
FLUORINATED SILYLETHYNYL PENTACENE COMPOUNDS AND COMPOSITIONS AND METHODS
OF MAKING AND USING THE SAME This application is being filed as a PCT
International Patent Application claiming priority to U.S. Provisional
Patent Application Serial No. 61/182,561 filed on 29 May 2009 and entitled
"FLUORINATED SILYLETHYNYL PENTACENE COMPOUNDS AND COMPOSITIONS AND METHODS
OF MAKING AND USING THE SAME." Field of the Invention The present invention
is related generally to fluorinated silylethynyl pentacenes and
compositions containing fluorinated silylethynyl pentacenes. The present
invention is further related generally to methods of making and using
fluorinated silylethynyl pentacenes, as well as compositions containing
fluorinated silylethynyl pentacenes. Background of the Invention Electronic
devices composed of organic-based transistors can typically be manufactured
at lower cost and applied to a larger area format when compared with their
inorganic counterparts. However, the performance of organic-based
transistors has typically been lower. In general, organic-based transistors
utilize either small molecules or polymers as the semiconductor material.
Typically, small molecule semiconductor materials have low solubility in
organic solvents and thus typically require a vacuum deposition method to
form films. Shadow mask or photolithographic methods are usually required
to pattern multiple layers in order to make useful devices. Vacuum
deposition and lithography often require processes that cost much more than
processes that do not usually require vacuum deposition and lithography
(e.g., solution coating methods). One cost effective approach of producing
inexpensive electronic devices is to apply an organic semiconductor
material by any of the following exemplary coating processes: spin coating,
knife-coating, roll-to-roll web-coating, and dip coating, as well as
printing processes such as ink-jet printing, screen printing, and offset
lithography. However, as discussed above, many organic semiconductor
materials are notoriously insoluble in solvents and those that are soluble
are generally unstable in solution. Due to insolubility and instability
concerns, the ability to apply many organic semiconductor materials using
the abovementioned inexpensive coating steps to form inexpensive electronic
devices is limited. Some organic semiconductors based on pentacene with 6,
13-silylethynyl substitution have been shown to (i) be soluble in organic
solvents, (ii) be stable in solution, and (iii)provide good performance in
organic field effect transistors (OFETs). For example, 6,13-
bis[(triisopropylsilanyl)ethynyl]pentacene (i.e., also referred to as
6,13-bis[(triisopropylsilyl)- ethynyljpentacene and referred to herein as
"TIPS-pentacene") has been shown to (i) have a degree of solubility in
organic solvents, (ii) have a degree of stability when in solution, and
(iii) provide good performance in organic field effect transistors (OFETs).
However, even TIPS-pentacene provides limited solubility in some organic
solvents, as well as limited performance in electronic devices, for
example, as measured in terms of charge carrier mobility values. In
addition, many known pentacene compounds have one or more of the following
shortcomings: (i) a limited ability to wet a surface, (ii) a limited degree
of hydrophobicity and/or oleophobicity, (iii) a limited degree of
resistance to oxidation, and (iv) limited photochemical stability. Summary
of the Invention The present invention addresses some of the problems in
the art by the discovery of organic compounds, namely, pentacene compounds
with 6,13-silylethynyl substitution, having one or more of the following
properties: (i) enhanced solubility in one or more organic solvents (e.g.,
fluorinated solvents), (ii) enhanced stability when incorporated into a
given organic solvent (e.g., fluorinated solvents), (iii) enhanced ability
to wet a surface, (iv) enhanced hydrophobicity and/or oleophobicity, (v)
enhanced resistance to oxidation, (vi) enhanced performance when
incorporated into an electronic device as a semiconductor layer as measured
by the charge carrier mobility value of the electronic device, (vii)
enhanced performance when incorporated into an electronic device as a
semiconductor layer as measured by the energy conversion efficiency of the
electronic device, and (viii) enhanced performance when incorporated into
an electronic device as a semiconductor layer as measured by the stability
of the electronic characteristics of the device over time in the
environment. The pentacene compounds of the present invention may be
utilized in coatable compositions in the production of electronic devices
and other coated substrates. The present invention is directed to pentacene
compounds with specific 6,13- silylethynyl substitution. In one exemplary
embodiment, the present invention is directed to pentacene compounds having
a chemical structure:(also referred to hereinafter as "Structure A")
wherein: 



each R, R' and R" independently comprises (i) hydrogen, (ii) a branched or
unbranched, substituted or unsubstituted alkyl group, (iii) a branched or
unbranched, substituted or unsubstituted alkenyl group, (iv) a substituted
or unsubstituted cycloalkyl group, (v) a substituted or unsubstituted
cycloalkylalkylene group, (vi) a branched or unbranched, substituted or
unsubstituted alkynyl group, (vii) a substituted or unsubstituted aryl
group, (viii) a substituted or unsubstituted arylalkylene group, (ix) an
acetyl group, (x) a substituted or unsubstituted heterocyclic ring
comprising at least one of O, N, S and Se in the ring, (xi) a substituted
or unsubstituted ether group or polyether group, or (xii) a substituted or
unsubstituted sulfonamide group; and at least one of R, R' and R" is
present and comprises a fluorinated monovalent radical comprising the
branched or unbranched substituted alkyl group, the branched or unbranched
substituted alkenyl group, the substituted cycloalkyl group, the
substituted cycloalkylalkylene group, the branched or unbranched
substituted alkynyl group, the substituted aryl group, the substituted
arylalkylene group, the substituted heterocyclic ring comprising at least
one of O, N, S and Se in the ring, the substituted ether group or polyether
group, or the substituted sulfonamide group, wherein the fluorinated
monovalent radical comprises one or more fluorine atoms with the one or
more fluorine atoms being separated from both silicon atoms by at least
three atoms or at least four covalent bonds; x, y and z each independently
equal O, 1, 2 or 3; (x + y + z) = 3; and each X independently comprises (i)
hydrogen, (ii) a halogen, (iii) a branched or unbranched, substituted or
unsubstituted alkyl group, (iv) a substituted or unsubstituted aryl group,
(v) a branched or unbranched, substituted or unsubstituted alkenyl group,
(vi) a branched or unbranched, substituted or unsubstituted alkynyl group,
(vii) a cyano group,(viii) a nitro group, (ix) a branched or unbranched,
substituted or unsubstituted alkoxy group, or (x) any two adjacent X groups
combine to form (a) a substituted or unsubstituted carbocyclic ring or (b)
a substituted or unsubstituted heterocyclic ring. The present invention is
further directed to compositions comprising (I) at least one pentacene
compound having Structure A, wherein R, R', R", x, y, z and X are as
described above; and (II) a solvent. The compositions of the present
invention may comprise at least one pentacene compound and solvent alone or
in combination with one or more additional composition components, such as
a polymer additive, rheological modifier, a surfactant, or any combination
thereof. The present invention is even further directed to a substrate
having at least one coatable surface and a coated layer on the at least one
coatable surface, wherein the coated layer comprises a pentacene compound
having Structure A, wherein R, R', R", x, y, z and X are as described
above. In one exemplary embodiment, the substrate comprises an electronic
device or an electronic device component. The present invention is also
directed to methods of making pentacene compounds having Structure A,
wherein R, R', R", x, y, z and X are as described above. The present
invention is further directed to methods of using one or more pentacene
compounds to form compositions (e.g., ink jet printable compositions),
coatings, substrates having a coated layer thereon, electronic device
components, and electronic devices, wherein at least one pentacene compound
has Structure A, wherein R, R', R", x, y, z and X are as described above.
These and other features and advantages of the present invention will
become apparent after a review of the following detailed description of the
disclosed embodiments and the appended claims. Brief Description of the
Drawings The present invention is further described with reference to the
appended figures, wherein: FIG. 1 is a cross-sectional view of an exemplary
thin film transistor comprising a semiconductor layer formed via solution
deposition of a composition containing at least one fluorinated pentacene
compound of the present invention; FIG. 2 is a cross-sectional view of
another exemplary thin film transistor comprising a semiconductor layer
formed via solution deposition of a composition containing at least one
fluorinated pentacene compound of the present invention;FIG. 3 is a
cross-sectional view of yet another exemplary thin film transistor
comprising a semiconductor layer formed via solution deposition of a
composition containing at least one fluorinated pentacene compound of the
present invention; FIG. 4 is a representative plot of transistor outputs
(IDS and (IDS) ) as a function of sweeping gate bias; and FIG. 5 is a
representative plot of normalized absorbance (At/A0) associated with the
absorbance maximum at approximately 643 to 645 nanometers for various
fluorinated 



pentacene compounds of the present invention compared to TIPS-pentacene in
solution as a function of the time the solutions were irradiated with
ultraviolet (UV) light. Detailed Description of the Invention The present
invention is directed to fluorinated pentacene compounds having a chemical
structure (also referred to herein as "Structure A"): wherein: each R, R'
and R" independently comprises (i) hydrogen, (ii) a branched or unbranched,
substituted or unsubstituted alkyl group, (iii) a branched or unbranched,
substituted or unsubstituted alkenyl group, (iv) a substituted or
unsubstituted cycloalkyl group, (v) a substituted or unsubstituted
cycloalkylalkylene group, (vi) a branched or unbranched, substituted or
unsubstituted alkynyl group, (vii) a substituted or unsubstituted aryl
group, (viii) a substituted or unsubstituted arylalkylene group, (ix) an
acetyl group, (x) a substituted or unsubstituted heterocyclic ring
comprising at least one of O, N, S and Se in the ring, (xi) a substituted
or unsubstituted ether group or polyether group, or (xii) a substituted or
unsubstituted sulfonamide; and at least one of R, R' and R" is present and
comprises a fluorinated monovalent radical comprising the branched or
unbranched substituted alkyl group, the branched or unbranched substituted
alkenyl group, the substituted cycloalkyl group, the substituted
cycloalkylalkylene group, the branched or unbranched substitutedalkynyl
group, the substituted aryl group, the substituted arylalkylene group, the
substituted heterocyclic ring comprising at least one of O, N, S and Se in
the ring, the substituted ether group or polyether group, or the
substituted sulfonamide group, wherein the fluorinated monovalent radical
comprises one or more fluorine atoms with the one or more fluorine atoms
being separated from both silicon atoms by at least three atoms or at least
four covalent bonds; x, y and z each independently equal O, 1, 2 or 3; (x +
y + z) = 3; and each X independently comprises (i) hydrogen, (ii) a
halogen, (iii) a branched or unbranched, substituted or unsubstituted alkyl
group, (iv) a substituted or unsubstituted aryl group, (v) a branched or
unbranched, substituted or unsubstituted alkenyl group, (vi) a branched or
unbranched, substituted or unsubstituted alkynyl group, (vii) a cyano
group, (viii) a nitro group, (ix) a branched or unbranched, substituted or
unsubstituted alkoxy group, or (x) any two adjacent X groups combine to
form (a) a substituted or unsubstituted carbocyclic ring or (b) a
substituted or unsubstituted heterocyclic ring. A number of terms are used
to describe the pentacene compounds of the present invention. As used
herein, the various terms are defined as follows: "Alkyl group" refers to a
monovalent group that is a radical of an alkane, which is a saturated
hydrocarbon. The alkyl can be linear, branched, cyclic, or combinations
thereof and typically contains 1 to 30 carbon atoms. In some embodiments,
the alkyl group contains 4 to 30, 1 to 20, 4 to 20, 1 to 14, 1 to 10, 4 to
10, 4 to 8, 1 to 8, 1 to 6, or 1 to 4 carbon atoms. Examples of alkyl
groups include, but are not limited to, methyl, ethyl, n-propyl,
iso-propyl, n-butyl, tert-butyl, iso-butyl, n-pentyl, n-hexyl, cyclohexyl,
n-octyl, n-heptyl, and ethylhexyl. "Substituted alkyl group" refers to an
alkyl group having one or more substituents thereon, wherein each of the
one or more substituents comprises a monovalent moiety containing one or
more atoms other than carbon and hydrogen either alone (e.g., a halogen
such as F) or in combination with carbon (e.g., a cyano group) and/or
hydrogen atoms (e.g., a hydroxyl group or a carboxylic acid group).
"Alkenyl group" refers to a monovalent group that is a radical of an
alkene, which is a hydrocarbon with at least one carbon-carbon double bond.
The alkenyl can be linear, branched, cyclic, or combinations thereof and
typically contains 2 to 30 carbon atoms. In some embodiments, the alkenyl
contains 2 to 20, 2 to 14, 2 to 10, 4 to 10, 4 to 8, 2 to 8, 2 to 6, or 2
to 4 carbon atoms. Exemplary alkenyl groups include, but are not limited
to, ethenyl, propenyl, and butenyl."Substituted alkenyl group" refers to an
alkenyl group having (i) one or more C-C double bonds, and (ii) one or more
substituents thereon, wherein each of the one or more substituents
comprises a monovalent moiety containing one or more atoms other than
carbon and hydrogen either alone (e.g., a halogen such as F) or in
combination with carbon (e.g., a cyano group) and/or hydrogen atoms (e.g.,
a hydroxyl group or a carboxylic acid group). "Alkynyl group" refers to a
monovalent group that is a radical of an alkyne, a hydrocarbon with at
least one carbon-carbon triple bond. The alkynyl can be linear, branched,
cyclic, or combinations thereof and typically contains 2 to 30 carbon
atoms. In some embodiments, the alkynyl contains 2 to 20, 2 to 14, 2 to 10,
4 to 10, 4 to 8, 2 to 8, 2 to 6, or 2 to 4 carbon atoms. Exemplary alkynyl
groups include, but are not limited to, ethynyl, propynyl, and butynyl.
"Substituted alkynyl group" refers to an alkynyl group having (i) one or
more C-C 



triple bonds, and (ii) one or more substituents thereon, wherein each of
the one or more substituents comprises a monovalent moiety containing one
or more atoms other than carbon and hydrogen either alone (e.g., a halogen
such as F) or in combination with carbon (e.g., a cyano group) and/or
hydrogen atoms (e.g., a hydroxyl group or a carboxylic acid group or a
silyl group). "Cycloalkyl group" refers to a monovalent group that is a
radical of a ring structure consisting of 3 or more carbon atoms in the
ring structure (i.e., only carbon atoms in the ring structure and one of
the carbon atoms of the ring structure is the radical). "Substituted
cycloalkyl group" refers to a cycloalkyl group having one or more
substituents thereon, wherein each of the one or more substituents
comprises a monovalent moiety containing one or more atoms (e.g., a halogen
such as F, an alkyl group, a cyano group, a hydroxyl group, or a carboxylic
acid group). "Cycloalkylalkylene group" refers to a monovalent group that
is a ring structure consisting of 3 or more carbon atoms in the ring
structure (i.e., only carbon atoms in the ring), wherein the ring structure
is attached to an acyclic alkyl group (typically, from 1 to 3 carbon atoms,
more typically, 1 carbon atom) and one of the carbon atoms of the acyclic
alkyl group is the radical. "Substituted cycloalkylalkylene group" refers
to a cycloalkylalkylene group having one or more substituents thereon,
wherein each of the one or more substituents comprises a monovalent moiety
containing one or more atoms (e.g., a halogen such as F, an alkyl group, a
cyano group, a hydroxyl group, or a carboxylic acid group). "Aryl group"
refers to a monovalent group that is a radical of an aromatic
carbocycliccompound. The aryl can have one aromatic ring or can include up
to 5 carbocyclic ring structures that are connected to or fused to the
aromatic ring. The other ring structures can be aromatic, non-aromatic, or
combinations thereof. Examples of aryl groups include, but are not limited
to, phenyl, biphenyl, terphenyl, anthryl, naphthyl, acenaphthyl,
anthraquinonyl, phenanthryl, anthracenyl, pyrenyl, perylenyl, and
fluorenyl. "Substituted aryl group" refers to an aryl group having one or
more substituents on the ring structure, wherein each of the one or more
substituents comprises a monovalent moiety containing one or more atoms
(e.g., a halogen such as F, an alkyl group, a cyano group, a hydroxyl
group, or a carboxylic acid group). "Arylalkylene group" refers to a
monovalent group that is an aromatic ring structure consisting of 5 to 10
carbon atoms in the ring structure (i.e., only carbon atoms in the ring
structure), wherein the aromatic ring structure is attached to an acyclic
alkyl group having one or more carbon atoms (typically, from 1 to 3 carbon
atoms, more typically, 1 carbon atom) and one of the carbons of the acyclic
alkyl group is the radical. "Substituted arylalkylene group" refers to an
arylalkylene group having one or more substituents thereon, wherein each of
the one or more substituents comprises a monovalent moiety containing one
or more atoms (e.g., a halogen such as F, an alkyl group, a cyano group, a
hydroxyl group, or a carboxylic acid group). "Acetyl group" refers to a
monovalent radical having the formula -C(O)CH 3. "Heterocyclic ring" refers
to a saturated, partially saturated, or unsaturated ring structure
comprising at least one of O, N, S and Se in the ring structure.
"Substituted heterocyclic ring" refers to a heterocyclic ring having one or
more substituents bonded to one or more members of the ring structure,
wherein each of the one or more substituents comprises a monovalent moiety
containing one or more atoms (e.g., a halogen such as F, an alkyl group, a
cyano group, a hydroxyl group, or a carboxylic acid group). "Carbocyclic
ring" refers to a saturated, partially saturated, or unsaturated ring
structure comprising only carbon in the ring structure. "Substituted
carbocyclic ring" refers to a carbocyclic ring having one or more
substituents bonded to one or more members of the ring structure, wherein
each of the one or more substituents comprises a monovalent moiety
containing one or more atoms (e.g., a halogen such as F, an alkyl group, a
cyano group, a hydroxyl group, or a carboxylic acid group). "Ether group"
refers to a - R -O-Rb radical wherein R is a branched or
unbranchedalkylene, arylene, alkylarylene or arylalkylene hydrocarbon and
Rb is a branched or unbranched alkyl, aryl, alkylaryl or arylalkyl
hydrocarbon. "Substituted ether group" refers to an ether group having one
or more substituents thereon, wherein each of the one or more substituents
comprises a monovalent moiety containing one or more atoms other than
carbon and hydrogen either alone (e.g., a halogen such as F) or in
combination with carbon (e.g., a cyano group) and/or hydrogen atoms (e.g.,
a hydroxyl group or a carboxylic acid group). "Polyether group" refers to a
-(R a-O)m-Rb radical wherein Ra and Rb are as defined 



above, and m is an integer greater than 1. "Substituted polyether group"
refers to a polyether group having one or more substituents thereon,
wherein each of the one or more substituents comprises a monovalent moiety
containing one or more atoms other than carbon and hydrogen either alone
(e.g., a halogen such as F) or in combination with carbon (e.g., a cyano
group) and/or hydrogen atoms (e.g., a hydroxyl group or a carboxylic acid
group). "Sulfonamide group" refers to a - R -N(Rc)S(O)2-Rb radical wherein
each R and Rb are as defined above, and each Rc is independently a
hydrogen, or branched or unbranched alkyl, aryl, alkylaryl or arylalkyl
hydrocarbon. "Substituted sulfonamide group" refers to a sulfonamide group
having one or more substituents thereon, wherein each of the one or more
substituents comprises a monovalent moiety containing one or more atoms
other than carbon and hydrogen either alone (e.g., a halogen such as F) or
in combination with carbon (e.g., a cyano group) and/or hydrogen atoms
(e.g., a hydroxyl group or a carboxylic acid group). "Alkoxy group" refers
to a monovalent group of formula -OR where R is an alkyl group. Examples
include, but are not limited to, methoxy, ethoxy, propoxy, and butoxy.
"Substituted alkoxy group" refers to an alkoxy group having one or more
substituents thereon, wherein each of the one or more substituents
comprises a monovalent moiety containing one or more atoms other than
carbon and hydrogen either alone (e.g., a halogen such as F) or in
combination with carbon (e.g., a cyano group) and/or hydrogen atoms (e.g.,
a hydroxyl group or a carboxylic acid group). "Charge carrier mobility
value" refers to the drift velocity of a charge carrier (cm/s) per unit
applied field (V/cm) with resulting measurement units of "cm2/V-s" as
measured using any test method for measuring the drift velocity of a charge
carrier. Fluorinated pentacene compounds having the above chemical
structure have been found to possess at least one of the following
properties: (i) enhanced solubility in one ormore organic solvents (e.g.,
fluorinated solvents), (ii) enhanced stability when incorporated into a
given organic solvent (e.g., fluorinated solvents), (iii) enhanced ability
to wet a surface, (iv) enhanced hydrophobicity and/or oleophobicity, (v)
enhanced resistance to oxidation, (vi) enhanced performance when
incorporated into an electronic device as a semiconductor layer as measured
by the charge carrier mobility value of the electronic device, (vii)
enhanced performance when incorporated into an electronic device as a
semiconductor layer as measured by the energy conversion efficiency of the
electronic device, and (viii) enhanced performance when incorporated into
an electronic device as a semiconductor layer as measured by the stability
of the electronic characteristics of the device over time in the
environment. By varying the R groups (i.e., R, R' and R") and X groups in
the above chemical structure, one can tailor a resulting pentacene compound
for a given application (e.g., as a semiconductor layer in an electronic
device). For example, when a given fluorinated pentacene compound of the
present invention is to be used to form a semiconductor layer in an
electronic device, the ability of the fluorinated pentacene compound to
exhibit two-dimensional stacking (i.e., 2-D stacking of individual
molecules) is an important consideration, which significantly impacts the
charge carrier mobility value of the resulting semiconductor layer. The
dimensionality of a given stacking configuration may be easily measured by
examination of the single-crystal X-ray structure of a given material. A
given material exhibiting two-dimensional, or "brickwork" stacking is
characterized by having four nearest neighbors with contacts between
aromatic carbon atoms lying roughly within the van der Waals radius of
carbon (ideally, 3.3 - 3.6 A). Considering a simple pentacene unit, any
material that has two aromatic close-contact neighbors above the plane of
the pentacene ring, and two aromatic close-contact neighbors below the
plane of the pentacene ring is typically classified as having
two-dimensional interactions or 2-D stacking. A common alternative case is
one-dimensional stacking, where there is only one close-contact neighbor
above and below the plane of the pentacene ring. It is generally the case
that molecules with two-dimensional pi-stacking yield superior thin-film
morphologies for field-effect transistor applications, along with improved
charge transport in the solid state. Similarly, materials with
one-dimensional pi-stacking tend to exhibit superior performance in
photovoltaic devices, whether used as the electron donor component or the
acceptor component. The fluorinated pentacene compounds of the present
invention can be modified to exhibit either 1-D or 2-D stacking. In some
exemplary embodiments, the fluorinated pentacene compounds have Structure A
wherein one or more fluorinated monovalent radicals are present and
eachfluorinated monovalent radical independently comprises a branched or
unbranched substituted alkyl group, a branched or unbranched substituted
alkenyl group, a substituted cycloalkyl group, a substituted
cycloalkylalkylene group, a branched or unbranched substituted alkynyl
group, a substituted aryl group, a substituted arylalkylene group, a 



substituted heterocyclic ring comprising at least one of O, N, S and Se in
the ring, a substituted ether group or polyether group, or a substituted
sulfonamide group, and each fluorinated monovalent radical comprises one or
more fluorine atoms with the one or more fluorine atoms being separated
from both silicon atoms of the pentacene compound (as shown in Structure A)
by at least three atoms (or, for example, any number of atoms greater than
three and up to about eighteen atoms) or at least four covalent bonds (or,
for example, any number of covalent bonds greater than four and up to about
nineteen covalent bonds). In some exemplary embodiments, each fluorinated
monovalent radical independently comprises (i) a branched or unbranched
substituted alkyl group (e.g., a fluorinated C3-C18 alkyl group), (ii) a
branched or unbranched substituted alkenyl group (e.g., a fluorinated C3-
C18 alkenyl group), (iii) a substituted cycloalkyl group, (iv) a
substituted cycloalkylalkylene group, (v) a branched or unbranched
substituted alkynyl group (e.g., a fluorinated C3-C18 alkynyl group), (vi)
a substituted aryl group, or (vii) a substituted arylalkylene group,
wherein the one or more fluorine atoms of a given fluorinated monovalent
radical are separated from both silicon atoms of the pentacene compound (as
shown in Structure A) by at least three atoms or at least four covalent
bonds. In some exemplary embodiments, the fluorinated pentacene compounds
have Structure A wherein at least one fluorinated monovalent radical
comprises the formula: *-CH 2CH2Rf wherein Rf is a partially (i.e.,
contains one or more hydrogen atoms) or completely fluorinated (i.e.,
contains no hydrogen atoms) alkyl group, typically, a Cl -C16 alkyl group.
The fluorinated alkyl group Rf is branched, unbranched, acyclic, cyclic, or
a combination thereof. The asterisk indicates the attachment location to
the silicon atom in Structure A. In some exemplary embodiments, the
fluorinated pentacene compounds have Structure A wherein at least one
fluorinated monovalent radical comprises the formula: *-CH 2CH2ORf wherein
Rf is as described above. The asterisk indicates the attachment location to
the silicon atom in Structure A. In some exemplary embodiments, the
fluorinated pentacene compounds have Structure A wherein at least one
fluorinated monovalent radical comprises the formula:*-(CH 2)oORf wherein
Rf is as described above, and o is an integer of 1 or greater, typically
ranging from 1 to 5. The asterisk indicates the attachment location to the
silicon atom in Structure A. In some exemplary embodiments, the fluorinated
pentacene compounds have Structure A wherein at least one fluorinated
monovalent radical comprises the formula: *-(CH 2)pN(Z)S(O)2Rf wherein Rf
is as described above, p is an integer of 2 or greater, typically ranging
from 2 to 5, and Z represents -H, -CH 3 or -CH2CH3. The asterisk indicates
the attachment location to the silicon atom in Structure A. In some
exemplary embodiments, the fluorinated pentacene compounds have Structure A
wherein at least one fluorinated monovalent radical comprises the formula:
-CH 2CH=CFRf wherein Rf is as described above. The asterisk indicates the
attachment location to the silicon atom in Structure A. In some exemplary
embodiments, the fluorinated pentacene compounds have Structure A wherein
at least one fluorinated monovalent radical comprises the formula: wherein
each Rf is independently a partially (i.e., contains one or more hydrogen
atoms) or completely fluorinated (i.e., contains no hydrogen atoms) alkyl
group having up to about ten carbon atoms (or up to about four carbon
atoms). The asterisk indicates the attachment location to the silicon atom
in Structure A. In some exemplary embodiments, the fluorinated pentacene
compounds have Structure A wherein at least one fluorinated monovalent
radical comprises the formula: wherein each Rf is independently a partially
(i.e., contains one or more hydrogen atoms) or completely fluorinated
(i.e., contains no hydrogen atoms) alkyl group having up to about ten
carbon atoms (or up to about four carbon atoms). The asterisk indicates the
attachment location to the silicon atom in Structure A. In some exemplary
embodiments, the fluorinated pentacene compounds have Structure A wherein
at least one fluorinated monovalent radical comprises the formula:wherein n
= 0 or 1 or 2 or 3. The asterisk indicates the attachment location to the
silicon atom in Structure A. In some embodiments, one of R, R' and R" is
present and comprises a fluorinated monovalent radical as described herein,
and the remaining groups from R, R' and R" comprise identical or different
moieties. Although one or more of the remaining groups from R, R' and R"
can comprise hydrogen, more typically, the remaining groups from R, R' and
R" 



each independently comprise monovalent radicals other than hydrogen. For
example, in some embodiments, one of R, R' and R" is present and comprises
a fluorinated monovalent radical as described herein, and the remaining
groups from R, R' and R" each independently comprise identical or different
branched or unbranched alkyl groups, more typically, identical branched or
unbranched alkyl groups. Some exemplary fluorinated pentacene compounds
having the above-described structures are shown below:Vwherein: I = 6,
13-bis(3,3,4,4,5,5,6,6,6-nonafluorohexyldimethylsilyletliynyl)pentacene; II
=
6,13-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyldimethylsilyletliynyl)
pentacene; in = 6,
13-bis(3,3,3-trifluoropropyldiisopropylsilylethynyl)pentacene; IV =
6,13-bis(3,3,4,4,5,5,6,6,6-nonafluorohexyldiisopropylsilyletliynyl)pentacen
e; V = 6,13-bis(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,1 0,1
0-heptadecafluorodecyldiisopropylsilylethynyl) pentacene; XXVII =
6,13-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyldiisopropylsilylethyny
l)pentacene; XX =
6,13-bis((3,3,4,4,5,5,6,6,7,7,8,8,9,10,10,10-hexadecafluoro-9-trifluorometh
yldecyl)- diisopropylsilylethynyl)pentacene; and XXI =
6,13-bis(3,3,4,4,5,5,5-heptafluoropentyldiisopropylsilylethynyl)pentacene.
In some embodiments, one of R, R' and R" is present and comprises a
fluorinated monovalent radical as described herein, and the remaining R
groups each independently comprise identical or different branched or
unbranched alkylene groups, more typically, identical branched or
unbranched alkylene groups. For example, in each of exemplary compounds EI,
IV, V, XX, XXI and XXVII described above, the isopropyl radical may be
replaced with an isopropenyl radical. In other exemplary embodiments, the
fluorinated pentacene compounds have Structure A wherein one or more
fluorinated monovalent radicals are present and at least one fluorinated
monovalent radical (i) comprises a substituted heterocyclic ring comprising
at least one of O, N, S and Se in the ring, a substituted ether group or
polyether group, or a substituted sulfonamide group, (ii) comprises one or
more fluorine atoms with the one or more fluorine atoms being separated
from both silicon atoms of the pentacene compound (as shown in Structure A)
by at least three atoms or at least four covalent bonds, and (iii) at least
one atom of the at least three atoms (i.e., the at least three atoms
separating any fluorine atom from both silicon atoms shown in Structure A)
comprises an atom other than carbon. For example, in some exemplary
embodiments, at least one atom of the at least three atoms comprises
nitrogen or sulfur as in a sulfonamide group. For example, in some
exemplary embodiments, at least one atom of the at least three atoms
comprises oxygen. Exemplary fluorinated pentacene compounds having such
structures are provided below:and VII XXVI wherein: VII =
6,13-bis((3-heptafluoroisopropoxy)propyldiisopropylsilylethynyl)pentacene;
and XXVI =
6,13-bis((N-methyl-nonafluorobutylsulfonamidopropyl)diisopropylsilylethynyl
)- pentacene. In some exemplary embodiments, the fluorinated pentacene
compounds have Structure A wherein R, R' and R" together comprise (i) at
least one fluorinated monovalent radical, such as one or more of the
herein-described fluorinated monovalent radicals, in combination with (ii)
at least one Cl to C8 alkyl group, (iii) at least one C3 to C8 cycloalkyl
group, (iv) at least one C2 to C8 alkenyl group, or (v) a Cl to C8 alkyl
group in combination with a C3 to C8 cycloalkyl group or a C2 to C8 alkenyl
group. In other exemplary embodiments, the fluorinated pentacene compounds
have Structure A wherein R, R' and R" together comprise (i) one fluorinated
monovalent radical, such as one or more of the hereindescribed fluorinated
monovalent radicals, in combination with (ii) two Cl to C8 alkyl groups,
(iii) two C3 to C8 cycloalkyl groups (e.g., two cyclopropyl groups or two
cyclobutyl groups or two cyclopentyl groups), or (iv) two C2 to C8 alkenyl
groups. In some exemplary embodiments, the fluorinated pentacene compounds
have Structure A wherein R, R' and R" together comprise (i) at least one
fluorinated monovalent radical, such as one or more of the herein-described
fluorinated monovalent radicals, in combination with (ii) at least one
isopropyl group, (iii) at least one isopropenyl group, or (iv) an isopropyl
group and an isopropenyl group. In other exemplary embodiments, the
fluorinated pentacene compounds have Structure A wherein R, R' and R"
together comprise (i) at least one fluorinated monovalent radical, such as
one or more of the herein-describedfluorinated monovalent radicals, in
combination with (ii) at least one isopropyl group. In other exemplary
embodiments, the fluorinated pentacene compounds have Structure A wherein
R, R' and R" together comprise (i) at least one fluorinated monovalent
radical, such 



as one or more of the herein-described fluorinated monovalent radicals, in
combination with (ii) at least one isopropenyl group. In some exemplary
embodiments, the fluorinated pentacene compounds have Structure A wherein z
= 0 (i.e., at least two groups attached to the silicon atom are the same)
and R, R' and R" together comprise (i) one fluorinated monovalent radical,
such as one or more of the herein-described fluorinated monovalent
radicals, in combination with (ii) two isopropyl groups or two isopropenyl
groups. As shown above, many of the fluorinated pentacene compounds of the
present invention comprise fluorinated pentacene compounds having Structure
A wherein z = 0 (i.e., at least two groups attached to the silicon atom are
the same). Other exemplary fluorinated pentacene compounds of the present
invention wherein z = 0 (i.e., at least two groups attached to the silicon
atom are the same) are provided in Table 1below. Table 1. Exemplary
Fluorinated Pentacene Compounds Where z = 0Although not shown in Table 1,
it should be noted that other fluorinated pentacene compounds of the
present invention may have Structure A, wherein at least one R group
attached to the silicon atom comprises a substituted or unsubstituted
heterocyclic ring comprising at least one of O, N, S and Se in the ring,
such as a substituted or unsubstituted furanyl group, a substituted or
unsubstituted pyrrolyl group, a substituted or unsubstituted thienyl group,
or a substituted or unsubstituted selenophenyl group. In any of the
above-described exemplary fluorinated pentacene compounds, one or more of
R, R' and/or R" may be substituted with one or more substituents. Suitable
substituents for the above-described R, R', and/or R" groups include, but
are not limited to, halogens, hydroxyl groups, alkyl groups, cyano groups,
amino groups, carbonyl groups, alkoxy groups, thioalkoxy groups, nitro
groups, carboxylic acid groups, carboxylic ester groups, alkenyl groups,
alkynyl groups, aryl groups, heteroaryl groups, or combinations thereof.
Typical substituents for alkyl groups, alkenyl groups, alkynyl groups,
ether groups, and sulfonamide groups include, but are not limited to, -F,
-OH, -OCH3, -CN, and -COOH. Typical substituents for cycloalkyl groups,
cycloalkylalkylene groups, aryl groups, arylalkylene groups, acetyl groups,
and heterocyclic rings (i.e., aromatic and non-aromatic heterocyclic rings)
comprising at least one of O, N, S and Se in the ring include, but are not
limited to, alkyl groups, -F, -OH, -OCH3, -CN, and -COOH. Further, in any
of the above-described exemplary fluorinated pentacene compounds, the
pentacene ring may further comprise one or more of the above-described
substituents X. One or more substituents X may be utilized to further
tailor a given pentacene compound for a given application. For example, one
or more substituents X may be utilized to provide one or more additional
benefits: (1) further enhance the ability of a given pentacene compound to
exhibit two-dimensional stacking; (2) enhance the solubility of a given
pentacene in certain solvents (e.g., fluorinated solvents); (3) diminish
the solubility of a given pentacene in certain solvents (e.g.,
non-fluorinated solvents); (4) enhance the thermal resistance of a
givenpentacene; (5) enhance the oxidative resistance of a certain pentacene
in solution or in the solid state; and (6) alter the morphology of blends
of a given pentacene with polymers or other semiconductors. In some
exemplary embodiments, the fluorinated pentacene compounds of the present
invention, including any of the above-described pentacene compounds,
further comprise one or more substituents X, wherein each X independently
comprises (i) hydrogen, (ii) a halogen, or (iii) a branched or unbranched,
substituted or unsubstituted alkyl group. Exemplary substituents X include,
but are not limited to, (i) fluorine, (ii) an alkyl group (e.g., a methyl
group), or (iii) a perfluoroalkyl group (e.g., a trifluoromethyl group). In
some exemplary embodiments, the fluorinated pentacene compounds of the
present invention, including any of the above-described pentacene
compounds, further comprise one or more substituents X, wherein at least
one X comprises a halogen, desirably, fluorine. In some exemplary
embodiments, the fluorinated pentacene compounds of the present invention,
including any of the above-described pentacene compounds, further comprise
one or more substituents X, wherein at least one X comprises a branched or
unbranched, substituted or unsubstituted alkyl group, such as a methyl
group or a trifluoromethyl group. In some exemplary embodiments, the
fluorinated pentacene compounds of the present invention, including any of
the above-described pentacene compounds, further comprise one or more
substituents X, wherein at least two adjacent X groups combine to form (a)
a substituted or unsubstituted carbocyclic ring or (b) a substituted or
unsubstituted heterocyclic ring. In some embodiments, two adjacent X groups
combine to form a substituted or unsubstituted, non-aromatic, 5 to 7 member
ring fused to either terminal ring of the pentacene core, where the ring is
carbocyclic or includes 1 or 2 heteroatoms selected from oxygen, nitrogen,
sulfur, or selenium. Some exemplary fluorinated pentacene compounds wherein
one or more substituents 



X are other than -H (hydrogen) include, but are not limited to, the
following compounds:xxp XXIII , and XXIV XXV wherein: XXII =
6,13-bis(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyldiisoprop
ylsilylethynyl)- 2,3 ,9,1 0-tetramethylpentacene; XXIII = 6,13-bis(3
,3,4,4,5 ,5 ,6,6,6-nonafluorohexyldiisopropylsilylethynyl)-2,3 ,9,
10-tetramethylpentacene; XXIV =
6,13-bis(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyldiisoprop
ylsilylethynyl)- 2-pentafluoroethylpentacene; and XXV = 6,1 3-bis(3
,3,4,4,5 ,5,6,6,6-nonafluorohexyldiisopropylsilylethynyl)-
1-fluoropentacene. The present invention is further directed to
compositions comprising (I) one or more of the above-described fluorinated
pentacene compounds, and (II) a solvent. Typical solventssuitable for
forming compositions of the present invention include, but are not limited
to, organic solvents such as ketones, aromatic hydrocarbons, fluorinated
solvents, and the like. Suitable solvents include, but are not limited to,
toluene, ethylbenzene, butylbenzene, chlorobenzene, dichlorobenzene,
tetrahydrofuran, isophorone, anisole, tetrahydronaphthalene,
butylcyclohexane, and cyclohexanone. Solvent blends may also be utilized.
Suitable solvent blends include, but are not limited to, anisole blended
with decane, and butylbenzene blended with decane. In one exemplary
embodiment, the composition comprises one or more of the abovedescribed
fluorinated pentacene compounds, and a fluorinated solvent such as
hexafluorobenzene, octafluorotoluene, (trifluoromethyl)benzene,
1,3-bis(trifluoromethyl)- benzene, 1,3,5-tris(trifluoromethyl)benzene,
(trifluoromethoxy)benzene, 3-(trifluoromethyl) anisole,
2,3,4,5,6-pentafluoroanisole, 2,3,5,6-tetrafluoroanisole,
pentafluorobenzonitrile, 2,3,4,5,6-pentafluorotoluene,
2,2,2-trifluoroacetophenone, 2',4',5'- trifluoroacetophenone,
2'-(trifluoromethyl)acetophenone, and 3'-(trifluoromethyl)- acetophenone.
The composition can include a solvent mixture that includes a fluorinated
solvent and a non-fluorinated organic solvent. Some compositions can
include the above-described fluorinated pentacene compound, a fluorinated
solvent, an optional non-fluorinated solvent, and another fluorinated
liquid such as perfluoroalkanes, perfluorocycloalkanes (e.g.
perfluorodecalin), perfluoroheteroalkanes (e.g. perfluorotributylamine, and
perfluoropolyethers), perfluoroheterocycloalkanes (e.g.
perfluoro(butyltetrahydrofuran)), and fluorinated ethers or polyethers
(e.g. 3-ethoxy- 1,1,
1,2,3,4,4,5,5,6,6,6-dodecafluoro-2-trifluoromethyl-hexane and
2H-perfluoro-5,8,l 1- trimethyl-3,6,9,12-tetraoxapentadecane). When added
these fluorinated liquids often lower the surface tension of the
composition and facilitate wetting of various substrate surfaces. These
fluorinated liquids may not function as good solvents for the fluorinated
pentacene compound. Typically, one or more of the above-described
fluorinated pentacene compounds are present in a given composition at a
concentration of at least 0.1 wt% based on a total weight of the
composition. The upper limit of the concentration of the fluorinated
pentacene compound in the composition is often near the solubility limit of
that compound in the particular solvent at the temperature of the
composition during its application to a substrate such as in the
fabrication of an electronic device. Typical compositions of the present
invention comprise one of the above-described fluorinated pentacene
compounds at a concentration ranging from about 0.1 wt% to about 5.0 wt%,
more typically, from about 0.5wt% to about 3.0 wt%. In some embodiments,
compositions of the present invention comprise at least one of the
above-described fluorinated pentacene compounds and a solvent. In other
embodiments, compositions of the present invention comprise at least one of
the above-described fluorinated pentacene compounds and a solvent in
combination with one or more additional composition components. When
present, suitable additional composition components include, but are not
limited to, a polymer additive, a rheological modifier, a surfactant,
another semiconductor that is a complementary electron transfer partner for
the fluorinated pentacene, or a combination thereof. In some exemplary
embodiments, the compositions comprise a polymer additive selected from the
group consisting of polystyrene, poly(alphamethylstyrene),
poly(pentafluorostyrene), poly(methyl methacrylate), poly(4-cyanomethyl
styrene), poly(4-vinylphenol), or any other suitable polymer disclosed in
U.S. Patent Application Publication No. 2004/0222412 Al or U.S. Patent
Application Publication No. 2007/0146426 Al, the subject matter of both of
which is hereby incorporated by reference in its entirety. In some desired
embodiments, the polymer additive comprises polystyrene,
poly(alpha-methylstyrene), poly(pentafluorostyrene) or poly(methyl
methacrylate). In some exemplary embodiments, the compositions comprise a
surfactant selected from fluorinated surfactants or fluorosurfactants. 



When present, each additional composition component (i.e., components other
than the fluorinated pentacene compound) is independently present in an
amount of greater than 0 to about 50 wt% based on a total weight of the
composition. Typically, each additional composition component (i.e.,
components other than the fluorinated pentacene compound) is independently
present in an amount ranging from about 0.0001 to about 10.0 wt% based on a
total weight of the composition. For example, when a polymer additive
(e.g., polystyrene) is present in the composition, the polymer additive is
typically present in an amount of greater than 0 to about 5.0 wt%, more
typically, from about 0.5 to about 3.0 wt% based on a total weight of the
composition. For example, when a surfactant is present in the composition,
the surfactant is typically present in an amount of greater than 0 to about
1.0 wt%, more typically, from about 0.001 to about 0.5 wt% based on a total
weight of the composition. In some embodiments, the resulting composition
desirably has composition properties (e.g., composition stability,
viscosity, etc.) that enable the composition to be coated onto a substrate
via conventional coating processes. Suitable conventional coating processes
include, but are not limited to, spin coating, knife-coating, roll-to-roll
web-coating, and dip coating, as well as printing processes such as ink-jet
printing, screen printing, and offsetlithography. In one desired
embodiment, the resulting composition is a printable composition, even more
desirably, an ink jet printable composition. The above-described
compositions may be coated onto a substrate. The resulting substrate has at
least one coatable surface and a coated layer on the at least one coatable
surface, wherein the coated layer comprises a fluorinated pentacene
compound having Structure A, wherein R, R', R", x, y, z and X are as
described above. As discussed above, the coated layer may further comprise
one or more additional composition components other than at least one of
the above-described fluorinated pentacene compounds. The compositions of
the present invention may be coated onto a variety of substrates. Suitable
substrates include, but are not limited to, polymeric films such as
polyethylene terephthalate (PET), polyethylene naphthalate (PEN), and
polyimides, and inorganic substrates such as silica, alumina, silicon
wafers, and glass. The surface of a given substrate may be treated, e.g. by
reaction of chemical functionality inherent to the surface with chemical
reagents such as silanes or exposure of the surface to plasma, in order to
alter the surface characteristics. In one exemplary embodiment, the
substrate comprises an electronic device or an electronic device component.
For example, compositions of the present invention may be coated onto a
substrate so as to form a semiconductor layer of an electronic device such
as a thin film transistor (TFT), photovoltaic cell, organic light-emitting
diode (OLED), or sensor. Once coated onto a substrate surface, the solvent
in the coated layer is removed to form a semiconductor layer. Any suitable
method may be used to remove (i.e., dry or evaporate) the solvent in the
coated layer. For example, the solvent may be removed by evaporation.
Typically, at least about 80 percent of the solvent is removed to form the
semiconductor layer. For example, at least about 85 weight percent, at
least about 90 weight percent, at least about 92 weight percent, at least
about 95 weight percent, at least about 97 weight percent, at least about
98 weight percent, at least about 99 weight percent, or at least about 99.5
weight percent of the solvent is removed. The solvent often can be
evaporated at any suitable temperature. In some methods, the solvent
mixture is evaporated at ambient temperature (i.e., at the temperature of
the room or facility in which the coating step is carried out). In other
methods, the solvent is evaporated at a temperature higher or lower than
ambient temperature. For example, a platen supporting the substrate can be
heated or cooled to a temperature higher or lower than ambient temperature.
In still other methods, some or most of the solvent can evaporate at
ambient temperature, and any remaining solvent can be evaporated at a
temperature higherthan ambient temperature. In methods where the solvent
evaporates at a temperature higher than ambient temperature, the
evaporation can be carried out under an inert atmosphere, such as a
nitrogen atmosphere. Alternatively, the solvent can be removed by
application of reduced pressure (i.e., at a pressure that is less than
atmospheric pressure) such as through the use of a vacuum. During
application of reduced pressure, the solvent can be removed at any suitable
temperature such as those described above. The rate of removal of the
solvent from the coated layer can affect the resulting semiconductor layer.
For example, if the removal process is too rapid, poor packing of the
semiconductor molecules tend to occur during crystallization. Poor packing
of the semiconductor molecules can be detrimental to the electrical
performance of the semiconductor layer. The solvent can evaporate entirely
on its own in an uncontrolled fashion (i.e., no time constraints), or the
conditions can be controlled in order to control the rate of evaporation.
In order to minimize poor packing, the solvent can be evaporated while 



slowing the evaporation rate by covering the coated layer. Such conditions
can lead to a semiconductive layer having a relatively high crystallinity.
After removal of a desired amount of solvent to form the semiconductor
layer, the semiconductor layer can be annealed by exposure to heat or
solvent vapors, i.e., by thermal annealing or solvent annealing. Exemplary
electronic devices of the present invention may be fabricated by deposition
of the above-described fluorinated pentacenes onto a substrate. Deposition
of the fluorinated pentacenes can be accomplished by any means, such as by
vapor phase deposition (for example, vacuum deposition), application or
coating of the pentacene in the melt, or by solution coating and printing
processes. Exemplary electronic devices of the present invention may have a
top contact/bottom gate TFT construction as shown in FIG. 1. As shown in
FIG. 1, exemplary electronic device 10 comprises substrate 11, gate
electrode 16, dielectric layer 12, semiconductor layer 13, source electrode
14, and drain electrode 15. Materials for forming substrate 11, gate
electrode 16, dielectric layer 12, source electrode 14, and drain electrode
15 of exemplary electronic device 10 may comprise any materials typically
used to form TFT electronic devices. Suitable materials for forming
substrate 11 include, but are not limited to, glass, polyethylene
terephthalate, polyethylene naphthalate, and polyimide. Suitable materials
for forming dielectric layer 12 include, but are not limited to, any of a
variety of polymers suchas poly(4-vinylphenol), poly(methylmethacrylate),
and poly(4-cyanomethylstyrene), which are typically deposited from
solution, but may also be formed in place via curing of a formulation
containing functional monomers and/or oligomers and a curing agent. The
dielectric layer 12 may further include inorganic fillers such as, but not
limited to, BaTiq 3, Siq 2, Zrq 2, which act to enhance the dielectric
constant of dielectric layer 12. Suitable materials for forming
semiconductor layer 13 comprise the above-described compositions of the
present invention. Suitable materials for forming each of gate electrode
16, source electrode 14 and drain electrode 15 include, but are not limited
to, carbon nanotubes, poly(3,4-ethylenedioxythiophene) (PEDOT) doped with
sulfonated polystyrene, polyaniline (PANI), gold, silver, aluminum, copper,
titanium, palladium, platinum, chromium, as well as blends thereof (e.g.,
blends, alloys, multi-layer composites of the various electrode materials).
In some cases, the substrate 11, the gate electrode 16, and the dielectric
layer 12 are heavily-doped n-type silicon wafers with thermal oxide (such
as those commercially available from Noel Technologies, Inc. (Campbell,
CA)), wherein the heavily-doped n-type silicon wafer serves as both the
substrate and gate electrode, and the thermal oxide serves as the
dielectric layer. In some exemplary embodiments, one or more of the
following layers are printable (e.g., ink jet printable) layers: gate
electrode 16, dielectric layer 12, semiconductor layer 13, source electrode
14, and drain electrode 15. For example, suitable printable compositions
for forming dielectric layer 12, gate electrode 16, source electrode 14,
and drain electrode 15 are disclosed in U.S. Patent Application Publication
No. 200701 14516 Al, now U.S. Patent No. 7,498,662, the subject of which is
incorporated herein by reference in its entirety. Electronic devices of the
present invention desirably comprise at least one of the above-mentioned
fluorinated pentacene compounds. Such electronic devices may comprise, for
example, the following specific top contact/bottom gate TFT construction as
shown in exemplary device 20 of FIG. 2 : a gate electrode layer 16
comprising a heavily n-doped silicon wafer with a first dielectric layer
12a in the form of a thermal oxide (SiC^) layer positioned over the gate
electrode layer 16 (e.g., a heavily n-doped silicon wafer commercially
available from Noel Technologies, Inc. (Campbell, CA)); a second dielectric
layer 12b comprising a polymeric dielectric composition comprising
SARTOMER(tm) SR-368 (Sartomer Company Inc. (Exton, PA)) (about 8.5 wt%),
zirconia nanoparticles surface treated with
gamma-methacryloxypropyltrimethoxysilane (SILQUEST(r) A-174 silane from OSi
Specialties (South Charleston, WV)) and formed as disclosed in U.S. Patent
ApplicationsSerial Nos. 11/771,787, now published as U.S. Patent
Publication No. 2009/0004771), and 11/771,859, now published as U.S. Patent
Publication No. 2009/0001356) (see, for example, "Preparatory Example 1 -
Dielectric Ink" in each application), the subject matter of which is hereby
incorporated by reference in its entirety (about 40.0 wt%), IRGACURE(tm)
184 photoinitiator (Ciba Corporation (Newport, DE)) (about 1.5 wt%), and
isophorone (Sigma- Aldrich (Milwaukee, WI)) (about 50.0 wt%); a
semiconductor layer 13 formed from a composition comprising at least one of
the above-described fluorinated pentacene compounds (about 2.0 wt%),
polystyrene (Polymer Source Inc. (Montreal, Canada)) (about 1.0 wt%), and
butylbenzene (Sigma-Aldrich (Milwaukee, WI)) (about 97.0 wt%); a source
electrode 14 comprising gold; and a drain electrode 15 comprising gold. 



Other exemplary electronic devices of the present invention may have a
construction as shown in FIG. 3. As shown in FIG. 3, exemplary electronic
device 30 comprises gate electrode 16, dielectric layer 12, source
electrode 14, drain electrode 15, and semiconductor layer 13 comprising at
least one fluorinated pentacene compound of the present invention. It is
believed that the addition of at least one of the above-described
fluorinated pentacene compounds into a composition or into an electronic
device of the present invention provides one or more advantages: (1) more
deposition and crystallization of a semiconductor laterally along a surface
(i.e., in the x-y plane) rather than up off of the surface or out of the
x-y plane of the surface (i.e., in the z direction) relative to similar
semiconductor layers without one of the fluorinated pentacene compounds of
the present invention; (2) results in a morphology where the semiconductor
resides at the interface between (i) the surface and a polymer or (ii) at
the air and polymer interface (In the former, if the surface is a gate
dielectric, the morphology is preferable for a bottom gate TFT. In the
latter, the morphology is advantageous to the construction of a top gate
TFT by subsequent deposition of a gate dielectric on top of the organic
semiconductor.); (3) improves the ability of a solution to wet a surface
beyond that obtained with a similar semiconductor without one of the
fluorinated pentacene compounds of the present invention; (4) increased
solubility or dispersibility in fluorinated solvents, that have very low
surface tensions alone or in conjunction with fluorosurfactants or other
fluorinated liquids, and thus provide superior wetting of surfaces, such as
low energy surfaces including hydrocarbon and fluorocarbon surfaces; (5)
increased hydrophobicity and/or oleophobicity, thus protecting the
electronicdevice from moisture and organic solvents; (6) reduced
susceptibility of the composition or electronic device to oxidation; and
(7) increased photochemical stability of the composition or electronic
device. The above-described fluorinated pentacene compounds of the present
invention may be prepared by a method comprising the steps of forming a
substituted silyl acetylene having a desired combination of R, R' and R"
substituents, and then reacting the substituted silyl acetylene with
6,13-pentacenequinone. The step of forming a substituted silyl acetylene
having a desired combination of R, R' and R" substituents may comprise a
number of process steps including, but not limited to, a first substitution
reaction wherein a trimethylsilyl acetylene group substitutes a labile
group (typically a halogen) on a disubstituted chloro silane (e.g., chloro
diisopropylsilane), followed by conversion of the silanyl hydrogen to a
halogen by any of a number of known transformations (e.g., treatment with
Nbromosuccinimide in a solvent such as dichloromethane), followed by
substitution of this newly generated labile group by a third substituent
(e.g., a fluorinated monovalent radical). Alternatively, one labile group
of a fluoroalkyltrichlorosilane can be displaced by an alkyne (e.g. a
trimethylsilyl-substituted acetylene), and the remaining halogens
subsequently replaced with other substituents (e.g., isopropyl groups). The
desired terminal acetylene is then generated by selective removal of the
trimethylsilyl group under mild basic conditions. A third alternative
involves the substitution of the chloride substituent of commercially
available fluoroalkyl dialkyl silyl chlorides with a terminal acetylide,
yielding the desired acetylene directly. A fourth alternative involves the
conversion of the silanyl hydrogen of commercially available fluoroalkyl
dialkyl silanes to a halogen, for example, by a hydrogenbromine exchange
reaction using a transition metal catalyst in the presence of allyl bromide
or an alkyl bromide, followed by substitution of this newly generated
labile group (halogen) by acetylene or trimethylsilylacetylene. In the case
of the latter, the desired terminal acetylene is then generated by
selective removal of the trimethylsilyl group under mild basic conditions.
The methods of forming fluorinated pentacene compounds of the present
invention may further comprise one or more of the following method steps:
purification by at least one, and in some cases, two or three
recrystallization steps from a suitable solvent such as acetone, wherein
the fluorinated pentacene compound is dissolved in an amount of boiling
acetone, which dissolves all solids and is then cooled to about 0-4C while
protecting the solution from light to prevent photodegradation. The solids
are then collected by filtration and dried in vacuum to remove residual
acetone.Once formed, fluorinated pentacene compounds of the present
invention may be combined with a solvent and one or more additional
components to form compositions, such as printable compositions. As
discussed above, fluorinated pentacene compounds of the present invention
may be incorporated into at least one of the above-referenced organic
solvents (e.g., 3-(trifluoromethyl)anisole) to form a first composition.
Additional composition components such as those described above (e.g.,
polystyrene) may be 



incorporated into the first composition to provide a final composition.
Desirably, the final composition is printable via an ink jet printing
apparatus. The compositions of the present invention containing at least
one of the abovedescribed fluorinated pentacene compounds of the present
invention may be used to form a variety of coatings, substrates having a
coated layer thereon, electronic device components, and electronic devices.
Desirably, the resulting coating, substrate having a coated layer thereon,
electronic device component, or electronic device comprises a fluorinated
pentacene compound having Structure A, wherein R, R', R", x, y, z and X are
as described above. More desirably, the resulting coating, substrate having
a coated layer thereon, electronic device component, or electronic device
comprises a fluorinated pentacene compound having Structure A, wherein z =
0, R and R' together comprise two identical groups (e.g., two alkyl groups,
two cycloalkyl groups, or two alkenyl groups) and one dissimilar group
(e.g., a fluorinated monovalent radical comprising one or more fluorine
atoms with the one or more fluorine atoms being separated from either
silicon atom by at least three atoms or four covalent bonds). In some
desired embodiments, the resulting coating, substrate having a coated layer
thereon, electronic device component, or electronic device comprises a
fluorinated pentacene compound having Structure A, wherein z = 0, R
comprise methyl, isopropyl, isopropenyl, or cycloalkyl (e.g., cyclopropyl,
cyclobutyl, or cyclopentyl), and R' comprises any one of the
above-described fluorinated monovalent radicals. The present invention is
described above and further illustrated below by way of examples, which are
not to be construed in any way as imposing limitations upon the scope of
the invention. On the contrary, it is to be clearly understood that resort
may be had to various other embodiments, modifications, and equivalents
thereof which, after reading the description herein, may suggest themselves
to those skilled in the art without departing from the spirit of the
present invention and/or the scope of the appended claims. Examples These
examples are merely for illustrative purposes only and are not meant to
belimiting on the scope of the appended claims. All parts, percentages,
ratios, etc. in the examples and the rest of the specification are by
weight unless indicated otherwise. The materials used in the examples were
obtained from the sources indicated in Table 3 unless specifically
indicated otherwise in an individual example. Table 3. Materials Used in
ExamplesVIRTUAL AUDIO PROCESSING FOR LOUDSPEAKER OR HEADPHONE PLAYBACK
CROSS-REFERENCE TO RELATED APPLICATIONS [0001] The present invention claims
priority of U.S. Provisional Patent Application Serial Number 61/217,562
filed June 1, 2009, entitled VIRTUAL 3D AUDIO PROCESSING FOR LOUDSPEAKER OR
HEADPHONE PLAYBACK, to inventors Walsh et al. U.S. Provisional Patent
Application Serial Number 61/217,562 is hereby incorporated herein by
reference. STATEMENT RE: FEDERALLY SPONSORED RESEARCH/DEVELOPMENT [0002]
Not Applicable BACKGROUND [0003] 1. Technical Field [0004] The present
invention relates to processing audio signals, more particularly, to
processing audio signals reproducing sound on virtual channels. [0005] 2.
Description of the Related Art [0006] Audio plays a significant role in
providing a content rich multimedia experience in consumer electronics. The
scalability and mobility of consumer electronic devices along with the
growth of wireless connectivity provides users with instant access to
content. Figure Ia illustrates a conventional audio reproduction system 10
for playback over headphones 12 or a loudspeaker 14 that is well understood
by those skilled in the art. [0007] A conventional audio reproduction
system 10 receives digital or analog audio source signal 16 from various
audio or audio/video sources 18, such as a CD player, a TV tuner, a
handheld media player, or the like. The audio reproduction system 10 may be
a home theater receiver or an automotive audio system dedicated to the
selection, processing, and routing of broadcast audio and/or video signals.
Alternatively, the audio reproduction system 10 and one or several audio
signal sources may be incorporated together in a consumer electronics
device, such as a portable media player, a TV set, a laptop computer, or
the like.[0008] An audio output signal 20 is generally processed and output
for playback over a speaker system. Such output signals 20 may be
two-channel signals sent to headphones 12 or a pair of frontal loudspeakers
14, or multi-channel signals for surround sound playback. For surround
sound playback, the audio reproduction system 10 may include a multichannel
decoder as described in U.S. Patent No. 5,974,380 assigned to Digital
Theater Systems, Inc. (DTS) hereby incorporated herein by reference. Other
commonly used multichannel 



decoders include DTS-HD(r) and Dolby(r) AC3. [0009] The audio reproduction
system 10 further includes standard processing equipment (not shown) such
as analog-to-digital converters for connecting analog audio sources, or
digital audio input interfaces. The audio reproduction system 10 may
include a digital signal processor for processing audio signals, as well as
digital-to-analog converters and signal amplifiers for converting the
processed output signals to electrical signals sent to the transducers
(headphones 12 or loudspeakers 14). [0010] Generally, loudspeakers 14 may
be arranged in a variety of configurations as determined by various
applications. Loudspeakers 14 may be stand alone speakers as depicted in
Fig. Ia. Alternatively, loudspeakers 14 may be incorporated in the same
device, as in the case of consumer electronics such as a television set,
laptop computers, hand held stereos, or the like. Fig. Ib illustrates a
laptop computer 22 having two encased speakers 24a, 24b positioned parallel
to each other. The encased speakers are narrowly spaced apart from each
other as indicated by a '. Consumer electronics may include encased
speakers 24a, 24b arranged in various orientations such as side by side, or
top and bottom. The spacing and sizing of the encased speakers 24a, 24b are
application specific, thus dependent upon the size and physical constraints
of the casing. [0011] Due to technical and physical constraints, oftentimes
audio playback is compromised or limited in such devices. This is
particularly evident in electronic devices having physical constraints
where speakers are narrowly spaced apart, or where headphones are utilized
to playback sound, such as in laptops, MP3 players, mobile phones and the
like. Some devices are limited due to the physical separation between
speakers and because of a correspondingly small angle between the speakers
and the listener. In such sound systems the width of the perceived sound
stage is generally perceived by the listener as inferior to that of systems
having adequately spaced speakers. Oftentimes product designers abstain
from deviatingfrom a television's aesthetic design by not including a
center mounted speaker. This compromise may limit the overall sound quality
of the television as speech and dialogue are directed to the center
speaker. [0012] To address these audio constraints, audio processing
methods are commonly used for reproducing two-channel or multi-channel
audio signals over a pair of headphones or a pair of loudspeakers. Such
methods include compelling spatial enhancement effects to improve the audio
playback in applications having narrowly spaced speakers. [0013] In U.S.
Pat. No. 5,671,287, Gerzon discloses a pseudo-stereo or directional
dispersion effect with both low "phasiness" and a substantially flat
reproduced total energy response. The pseudo-stereo effect includes minimal
unpleasant and undesirable subjective side effects. It can also provide
simple methods of controlling the various parameters of a pseudo-stereo
effect such as the size of angular spread of sound sources. [0014] In U.S.
Pat. No. 6,370,256, McGrath discloses a Head Related Transfer Function on
an input audio signal in a head tracked listening environment including a
series of principle component filters attached to the input audio signal
and each outputting a predetermined simulated sound arrival; a series of
delay elements each attached to a corresponding one of the principle
component filters and delaying the output of the filter by a variable
amount depending on a delay input so as to produce a filter delay output; a
summation means interconnected to the series of delay elements and summing
the filter delay outputs to produce an audio speaker output signal; head
track parameter mapping unit having a current orientation signal input and
interconnected to each of the series of delay elements so as to provide the
delay inputs. [0015] In U.S. Pat. No. 6,574,649, McGrath discloses an
efficient convolution technique for spatial enhancement. The time domain
output adds various spatial effects to the input signals using low
processing power. [0016] Conventional spatial audio enhancement effects
include processing audio signals to provide the perception that they are
output from virtual speakers thereby having an outside the head effect (in
headphone playback), or beyond the loudspeaker arc effect (in loudspeaker
playback). Such "virtualization" processing is particularly effective for
audio signals containing a majority of lateral (or 'hard-panned') sounds.
However, when audiosignals contain center-panned sound components, the
perceived position of center-panned sound components remains 'anchored' at
the center-point of the loudspeakers. When such sounds are reproduced over
headphones, they are often perceived as being elevated and may produce an
undesirable "in the head" audio experience. [0017] Virtual audio effects
are less compelling for audio material that is less aggressively mixed for
two-channel or stereo signals. In this regard, the center-panned components
dominate the mix, resulting in minimal spatial enhancement. In an extreme
case where the input signal is fully monophonic (identical in the left and
right audio source channels), no spatial effect is heard at all when
spatial enhancement algorithms are enabled. 



[0018] This is particularly problematic in systems where loudspeakers are
below a listener's ear level (horizontal listening plane). Such
configurations are present in laptop computers or mobile devices. In these
cases, the processed hard-panned components of the audio mix may be
perceived beyond the loudspeakers and elevated above the plane of the
loudspeakers, while the center-panned and/or monophonic content is
perceived to originate from between the original loudspeakers. This results
in a very 'disjointed' reproduced stereo image. [0019] Therefore, in view
of the ever increasing interest and utilization of providing spatial
effects in audio signals, there is a need in the art for improved virtual
audio processing. BRIEF SUMMARY [0021] According to one aspect of the
present invention there is included a method for processing audio signals
having the steps of receiving at least one audio signal having at least a
center channel signal, a right side channel signal, and a left side channel
signal; processing the right and left side channel signals with a first
virtualizer processor, thereby creating a right virtualized channel signal
and a left virtualized channel signal; processing the center channel signal
with a spatial extensor to produce distinct right and left outputs, thereby
expanding the center channel with a pseudo-stereo effect; and summing the
right and left outputs with the right and left virtualized channel signals
to produce at least one modified side channel output. [0022] The center
channel signal is filtered by right and left all-pass filters producing
right and left phase shifted output signals. The right and left side
channel signals are processed bythe first virtualizer processor to create a
different perceived spatial location for at least one of the right side
channel signal and left side channel signal. In an alternative embodiment,
the step of processing the center channel signal with a spatial extensor
further comprises the step of applying a delay or an all-pass filter to the
center channel signal, thereby creating a phaseshifted center channel
signal. Subsequently, the phase-shifted center channel signal is subtracted
from the center channel signal producing the right output. Afterwards, the
phaseshifted center channel signal is added to the center channel signal
producing the left output. In an alternative embodiment, the spatial
extensor scales the center channel signal based on at least one coefficient
which determines a perceived amount of spatial extension. The coefficient
is determined by multiplication factors a and b verifying a2 +b2 =c ;
wherein c is equal to a predetermined constant value. [0023] According to a
second aspect of the present invention, a method is included for processing
audio signals comprising the steps of receiving at least one audio signal
having at least a right side channel signal and a left side channel signal;
processing the right and left side channel signals to extract a center
channel signal; further processing the right and left side channel signals
with a first virtualizer processor, thereby creating a right virtualized
channel signal and a left virtualized channel signal; processing the center
channel signal with a spatial extensor to produce distinct left and right
outputs, thereby expanding the center channel with a pseudo-stereo effect;
and summing the right and left outputs with the right and left virtualized
channel signals to produce at least one modified side channel output.
[0024] The first processing step may comprise the step of filtering the
right and left side channel signals into a plurality of sub-band audio
signals, each sub-band signal being associated with a different frequency
band; extracting a sub-band center channel signal from each frequency band;
and recombining the extracted sub-band center channel signals to produce a
full-band center channel output signal. The first processing step may
include the step of extracting the sub-band center channel signal by
scaling at least one of the right or left sub-band side channel signals
with at least one scaling coefficient. It is contemplated that the at least
one scaling coefficient is determined by evaluating an inter-channel
similarity index between the right and left side channel signals. The
inter-channel similarity index is related to a magnitude of a signal
component common to the right and left side channel signals.(00251
According to a third aspect of the present invention, there is provided an
audio signal processing apparatus comprising at least one audio signal
having at least a center channel signal, a right side channel signal, and a
left side channel signal; a processor for receiving the right and left side
channel signals, the processor processing the right and left side channel
signals with a first virtualizer processor, thereby creating a right
virtualized channel signal and a left virtualized channel signal; a spatial
extensor for receiving the center channel signal, the spatial extensor
processing the center channel signal to produce distinct right and left
output signals, thereby expanding the center channel with a pseudo-stereo
effect; and a mixer for summing the right and left output signals with the
right and left virtualized channel signals to produce at least one modified
side channel output. The right and left side channel signals are processed
with the first virtualizer processor to create a different perceived
spatial location for at least one of the right side channel signal and left
side channel signal. The present invention is best understood by reference
to the following detailed description when read in conjunction with the
accompanying drawings. 



BRIEF DESCRIPTION OF THE DRAWINGS [0026] These and other features and
advantages of the various embodiments disclosed herein will be better
understood with respect to the following description and drawings, in which
like numbers refer to Jike parts throughout, and in which: [0027] FIG. Ia
is a schematic diagram illustrating a conventional audio reproduction
playback system for reproduction over headphones or loudspeakers. [0028]
FIG. Ib is a schematic drawing illustrating a laptop computer having two
encased speakers narrowly spaced apart. [0029] FIG. 2 is a schematic
diagram illustrating a virtual audio processing apparatus for playback over
a frontal pair of loudspeakers. [0030] FIG. 3 is a block diagram of a
virtual audio processing system having three parallel processing blocks and
a spatial extensor included in the center channel processing block.[0031]
FIG. 3a is a block diagram of a front-channel virtualization processing
block having HRTF filters with a sum and difference transfer function and
the generation of two output signals. [0032] FIG. 3b is a block diagram of
a surround-channel virtualization processing block having HRTF filters with
a sum and difference transfer function and generating two output signals.
[0033] FIG. 4 is a schematic diagram illustrating the auditory effect of
spatial extension processing according to an embodiment of the invention.
[0034] FIG. 5a is a block diagram of the spatial extension processing block
depicting the center channel signal being filtered by a right all pass
filter and a left all pass filter. [0035] FIG. 5b is a block diagram of an
all pass filter including a delay unit. [0036] FIG. 5c is a block diagram
of a spatial extension processing block having a delay unit. [0037] FIG. 5d
is a block diagram of a spatial extension processing block having one
all-pass filter. [0038] FIG. 6 is a block diagram of a virtual audio
processing apparatus including a center channel extraction block for
extracting a center channel signal from right and left channel signals.
[0039] FIG. 7 is a block diagram of a center-channel extraction processing
block performing sub-band analysis. [0040] FIG. 8 is a block diagram of a
virtual audio processing apparatus having a spatial extension and channel
virtualizer in the same processing block. DETAILED DESCRIPTION [0041] In
the following description, numerous specific details are set forth.
However, it is understood that embodiments of the invention may be
practiced without these specific details. In other instances, well-known
circuits, structures, and techniques have not been shown in order not to
obscure the understanding of this description.[0042] Elements of one
embodiment of the invention may be implemented by hardware, firmware,
software or any combination thereof. When implemented in software, the
elements of an embodiment of the present invention are essentially the code
segments to perform the necessary tasks. The software may include the
actual code to carry out the operations described in one embodiment of the
invention, or code that emulates or simulates the operations. The program
or code segments can be stored in a processor or machine accessible medium
or transmitted by a computer data signal embodied in a carrier wave, or a
signal modulated by a carrier, over a transmission medium. The "processor
readable or accessible medium" or "machine readable or accessible medium"
may include any medium that can store, transmit, or transfer information.
Examples of the processor readable medium include an electronic circuit, a
semiconductor memory device, a read only memory (ROM), a flash memory, an
erasable ROM (EROM), a floppy diskette, a compact disk (CD) ROM, an optical
disk, a hard disk, a fiber optic medium, a radio frequency (RF) link, etc.
The computer data signal may include any signal that can propagate over a
transmission medium such as electronic network channels, optical fibers,
air, electromagnetic, RF links, etc. The code segments may be downloaded
via computer networks such as the Internet, Intranet, etc. [0043] The
machine accessible medium may be embodied in an article of manufacture. The
machine accessible medium may include data that, when accessed by a
machine, cause the machine to perform the operation described in the
following. The term "data" here refers to any type of information that is
encoded for machine-readable purposes. Therefore, it may include program,
code, data, file, etc. [0044] All or part of an embodiment of the invention
may be implemented by software. The software may have several modules
coupled to one another. A software module is coupled to another module to
receive variables, parameters, arguments, pointers, etc. and/or to generate
or pass results, updated variables, pointers, etc. A software module may
also be a software driver or interface to interact with the operating
system running on the platform. A software 



module may also be a hardware driver to configure, set up, initialize, send
and receive data to and from a hardware device 10045] One embodiment of the
invention may be described as a process which is usually depicted as a
flowchart, a flow diagram, a structure diagram, or a block diagram.
Although a block diagram may describe the operations as a sequential
process, many of the operationscan be performed in parallel or
concurrently. In addition, the order of the operations may be re-arranged.
A process is terminated when its operations are completed. A process may
correspond to a method, a program, a procedure, etc. [0046] FIG. 2 is a
schematic diagram illustrating an environment in which one embodiment of
the invention can be practiced. The environment includes a virtual audio
processing apparatus 26 configured to receive at least one audio source
signal 28. The audio source signal 28 can be any audio signal such as a
mono signal or a two-channel signal (such as a music track or TV
broadcast). A two-channel audio signal includes two side channel signals
LF(, RF(t) intended for playback over a pair of frontal loudspeakers LF,
RF. Alternatively, the audio source signal 28 may be a multi-channel signal
(such as a movie soundtrack) and include a center channel signal CF(t) and
four side channel signals LS(Z), LF(t), RF(t), RS( intended for playback
over a surround -sound loudspeaker array. It is preferred that the audio
source signal 28 includes at least a left channel signal LF(t) and a right
channel signal RF(i). [0047] The virtual audio processing apparatus 26
processes audio source signals 28 to produce audio output signals 30a, 30b
for playback over loudspeakers o r headphones. An audio source signal 28
may be a multi-channel signal intended for performance over an array of
loudspeakers 14 surrounding the listener, such as the standard '5.1 '
loudspeaker layout shown on FIG. Ia, with the loudspeakers labeled LS (Left
Surround), LF (Left Front), CF (Center Front), RF (Right Front), RS (Right
Surround), SW (Subwoofer). The standard '5.1' loudspeaker layout 14 is
provided by way of example and not limitation. In this regard, it is
contemplated that audio output signals 30a, 30b may be configured for
simulating any source (or 'virtual') loudspeaker layout represented as
'w.n', where m is the number of main (satellite) channels and n is the
number of subwoofer (or Low Frequency Enhancement) channels. Alternatively,
the audio output signals 30a, 30b may be processed for playback over a pair
of headphones 12. [0048] The virtual audio processing apparatus 26 has
various conventional processing means (not shown) which may include a
digital signal processor connected to digital audio input and output
interfaces and memory storage for the storage of temporary processing data
and of processing program instructions.[0049] The audio output signals 30a,
30b are directed to a pair of loudspeakers respectively labeled L and R.
FIG. 2 depicts the intended placement of the loudspeakers LS, LF, CF, RF,
and RS for a five-channel audio input signal. In many practical
applications, such as TV sets or laptop computers, the physical spacing of
the output loudspeakers L and R is narrower than the intended spacing of
the LF and RF loudspeakers. In this case, the virtual audio processing
apparatus 26 is designed to produce a stereo widening effect. The stereo
widening effect provides the illusion that the audio signals LF(t) and
RF(t) emanate from a virtual pair of loudspeakers located at positions LF
and RF. Thus, it is perceived that sound emanates from virtual speakers
positioned at the intended location of the speakers. A virtual loudspeaker
may be positioned at any location on the spatial sound stage. In this
regard, it is contemplated that audio source signals 28 may be processed to
emanate from virtual loudspeakers at any perceived position. [0050] For a
five-channel audio source signal 28, the virtual audio processing apparatus
26 produces the perception that audio channel signals CF(t), LS(t) and
RS(t) emanate from loudspeakers located respectively at positions CF, LS
and RS. Likewise, audio channel signals CF(t), LF(t) and RF(t) may be
perceived to emanate from loudspeakers located respectively at positions
CF, LF, and RF. As is well-known in the art, these illusions may be
achieved by applying transformations to the audio input signals 28 taking
into account measurements or approximations of the loudspeaker-to-ear
acoustic transfer functions, or Head Related Transfer Functions (HRTF). An
HRTF relates to the frequency dependent time and amplitude differences that
are imposed on the sound emanating from any sound source and are attributed
to acoustic diffraction around the listener's head. It is contemplated that
every source from any direction yields two associated HRTFs (one for each
ear). It is important to note that most 3-D sound systems are incapable of
using the HRTFs of the user; in most cases, nonindividualized (generalized)
HRTFs are used. Usually, a theoretical approach, physically or
psychoacoustically based, is used for deriving nonindividualized HRTFs that
are generalizable to a large segment of the population. [0051] The
ipsilateral HRTF represents the path taken to the ear nearest the source
and the contralateral HRTF represents the path taken to the farthest ear.
The HRTFs denoted on FIG 2 are as follow.Ho, : ipsilateral HRTF for the
front left or right physical loudspeaker locations; 



Hoc ' contralateral HRTF for the front left or right physical loudspeaker
locations; Hf 1 : ipsilateral HRTF for the front left or right virtual
loudspeaker locations; H c : contralateral HRTF for the front left or right
virtual loudspeaker locations; Hs, : ipsilateral HRTF for the surround left
or right virtual loudspeaker locations; Hsc : contralateral HRTF for the
surround left or right virtual loudspeaker locations; HF : HRTF for front
center virtual loudspeaker location (identical for the two ears); [0052]
The virtual audio processing apparatus assumes a symmetrical relationship
between the physical and virtual loudspeaker layouts with respect to the
listener's frontal direction. With a symmetrical relationship, a listener
is positioned on a linear axis in relation to the CF speaker such that the
audio image is directionally balanced. It is contemplated that slight
changes in head positions will not disjoint the symmetrical relationship. A
symmetrical relationship is provided by way of example and not limitation.
In this regard, a person skilled in the art will understand that the
present invention may extend to asymmetrical virtual loudspeaker layouts
including an arbitrary number of virtual loudspeakers positioned at any
perceived location on a sound stage. [0053] In an exemplary embodiment of
the present invention, the intended output speakers may be headphones 12.
In this case, the actual output loudspeakers L and R are positioned at the
ears of the listener. The transfer function Ho, is the headphone transfer
function and the transfer function Ho may be neglected. [0054] Referring
now to FIG. 3, a block diagram of the virtual audio processing apparatus 26
is shown. The overall processing is decomposed into three parallel
processing blocks processing audio source signal channels 28, whose outputs
signals are summed respectively to compute the final output signal L(t),
R(t), Each audio source signal 28 is virtualized thereby providing the
illusion that each source channel signal LF(t), RF(t), LS(t), RS(t), CF(I)
is positioned at a different predetermined position in 3D space. However,
to provide the intended spatial effect, only one of the side channel
signals LF(t), RF(t), LSfl), RS(I) is required to be virtualized. Various
virtualization techniques for surround loudspeakers of a 5.1 -channel
system are known in the art. In some systems, the LS(t) and RS(t) channels
ofthe 5.1 surround mix may be binaurally processed so as to create virtual
sources with the HRTF corresponding to approximately 110 degrees from the
front on either side (the normal locations of the surround loudspeakers).
[005SJ The front-channel virtuaJization processing block 34 processes the
front-channel source audio signal pair LF(t), RF(O- h surround-channel
virtualization processing block 36 processes the surround-channel source
audio signal pair LS(t), RS(I). The center-channel virtualization
processing block 38 processes the center-channel source audio signal CF(I)-
[0056] For a frontal loudspeaker output, the center-channel virtualization
processing block 38 may include a signal attenuation of 3 dB. For a
headphone output, the center-channel virtualization processing block 38 may
apply a filter to the source signal CF(t), defined by transfer function [
HF I Hoi ]. [0057] Referring now to FIGs 3a and 3b, a block diagram
depicting a preferred embodiment of the front-channel virtualization
processing block 34 and of the surround-channel virtualization processing
block 36 is shown. The present embodiment assumes symmetry of the physical
and virtual loudspeaker layouts with respect to the listener's frontal
direction. The blocks HFSUM, HFDIFF, H SSUM, and HSDIFF represent filters
with transfer functions defined respectively by. HFSUM = [ HF, + HFc ] I
[H0 + / / ] ; HFDIFF = [ HFI - H c ] I [Ho/ - H ] ; HS U [ Hs, + Hsc ] l
[Ho, + Hoc } HSDIFF - [ H / - H ] [H; - Hoc ] [0058] Referring back to FIG
3, the center-channel virtualization block 38 is followed by a spatial
extension processing block 40 (or spatial extensor, described in further
detail below), producing two distinct (L and R) output signals from a
single-channel input signal CF(t), yielding a pseudo-stereo effect. A
pseudo-stereo effect converts a mono signal to a twochannel or
multi-channel output signal, thereby spreading a mono signal across a
twochannel or multi-channel stage. [0059] In frontal loudspeaker playback,
the resulting subjective effect is the sense that the center-channel audio
signal CF(O emanates from an extended region of space located in
thevicinity of the physical loudspeakers, as illustrated in FIG. 4. The
resulting signal CF(t) is thus spread out or dispersed, thereby creating a
more natural sound perception. In headphone playback, the resulting
subjective effect is a more natural and externalized perception of the
localization of the center-channel audio signal. The subjective effect is
an improved frontal "out-of-head" perception, thereby mitigating a common
drawback in headphone playback. [0060] In FIG 3, the center-channel virtual
ization processing block 38 is a single-input, single-output filter, thus
it would be equivalent to modify the process of FIG. 3 by first 



applying the spatial extension processing to the input signal CF(t), and
then applying centerchannel virtualization processing identically to each
of the two output signals L and R of the spatial extension processing
block. [0061] Now referring to FIG. 5a, a block diagram of a spatial
extension processing block 40 is shown. The source signal CF(t) is split
into left and right output signals L, R, which are processed by distinct
all-pass filters APF L and APF R. An all-pass filter is an electronic
filter that passes all frequencies equally, but changes the phase
relationship between various frequencies. Thus, an all-pass filter may
provide a frequency dependent phase shift to a signal and/or vary its
propagation delay with frequency. AU pass filters are generally used to
compensate for other undesired phase shifts that arise in a process, or for
mixing with an unshifted version of the original signal to implement a
notch comb filter. They may also be used to convert a mixed phase filter
into a minimum phase filter with an equivalent magnitude response or an
unstable filter into a stable filter with an equivalent magnitude response.
[0062] Referring now to FIG. 5b, a block diagram of an embodiment of an
all-pass filter processing block APF is shown. The all-pass filter APF
includes a delay unit 42 denoted as Z~N, for introducing a time delay to
the center channel signal CF(t). The digital delay length N is expressed in
samples and g denotes a positive or negative loop gain such that its
magnitude \g\ < 1.0. It is preferred for the spatial extension processing
block 40 to include a different digital delay length N for each all-pass
filter APF, with a delay time duration between 3 and 5 ms. However, this
range of time duration is not intended to be limiting, as the time duration
may be determined according to various parameters.[0063] Referring now to
FIG. 5c, a block diagram of a spatial extension processing block 40
according to an alternative embodiment is shown. In this embodiment, the
difference between the L and R output signals of the spatial extension
processing block 40 is produced by adding and subtracting, respectively, to
the audio source signal CF(t) a delayed copy of itself. It is preferred
that the copied CF(t) signal includes a time delay having a digital delay
length between 2 and 4 ms. For a given digital delay length N, the degree
of spatial extension is determined by the scaling factors a and b. The
scaling factors are generated according to the multiplication factor having
the ratio alb. It is preferred that the ratio a/b be comprised within [0.0,
1.0]. The total power of the output signals L and R can be constrained to
match that of the input signal CF(t) by imposing the rule: a2 +b2 = c. It
is contemplated that c is equal to a predetermined constant. It is
preferred that c is equal to around 0.5. [0064] Referring now to FIG. 5d, a
block diagram of a spatial extension processing block 40 according to an
alternative embodiment of the invention is shown. The processing block of
FIG. 5c is modified by replacing the delay unit 42 with an all-pass filter
APF. A delay or an all-pass filter is applied to CF(t), thereby creating a
phase-shifted center channel signal. The phase-shifted center channel
signal is subtracted from CF(t) producing the right output. The
phase-shifted center channel signal is added to CF(t) producing the left
output. Variations of the spatial extension processing block 40 may be
realized by replacing the APF with another single-input, single-output
all-pass network. Alternative methods for constructing singleinput,
single-output all-pass networks may be applied in embodiments of the
spatial extension blocks described in FIG. 5a or FIG. 5d. These methods
include cascading a plurality of multiple single-input, single-output
all-pass networks and/or replacing or cascading any delay unit in an
all-pass network filter with another all-pass network. [0065] Referring now
to FIG. 6, another embodiment of the front-channel and center-channel
virtual ization processing included in apparatus 26 is shown. This
embodiment is preferred when the audio source signal 28 does not include a
discrete center-channel signal CF(I). A center-channel extraction
processing block 44 is inserted prior to the front-channel virtualization
processing block 34. The center-channel extraction processing block 44
receives the front-channel signal pair, denoted LF(I), RF(t), and outputs
three signals LF, RF and CF. The audio signal CF is the extracted
center-channel audio signal, whichcontains the audio signal components that
are common to the original left and right input signals LF and RF (or
"center-panned"). The audio signal LF contains the audio signal components
that are localized (or "panned") to the left in the original two-channel
input signal (IF, RF), Similarly, the audio signal RF contains the audio
signal components that are localized (or "panned") to the right in the
input signal (LF, RF). The three signals LF, RF and CF are then processed
in the same manner as in the virtual audio processing apparatus 26 of FIG.
3. Optionally, the extracted center-channel signal CF' may be combined
additively with a discrete center-channel input signal CF(t), so that the
same virtual audio processing apparatus 26 may also be employed for
processing multi-channel input signals that include an original
center-channel signal. [0066] Now referring to FIG. 7, a block diagram of
an embodiment of the center-channel 



extraction processing block 44 is shown. The audio source channel signals
LF(t) and RF(t) are processed by optional sub-band analysis stages 46a, 46b
which decompose the signals into a plurality of sub-band audio signals
associated to different frequency bands. In embodiments that include these
sub-band analysis stages 46a, 46b, the center-channel extraction process is
performed separately for each frequency band, and a synthesis block may
optionally be provided for recombining the sub-band output signals
corresponding to each of the three output channels LF(t), RF(t) and CF(t)
into the full-band audio signals LF, RF and CF. In one embodiment, the
center-channel extraction process is performed by: LF = kL * LF; RF = kR RF
; CF = kc * ( LF +RF); [0067] wherein ki represents the scaling coefficient
for the LF' signal, kR represents the scaling coefficient for the RF'
signal, and kc represents the scaling coefficient for the CF' signal. In
one embodiment, the scaling coefficients ki , k and kc are adaptively
computed by an adaptive dominance detector block 48 which continuously
evaluates the degree of inter-channel similarity M between the input
channels, raises the value of kc when the interchannel similarity is high,
and reduces the value of kc when the inter-channel similarity is low.
Concurrently, the adaptive dominance detector block reduces the values of
ki and kR when the inter-channel similarity is high and increases these
values when the inter-channel similarity is low. In one embodiment of the
invention, the inter-channel similarity index A/ is defined by:M = og [ \LF
+RF \2 / \ LF- RF \2 ] [0068] Now referring to FIG. 8, a block diagram of
virtual audio processing apparatus 26 according to an alternative
embodiment is shown. The spatial extension processing block 40 and the
front-channel virtualization processing block 34 of FIG. 3a are combined in
a single processing block. The spatial extension processing is applied to
the output of the filter HFSUM, which is derived from the sum of the audio
source channel signals LF(t) and RF(t). A delay or an all-pass filter is
applied to CF(t), thereby creating a phase-shifted center channel signal.
The phase-shifted center channel signal is subtracted from CF(t) producing
the right output. The phase-shifted center channel signal is added to CF(t)
producing the left output. The difference of the right and left side
channel signals are processed by HF(D FF) to produce a filtered difference
signal. The filtered difference signal is summed with the phaseshifted
center channel signal. The optional adaptive dominance detector 48
continually adjusts the degree of spatial extension according to the
inter-channel similarity index M. Optionally, as in FIG. 7, the input
signals LF(t) and RF(t) may be pre-processed by a subband analysis block
(not shown in FIG. 8) and the output signals L and R may be post processed
by a synthesis block to recombine sub-band signals into full-band signals.
[0069] The particulars shown herein are by way of example and for purposes
of illustrative discussion of the embodiments of the present invention only
and are presented in the cause of providing what is believed to be the most
useful and readily understood description of the principles and conceptual
aspects of the present invention. In this regard, no attempt is made to
show particulars of the present invention in more detail than is necessary
for the fundamental understanding of the present invention, the description
taken with the drawings making apparent to those skilled in the art how the
several forms of the present invention may be embodied in practice.WHAT IS
CLAIMED IS: 1. A method for processing audio signals comprising the steps
of: receiving at least one audio signal having at least a center channel
signal, a right side channel signal, and a left side channel signal;
processing the right and left side channel signals with a first virtualizer
processor, thereby creating a right virtualized channel signal and a left
virtualized channel signal; processing the center channel signal with a
spatial extensor to produce distinct right and left outputs, thereby
expanding the center channel with a pseudo-stereo effect; and summing the
right and left outputs with the right and left virtualized channel signals
to produce at least one modified side channel output. 2. The method of
claim 1, wherein the step of processing the center channel signal with a
spatial extensor comprises: processing the center channel signal with a
right all-pass filter to produce a right phase shifted output signal. 3.
The method of claim 1, wherein the step of processing the center channel
signal with spatial extensor comprises: processing the center channel
signal with a left all-pass filter to produce a left phase shifted output
signal. 4. The method of claim 1, wherein processing the right and left
side channel signals 



with the first virtualizer processor creates a different perceived spatial
location for at least one of the right side channel signal and left side
channel signal. 5. The method of claim 1, wherein the step of processing
the center channel signal with a spatial extensor comprises:applying a
delay or an all-pass filter to the center channel signal, thereby creating
a phase-shifted center channel signal; subtracting the phase-shifted center
channel signal from the center channel signal to produce the right output;
and adding the phase-shifted center channel signal to the center channel
signal to produce the left output. 6. The method of claim 5, wherein the
step of processing the center channel signal with a spatial extensor
further comprises the step of scaling the center channel signal based on at
least one coefficient which determines a perceived amount of spatial
extension. 7. The method of claim 6, wherein the at least one coefficient
is determined by multiplication factors a and b verifying a1 + b2 = c ;
wherein c is equal to a predetermined constant value. 8. The method of
claim 7, wherein the predetermined constant value is 0.5. 9. The method of
claim 1, wherein the at least one audio signal further comprises a right
surround side channel signal and a left surround side channel signal. 10.
The method of claim 9, wherein the right and left surround side channel
signals are processed by a second virtualizer processor, thereby creating a
right surround virtualized channel signal and a left surround virtualized
channel signal. 11. The method of claim 10, further comprising the step:
summing the right and left outputs with the right and left surround
virtualized channel signals to produce at least one modified side channel
output.12. The method of claim 1, wherein the virtualizer processor
includes a first HRTF filter represented as HQUM) and a second HRTF filter
represented as H (DIFF ) wherein H(SU ) and H(DiFF) include the transfer
functions: H(SUM) = [ H 1 + H c ] l [Hot O I H(DIFF) - [ H 1 - H c ] I [HOi
- Hoc ],' wherein H1 is an ipsilateral HRTF for a left or right virtual
loudspeaker location, H is a contralateral HRTF for the left or right
virtual loudspeaker location; H 'S an ipsilateral HRTF for a left or right
physical loudspeaker location, Ho is a contralateral HRTF for the left or
right physical loudspeaker location. 13. A method for processing audio
signals comprising the steps of: receiving at least one audio signal having
at least a right side channel signal and a left side channel signal;
processing the right and left side channel signals to extract a center
channel signal; further processing the right and left side channel signals
with a first virtualizer processor, thereby creating a right virtualized
channel signal and a left virtualized channel signal; processing the center
channel signal with a spatial extensor to produce distinct left and right
outputs, thereby expanding the center channel with a pseudo-stereo effect;
and summing the right and left outputs with the right and left virtualized
channel signals to produce at least one modified side channel output. 14.
The method of claim 13, wherein the first processing step comprises:
filtering the right and left side channel signals into a plurality of
sub-band audio signals associated with different frequency bands;
extracting a sub-band center channel signal in at least one frequency band;
and recombining the sub-band center channel signals to produce a full-band
center channel signal.15. The method of claim 13, wherein the first
processing step includes: scaling at least one of the right or left side
channel signals with at least one scaling coefficient. 16. The method of
claim 15, wherein the at least one scaling coefficient is determined by
continuously evaluating an inter-channel similarity index between the right
and left side channel signals, wherein the inter-channel similarity index
is related to a magnitude of a signal component common to the right and
left side channel signals. 17. The method of claim 16, wherein the
inter-channel similarity index is determined by comparing the powers of a
sum and a difference of the right and left side channel signals. 18. The
method of claim 13, wherein the first virtualizer processor includes a
first HRTF 



filter represented as H U ) and a second HRTF filter represented as
H(DIFF), wherein H(suM) and H (DI FF) include the transfer functions: H(SUw
= [ H1 Hc ] l [H 0, + Hod H(DlFF) = [ H i - Hc ] / [Hoi - Hoc ]', wherein
Hi is an ipsilateral HRTF for a left or right virtual loudspeaker location,
Hc is a contralateral HRTF for the left or right virtual loudspeaker
location, Ho, is an ipsilateral HRTF for a left or right physical
loudspeaker location, Hoc is a contralateral HRTF for the left or right
physical loudspeaker location. 19. The method of claim 18, comprising the
step: processing the sum of the right and left side channel signals with H
(SUM ) to produce the center channel signal. 20. The method of claim 13,
wherein the step of processing the center channel signal with a spatial
extensor comprises: applying a delay or an all-pass filter to the center
channel signal, thereby creating a phase-shifted center channel signal;
subtracting the phase-shifted center channel signal from the center channel
signal to produce the right output; and adding the phase-shifted center
channel signal to the center channel signal to produce the left output. 21.
The method of claim 18, further comprising the step: applying a delay or an
all-pass filter to the center channel signal, thereby creating a
phase-shifted center channel signal; subtracting the phase-shifted center
channel signal from the center channel signal to produce the right output;
and adding the phase-shifted center channel signal to the center channel
signal to produce the left output. processing the difference of the right
and left side channel signals with H(DIFF) to produce a filtered difference
signal. summing the filtered difference signal with the phase-shifted
center channel signal. 22. The method of claim 18, wherein the transfer
function H0, is a headphone transfer function and the transfer function HOc
is substantially zero. 23. The method of claim 20, comprising the step of
scaling the center channel signal based on at least one coefficient which
determines a perceived amount of spatial extension. 24. The method of claim
20, wherein the amplitude of the center channel signal is continuously
adjusted by a scaling factor based on an inter-channel similarity index
between the right and left side channel signals, wherein the similarity
index is related to the magnitude of a signal component common to the right
and left side channel signals.25. The method of claim 1 or 13, wherein the
summing step produces at least two modified side channel output signals for
playback over headphones. 26. An audio signal processing apparatus
comprising: at least one audio signal having at least a center channel
signal, a right side channel signal, and a left side channel signal; a
processor for receiving the right and left side channel signals, the
processor processing the right and left side channel signals with a first
virtualizer processor, thereby creating a right virtualized channel signal
and a left virtualized channel signal; a spatial extensor for receiving the
center channel signal, the spatial extensor processing the center channel
signal to produce distinct right and left output signals, thereby expanding
the center channel with a pseudo-stereo effect; and a mixer for summing the
right and left output signals with the right and left virtualized channel
signals to produce at least one modified side channel output. 27. The audio
signal processing apparatus of claim 26, wherein processing the right and
left side channel signals with the first virtualizer processor creates a
different perceived spatial location for at least one of the right side
channel signal and left side channel signal. 28. The audio signal
processing apparatus of claim 26, wherein the audio signal includes a right
surround side channel signal and a left surround side channel signal. 


