knoWn means, 
into higher un?lled bands. At room temperature, a proportion 
(generally very small, but not negligible) of electrons in a 
semiconductor have been thermally excited from the 
“valence band,” to the “conduction band.” Semiconductors 
generally have bandgaps of approximately a feW electron 
volts, While insulators have bandgaps several times greater. 
An n-type semiconductor is a semiconductor in Which the 

conduction electron density exceeds the hole density and in 
Which the electrical conduction is mainly due to the move 
ment of these excess electrons. 
A thin-?lm is de?ned as a continuous stratum of any mate 

rial that is between 1 angstrom and 10,000 angstroms thick, 
and more preferably 100 to 10,000 angstroms thick. Thin 
?lms include those ranging from 100 to 1,000 angstroms and 
those ranging from 100 to 5,000 angstroms. 
A thin-?lm, organic electronic device is de?ned as a device 

comprising an active layer made of at least one thin-?lm 
comprising a semiconducting or conducting organic mol 
ecule or organic polymer in contact With tWo or more con 
ducting materials acting as electrodes to Which a current or 
voltage is applied or from Which a current or voltage is 
obtained. Examples of thin-?lm organic electronic devices 
include, but are not limited to OPVs, organic diodes, organic 
photodiodes, organic TFTs, OFETs, printable or ?exible 
electronics like RFID tags, electronic papers, printed circuit 
elements, OLEDs, PLEDs, thin-?lm capacitors and other 
energy storage devices. When the device is turned on the 
active layer exchanges charge carriers With one or more of the 
electrodes. 
A thin-?lm, organic polymer, electronic device is de?ned 

as a device comprising an active layer made of at least one 
thin-?lm comprising a semiconducting or conducting organic 
polymer in contact With tWo or more conducting materials 
acting as electrodes to Which a current or voltage is applied or 
from Which a current or voltage is obtained. The terms con 
ducting, conduction, and conductivity all refer to electronic or 
electrical conductivity and are not intended to refer to or 
imply ionic or thermal conductivity. As knoWn by those of 
ordinary skill in the art, the active layer of a thin-?lm, organic 
polymer, electronic device may contain more than one stra 
tum, typically a plurality of strata, of thin ?lms of other 
materials or blends of materials, including but not limited to 
organic or inorganic molecules and polymers that have semi 
conducting, conducting or non-conducting properties. These 
additional strata may play different roles in the device includ 
ing, but not limited to: hole transporting layers (HTL), hole 
injecting layers (HIL), electron transporting layers (ETL), 
electron injecting layers (EIL), singlet light-emitting layers, 
triplet light-emitting layers, electron blocking layers, hole 
blocking layers, ?attening layers, photon absorbing layers, 
barrier layers, charge separating layers, and dielectric layers. 
An active layer of an electronic device is a layer comprising 

one or more thin ?lms of semiconducting, conducting, or 
non-conducting materials and blends thereof. An active layer 
has a function in the electronic device other than providing 
mechanical strength to the device or acting as a substrate to 
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carry an active layer. For example, the active layer may have 
one or more of the folloWing functions: hole transporting, 
hole injecting, electron transporting, electron injecting, sin 
glet light emission, triplet light emission, electron blocking, 
hole blocking, surface ?attening function, photon absorption, 
barrier function, charge separation, and dielectric function. 

In one embodiment of this invention the active layer com 
prises a single thin-?lm of a pi-conjugated organoboron poly 
mer. In another embodiment, the active layer comprises a 
single thin-?lm made of a blend or mixture of materials, at 
least one of Which is a pi-conj ugated organoboron polymer. In 
yet another embodiment of this invention the active layer of 
the device comprises tWo or more thin ?lms of semiconduct 
ing materials, at least one of Which is a pi-conjugated orga 
noboron polymer or a blend containing a pi conjugated orga 
noboron polymer. When tWo or more thin-?lms are present in 
the active layer, these thin-?lms are in contact With any adja 
cent thin-?lms and electrodes. 

In another embodiment of this invention the active layer 
comprises a single thin-?lm of an end-capped pi-conjugated 
organoboron polymer. In another embodiment, the active 
layer comprises a single thin-?lm made of a blend or mixture 
of materials, at least one of Which is an end-capped pi-con 
jugated organoboron polymer. In yet another embodiment of 
this invention the active layer of the device comprises tWo or 
more thin ?lms of semiconducting materials, at least one of 
Which is an end-capped pi-conjugated organoboron polymer 
or a blend containing an end-capped pi conjugated organobo 
ron polymer. When tWo or more thin-?lms are present in the 
active layer, these thin-?lms are in contact With any adjacent 
thin-?lms and electrodes. 

In another embodiment of this invention the active layer 
comprises a single thin-?lm of a derivatiZed pi-conjugated 
organoboron polymer carrying a solubiliZing group on the 
pendant organic group that is bonded to one or more than one 
boron atoms in the polymer backbone. In speci?c embodi 
ments, the solubiliZing group is bonded on each boron in the 
polymer. In other embodiments, the solubiliZing group is 
bonded on 50% or more of the boron atoms in the polymer. In 
other speci?c embodiments, the solubiliZing group is bonded 
to 10% or more or 25% or more of the boron atoms in the 

polymer. In another embodiment, the active layer comprises a 
single thin-?lm made of a blend or mixture of materials, at 
least one of Which is the derivatiZed pi-conjugated organobo 
ron polymer. In yet another embodiment of this invention the 
active layer of the device comprises tWo or more thin ?lms of 
semiconducting materials, at least one of Which is the deriva 
tiZed pi-conjugated organoboron polymer or a blend contain 
ing the derivatiZed pi conjugated organoboron polymer. 
When tWo or more thin-?lms are present in the active layer, 
these thin-?lms are in contact With any adjacent thin-?lms 
and electrodes. 
The devices of this invention include those Which exhibit 

current recti?cation or diode-like properties. Current recti? 
cation is the conversion of alternating current into direct 
current. A diode is a device that preferably alloWs current to 
?oW in one direction and not in the other. The devices of this 
invention include those Wherein the thin ?lm comprising a 
pi-conjugated organoboron polymer Which emits light under 
a voltage bias. 
The invention also provides devices Wherein the active 

layer of the device contains, in addition to the thin ?lm of the 
pi-conjugated organoboron polymer, a light-emitting thin 
?lm Which comprises a light-emitting polymer Which is not a 
pi-conjugated organoboron polymer, a light-emitting non 
polymeric molecule, or an inorganic light emitting com 
pound. 
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The invention further provides devices having an active 
layer Which comprises at least one thin ?lm that in turn 
comprises one or more pi-conjugated organoboron polymers 
blended With one or more light-emitting molecules, or poly 
mers or an inorganic compound. The invention provides 
devices having an active layer comprising at least one thin 
?lm of a pi-conjugated organoboron polymer blended With a 
different organic or inorganic conducting or semiconducting 
material. This organic or inorganic conducting or semicon 
ducting material may be one or more polymers, one or more 

non-polymeric molecules, one or more inorganic com 
pounds, or a mixture thereof. More particularly, the active 
layer of the devices herein can comprise at least one thin ?lm 
containing a p-type conducting or semiconducting polymer 
that is not a pi-conjugated organoboron polymer blended With 
a pi-conjugated organoboron polymer. In other embodiments, 
the active layer of the devices herein comprises at least one 
thin ?lm containing inorganic p-type semiconducting par 
ticles mixed With a pi-conjugated organoboron polymer. 
More speci?cally, inorganic p-type semiconducting particles 
having at least one dimension less than 1000 angstroms can 
be employed in active layers herein. Regioregular poly(n 
alkyl thiophene)s are examples of organic p-type semicon 
ducting materials and boron-doped silicon, p-type gallium 
arsenide and p-type Zinc telluride are examples of inorganic 
p-type semiconductors that can be used in this invention. 

Devices of this invention further include those Wherein the 
active layer further comprises an additional thin ?lm of a 
dielectric material that is in contact With one or more addi 

tional electrodes. The layer of dielectric insulating material is 
usually in contact With one of the electrodes as exempli?ed in 
FIGS. 2E and 2F. 

This invention relates to the use of pi-conjugated polymer 
in thin-?lm organic polymer electronic devices. These poly 
mers all contain boron atoms in the pi-conjugated backbone 
of the polymer and preferably exhibit one or more of the 
folloWing properties: n-type semiconducting properties, pho 
toluminescence, and electroluminescence. 

Pi-conjugated organoboron polymers of this invention are 
made of repeat units that comprise at least one boron atom and 
at least an aromatic or unsaturated fragment, such that con 
jugation of bonding orbitals extends over more than one 
repeat unit of the polymer and across the vacant p-orbital of 
the boron. 

The preferred pi-conjugated organoboron polymers have a 
conjugated backbone comprised of unsaturated organic por 
tions (or fragments) or aromatic organic portions (or frag 
ments), or a mixture thereof and boron atoms Which may be 
additionally substituted With a hydrogen, deuterium, halogen 
atoms, an organic functional group or an organic radical. 
Exemplary pi-conjugated organoboron polymers, repre 
sented by repeating units in brackets, are illustrated in 
Scheme 2A, Where each R, independent of other R’s in the 
repeating unit, and R1, independent of any R’ s, can be hydro 
gen, deuterium, a halogen atom, or an organic radical, Ar 
represents a divalent aromatic radical Which may optionally 
carry one or more other organic radical groups, substituent 
groups, and/or functional groups described herein and “n”, 
“m” and “p” are integers indicating either the number of 
moieties present in a given repeating unit or the average 
degree of polymerization of the polymer dependent upon the 
structure illustrated. In Scheme 2A, R1 is a substituent on the 
boron atom. 
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It has been found that end-capping of pi-conjugated orga 
noboron polymers provides polymers With improved solubil 
ity and handling properties Which improve the usefulness of 
the polymers in the preparation of thin ?lms. Exemplary 
end-capped pi-conjugated organoboron polymers, repre 
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sented by repeating units in brackets, are illustrated in 
Scheme 2B Where variable are as de?ned above for Scheme 
2A and R5 and R6 may be the same of different and are 
non-reactive polymer end groups as de?ned herein. In a pre 
ferred embodiment, R5 and R6 are the same. 
The preferred unsaturated portions of the pi-conjugated 

organoboron polymers are vinylene, ethynylene, 1,3-butadi 
enylene, and other divalent radicals comprising more than 
one conjugated carbon-carbon double bond, carbon carbon 
triple bond, carbon-heteroatom double bond, carbon heteroa 
tom triple bond, and mixtures thereof. More preferred are 
vinylene, ethynylene, and 1,3-butadienylene. Mo st preferred 
is vinylene. Additional unsaturated fragments may be oligo 
meric species comprising one or more of the repeat units 
listed above. The unsaturated fragment may optionally carry 
one or more substituent group including hydrogen, deute 
rium, halogens, any organic functional groups, or any 
monovalent, divalent or multivalent organic radicals. 
The preferred aromatic portions (or fragments, iAri) of 

the pi-conjugated organoboron polymers in Schemes 2A, 2B 
and other schemes herein are divalent radicals resulting from 
the removal of tWo hydrogen atoms from benZene (such as 1,4 
phenylene, 1,3-phenylene, and l,2-phenylene), naphthalene, 
anthracene, tetracene, pentacene, pyrene, perylene, phenan 
threne, coronene, diphenyl, pyridine, pyrimidine, triaZine, 
pyrrole, N-alkylpyrroles, N-substituted pyrroles, 3-substi 
tuted pyrroles, furan, tetraZole, selenophene, tellurophene, 
indole, isoindole, isothianaphthalene, purine, oxadiaZole, 
quinoxaline, quinoline, isoquinoline, benZimidaZole, thiaZ 
ole, triaZole, phenaZine, N,N'-dialkylphenaZines, phenothi 
aZine, N-alkylphenothiaZines, dithienobenZene, thianaph 
thene, benzothiophene, isobenzothiophene, benzofurans, 
isobenZofuran, isoindoline, isobenZoselenophene, isobenZo 
tellurophene, carbaZole, N-alkylcarbaZoles, thiophene, 
3-alkylthiophenes, 3-substituted thiophenes, 3,4-disubsti 
tuted thiophenes, thienothiophene, substituted 
thienothiophenes, bithiophene, terthiophene, quater 
thiophene, dialkyloxybenZenes, ?uorene, 9,9-dialkyl?uo 
renes and their substituted derivatives. These aromatic frag 
ments are optionally substituted With one or more non 

hydrogen substituents and/or functional groups as described 
herein. More preferred fragments are divalent radical frag 
ments resulting from the removal of tWo hydrogen atoms 
from benZene, thiophene, 3-alkylthiophenes, bithiophene, 
terthiophene, quaterthiophene, dialkyloxybenZene, ?uorene, 
9,9-dialkyl?uorenes and derivatives thereof. Additionally, the 
aromatic fragments may be oligomeric species comprising 
one or more of the repeating unit listed above and combina 
tions of such repeating units. Ar can, for example, be an a 
divalent radical of an oligomeric group (A) q Where each A, 
independently of any other A, is selected from any optionally 
substituted aromatic radical and more speci?cally any of the 
optionally substituted divalent aromatic radicals listed above 
and q is an integer ranging from 2 to 10, including 2-5 and 
5-10 and any subranges thereof. In speci?c embodiments, All 
A may be the same or the oligomer may contain tWo or three 
different A groups Which may be present in an ordered or 
random structure. 

In speci?c embodiments of the compounds of Schemes 2A 
and 2B, each R, independent of any other R1 is selected from 
an optionally substituted alkyl group having l-6 carbon 
atoms, an optionally substituted aromatic group having 1 to 3 
5- or 6-member rings. In speci?c embodiments, R is selected 
from hydrogen, deuterium, halogen, unsubstituted alkyl, 
halogenated alkyl, per?uoroalkyl, phenyl, halogenated phe 
nyl, alkyl substituted phenyl, halogenated alkyl substituted 
phenyl, or optionally substituted biphenyl. 
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Additionally a combination of one or more unsaturated 

fragments and one or more aromatic fragments can be used 

(Schemes 2A-B, formulas c, d, e, and j). The aromatic frag 
ment may optionally carry one or more sub stituents including 
hydrogen, deuterium, halogens, any organic functional 
groups, or any monovalent, divalent or multivalent organic 
radicals. 

It is preferred that the R 1 group (referring to both Schemes 
2A and 2B) on the boron atom is a bulky group that provides 
steric hindrance to the boron atoms and protects them from 
the attack by nucleophiles and radicals, such as Water and 
oxygen. Steric hindrance occurs When functional groups on a 

molecule (or molecules individually) that Would normally 
react With each other or be attracted to one another cannot 
interact due to their special relationship because the bulkiness 
of a side chains physically covers the reactive site or because, 
due to the shape or stiffness of a molecule, the reactive groups 
cannot come into contact. In another preferred embodiment, 
the R1 groups is a solubiliZing group, Which can for example 
comprises a long chain alkyl or ether group to improve the 
solubility of the polymer in common organic solvents, and 
particularly those solvents listed in paragraph herein beloW 

The preferred organic groups “R1” on the boron atoms are 
any aliphatic, alicyclic, or aromatic radicals including, but not 
limited to, methyl, tri?uoromethyl, ethyl, n-propyl, iso-pro 
pyl, n-butyl, sec-butyl, t-butyl, thexyl, cyclohexyl, per?uori 
nated alkyls, phenyl, per?uorophenyl, alkyl-substituted phe 
nyl, linear and branched alkyl groups, Which optionally may 
carry additional functional groups such as carbon-carbon 
double or triple bonds, ester groups, cyano groups, nitro 
groups, halogens, alcohols, amines, ethers, aryl groups, 
Which optionally may carry additional substituents such as 
alkyl groups and or functional groups such as carbon-carbon 
double or triple bonds, ester groups, cyano groups, nitro 
groups, halogens, alcohols, amines, ethers, and any other 
knoWn organic functional group or organic radical. More 
preferred sterically bulky, organic groups are penta?uorophe 
nyl, di(tri?uoromethyl)phenyl, thexyl, 2-ethylhexyl, 1,3,5 
trimethylphenyl(mesityl), and 1,3,5-triisopropylphenyl 
(tripyl) groups. 

Other more preferred Rl groups have formula X: 

R7 F? 

"o 
Where R7 is an organic radical With at least 4 carbon atoms, 
and more preferably at least 6 carbon atoms, Which may 
optionally comprise one or more heteroatoms such as oxygen, 
sulfur or nitrogen and may optionally be substituted by one or 
more functional groups. R7 may also comprise an oligomeric 
or a polymeric fragment Which optionally may be substituted 
or terminated by another organic radical or functional group. 
R8 and R9 are either hydrogen, deuterium, ?uorine, halogen, 
a functional group or an organic radical. Preferred R8 and R9 
have less than 3 carbon atoms. R7, R8 and R9 can also repre 
sent multiple independent substituents and/or functional 
groups on the rings shoWn. Additionally R7, R8 and R9 can 
represent groups that link tWo ring positions, such as alky 
lene, ether or thioether linkages betWeen tWo ring positions. 
The Wavy line to the R7, R8 and R9 groups indicates, as is 
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understood in the art, that these groups may be attached at any 
ring positions in place of hydrogens. In formula X, as is 
conventional in the art, hydrogen substituents are not shoWn. 
Further any one or more hydrogen substituents on the aro 
matic rings in formula X can optionally be substituted With a 
non-hydrogen substituent, an organic radical or a functional 
group as described herein. In particular, any hydrogen sub 
stituent in the formulas can be replaced With a halogen, e. g., 
a ?uorine atom, or an alkyl group having 1 to 12 carbon 
atoms. In a more preferred embodiment, R8 and R9 are in 
position 2 and 6 to the radical, and are selected from the group 
of hydrogen, methyl, tri?uoromethyl and iso-propyl, and R7 
is in position 4 to the radical and is selected from the group of 
butyl, iso-butyl, hexyl, octyl, 2-ethylhexyl, decyl, dodecyl, 
butyloxy, hexyloxy, octyloxy, 2,ethylhexyloxy, decyloxy, 
3,7-dimethyloctyloxy, dodeciloxy, or comprises an oligomer 
or a polymer of ethylene glycol or propylene glycol, Which 
may optionally be terminated or substituted by an alkyl radi 
cal. 
Selected structures of preferred pi-conducting organoboron 
polymers are shoWn in Scheme 3, Wherein R1, independent of 
other R1 in the repeating unit and R2, and R2, and R3, inde 
pendent of any R1, are hydrogens, deuterium atoms, halogen 
atoms, or linear or branched alkyl radicals, particularly alkyl 
radicals having 1-20 carbon atoms, Which can be optionally 
substituted With one or more non-hydrogen substituents or 

functional groups as de?ned herein; R3 is hydrogen, deute 
rium atom, halogen atom, or an alkoxide or mercapto group, 
particularly Wherein the group has l-20 carbon atoms, and 
Which can optionally carry one or more additional non-hy 
dro gen sub stituents or functional groups as de?ned herein; R4 
is an aliphatic radical (a saturated or unsaturated organic 
radical) particularly one Which contains l-20 carbon atoms, 
or an aromatic radical, such as a phenyl or substituted phenyl 
group, n is an integer number and m is a small integer number 
preferably 1 to 6, and most preferably 1 to 3. In the formulas 
B, C, F and G, R2 and R3 can also represent multiple inde 
pendent substituent and/ or functional groups on the rings 
shoWn. Additionally R2 and R3 can represent groups that link 
tWo ring positions, such as alkylene, ether or thioether link 
ages betWeen tWo ring positions. The Wavy line to the R2 and 
R3 groups indicates, as is understood in the art, that these 
groups may be attached at any ring positions in place of 
hydrogens. Note that in formulas shoWn herein, as is conven 
tional in the art, hydrogen substituents are not shoWn. Further 
any one or more hydrogen substituents on the aromatic rings 
in the formulas of Scheme 3 can optionally be substituted 
With a non-hydrogen substituent or functional groups as 
described herein. In particular, any hydrogen substituent in 
the formulas can be replaced With a halogen, e.g., a ?uorine 
atom, or an alkyl group having 1 to 3 carbon atoms. 
Each of the polymers illustrated in Scheme 3 can be end 

capped With R5 and R6 groups as illustrated in Scheme 2B. 
In speci?c embodiments, pi-conjugated organoboronpoly 

mers include those of formulaA in Scheme 3 wherein R1 is an 
alkyl group having 1 to 12 carbon atoms Which is optionally 
substituted With one or more non-hydro gen sub stituents, par 
ticularly one or more halogens, such as ?uorine, and R2 is an 
alkyl group having 3 to 20 carbon atoms Which is optionally 
substituted With one or more non-hydro gen sub stituents, par 
ticularly one or more halogens, such as ?uorine. In speci?c 
embodiments, pi-conjugated organoboron polymers include 
those of formulaA in Scheme 3 wherein R1 is a straight-chain 
or branched alkyl group having 1 to 6 carbon atoms and R2 is 
a straight-chain or branched alkyl group having 6 to 12 carbon 
atoms. In more speci?c embodiments, pi-conjugated orga 
noboron polymers include those of formula A in Scheme 3 
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wherein R1 is a methyl or propyl group, particularly an iso 
propyl group and R2 is a straight-chain or branched alkyl 
group having 6 to 12 carbon atoms. In more speci?c embodi 
ments, pi-conjugated organoboron polymers include those of 
formula A in Scheme 3 wherein R1 is a straight-chain or 
branched alkyl group having 1-6 carbon atoms and R2 is a 
straight-chain alkyl group having 6-16 carbon atoms, and 
more speci?cally a straight-chain alkyl group having 6 or 12 
carbons atoms or R2 is a branched alkyl group having 6 to 16 
carbon atoms and more speci?cally a branched alkyl group 
having 8-12 carbon atoms. 
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Preferred non-reactive end-group R5 and R6 in Scheme 2B 
are any mono-functional aliphatic, alicyclic or aromatic radi 
cals or functional groups that are stable under the conditions 

used during polymerization, puri?cation, storage and han 
dling of the pi-conjugated organoboron polymers. To prop 
erly select R5 and R6, one must consider the conditions that 
are present during the polymerization, puri?cation and stor 
age of the polymers. Thus, the same end-group may be pre 
ferred When used With certain polymeriZation and puri?ca 
tion methods and non-preferred When different 
polymeriZation and puri?cation methods are used. Preferred 
non-reactive end-group R5 and R6 in Scheme 2B include 
methyl, tri?uoromethyl, ethyl, n-propyl, iso-propyl, n-butyl, 
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sec-butyl, t-butyl, n-pentyl, amyl, neopentyl, n-hexyl, 
t-hexyl, cyclohexyl, per?uorinated alkyls, phenyl, per?uo 
rophenyl, alkyl-substituted phenyl, ?uorophenyl, di?uo 
rophenyl, tri?uorophenyl, tertra?uorophenyl, penta?uo 
rophenyl, alkoxyphenyl, doalkoxyphenyl, 
dialkylaminophenyl, alkylthiophenyl, naphthyl, naphthale 
nyl, anthracenyl, tetracenyl, pentacenyl, alkylnaphthyl, alky 
lnaphthalenyl, alkylanthracenyl, alkyltetracenyl, alkylpenta 
cenyl, other substituted naphthyl radicals, other substituted 
naphthalenyl radicals, other substituted anthracenyl radicals, 
other substituted tetracenyl radicals, other substituted penta 
cenyl radicals, tri?uoromethylphenyl, di(tri?uoromethyl) 
phenyl, 2-ethylhexyl, linear and branched alkyl groups, 1,3, 
5-trimethylphenyl(mesityl), and 1,3,5-triisopropylphenyl 
(tripyl) groups, thienyl, N-alkylpyrrolyl, ?uorenyl, pyridinyl, 
furanyl, furfuryl, thenyl, pyridyl, pyraZinyl, pyrimidyl, Which 
optionally may carry additional non-reactive functional 
groups such as carbon-carbon double or triple bonds, ester 
groups, cyano groups, nitro groups, halogens, alcohols, 
amines, ethers, aryl groups, Which optionally may carry addi 
tional substituents such as alkyl groups and or functional 

groups such as carbon-carbon double or triple bonds, ester 
groups, cyano groups, nitro groups, halogens, alcohols, 
amines, ethers, and any other knoWn organic functional group 
or organic radical, diphenylborane, dytolylborane, bis(al 
pine)borane, bis(dialkylamino)borane, di(alkoxyphenyl)bo 
rane, di(clholorphenyl)borane, di(per?uorophenyl)borane, 
dicyclohexylborane, dicyclopentylborane, di(mesythylbo 
rane), di(trypil)borane, and 9-borabicyclo [3 .3 . l]nonane 
More preferred R5 and R6 end-groups are phenyl, tolyl, 

alkylphenyl, Xylyl, 3,5-dimethylphenyl, 3,5-(diisopropyl) 
phenyl, penta?uorophenyl, di(tri?uoromethyl)phenyl, 
thexyl, 2-ethylhexyl, 1,3,5-trimethylphenyl(mesityl), and 
1,3,5-triisopropylphenyl(tripyl) groups, diphenylborane, and 
di(mesytylborane). Other more preferred R5 and R6 end 
groups having formula X Where R7, R8 and R9 have been 
de?ned above. 

Hydrogen, hydroxyl, methoxide, alkoxide, bromine, chlo 
rine, halogens, metals, and carbon-carbon multiple bonds are 
not preferred R5 and R6 end groups. 

Preferred end-capped organoboron polymers are shoWn in 
Scheme 4, structures A and B, Where R1, R5 and R6 have been 
de?ned above, R2’s may be the same or different and are 
independently from each other selected from the group of 
hydrogen, deuterium, halogens, methyl, ethyl, tri?uorom 
ethyl, trimethylsilyl, an alkyl radical, or a per?uoroalkyl radi 
cal; m is a small integer number from 1 to 4 andn is an integer 
number from 2 to 10,000, andAr is a divalent aromatic radical 
resulting from the removal of tWo hydrogen atoms from ben 
Zene (such as 1,4 phenylene, 1,3-phenylene, and 1,2-phe 
nylene), dialkyl benZenes, dialkoxybenZene, naphthalene, 
anthracene, tetracene, pentacene, pyrene, perylene, phenan 
threne, coronene, diphenyl, pyridine, pyrimidine, triaZine, 
pyrrole, N-alkylpyrroles, N-substituted pyrroles, 3-substi 
tuted pyrroles, furan, tetraZole, selenophene, tellurophene, 
indole, isoindole, isothianaphthalene, purine, oxadiaZole, 
quinoxaline, quinoline, isoquinoline, benZimidaZole, thiaZ 
ole, triaZole, phenaZine, N,N'-dialkylphenaZines, phenothi 
aZine, N-alkylphenothiaZines, dithienobenZene, thianaph 
thene, benZothiophene, isobenZothiophene, benZofurans, 
isobenZofuran, isoindoline, isobenZoselenophene, isobenZo 
tellurophene, carbaZole, N-alkylcarbaZoles, thiophene, 
3-alkylthiophenes, 3-substituted thiophenes, 3,4-disubsti 
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26 
tuted thiophenes, thienothiophene, substituted 
thienothiophenes, bithiophene, terthiophene, quater 
thiophene, or dialkyloxybenZenes, Which may optionally be 
substituted With an organic radical or a functional group as 
de?ned herein. 

SchemeA 

A 

2 
R5 R 

\ AIMNB/ 1 R2 
R2 

R2 n — Ar R2 

R2 m H R6 
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R1 

R Ar —B/ 
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More preferred end-capped organoboron polymers are 
shoWn in Scheme 5 Structures C to G Where R1, R2, R3, and 
R4 independently from each other are hydrogens, deuterium 
atoms, halogen atoms, or linear or branched alkyl radicals, 
aromatic radicals, alkoxy radicals, mercapto radicals or 
amino alkyl radicals. Preferred alkyl radicals have 1-30 car 
bon atoms, and can be optionally substituted With one or more 
non-hydrogen substituents or functional groups as de?ned 
herein. In the formulas C to G, R2, R3 and R4 can also repre 
sent multiple independent substituents and/or functional 
groups on the rings shoWn. Additionally R2, R3 and R4 can 
represent groups that link tWo ring positions, such as alky 
lene, ether or thioether linkages betWeen tWo ring positions. 
The Wavy line to the R2, R3 and R4 groups indicates, as is 
understood in the art, that these groups may be attached at any 
ring positions in place of hydrogens. Note that in formulas 
shoWn herein, as is conventional in the art, hydrogen substitu 
ents are not shoWn. Further any one or more hydrogen sub 

stituent on the aromatic rings in Scheme 5 can optionally be 
substituted With a non-hydrogen sub stituent, an organic radi 
cal or a functional group as described herein. In particular, 
any hydrogen substituent in the formulas can be replaced With 
a halogen, e.g., a ?uorine atom, or an alkyl group having 1 to 
12 carbon atoms. 

In speci?c embodiments of this invention preferred end 
capped organoboron polymers have structures C to G in 
Scheme 5 Where R1 is selected from the group of phenyl, 
?uorophenyl, di?uorophenyl, tri?uorophenyl, penta?uo 
rophenyl, methylphenyl, tri?uoromethylphenyl, alkylphenyl, 
alkyldimethylphenyl, alkoxydimethylphenyl, alkyloxyphe 
nyl, isopropylphenyl, hexylphenyl, hexyloxyphenyl, mesityl, 
tripyl, butylphenyl, iso-butylphenyl, octylphenyl, 2-ethyl 
hexylphenyl, decylphenyl, dodecylphenyl, butyloxyphenyl, 
hexyloxyphenyl, octyloxyphenyl, 2'-ethylhexyloxyphenyl, 
decyloxyphenyl, 3',7'-dimethyloctyloxyphenyl, and dodecy 
loxyphenyl. R2s may be the same or different and are selected 
independently from each other from the group of hydrogen, 
deuterium, ?uorine, halogens, tri?uoromethyl, methyl, ethyl, 
or iso-propyl, m is 1 or 2, and n is an integer number from 2 
to 100, R3 is hydrogen or a linear or branched alkoxy radical 
having 1 to 20 carbon atoms, and R4 is hydrogen or a linear or 
branched alkyl radical With 1 to 20 carbon atoms. 












































