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SEMICONDUCTOR MATERIALS AND METHODS OF PREPARATION AND USE
THEREOF

Cross Reference to Related Application

[0001] Thas application claims priority to and the benefit of U.S. Provisional Patent Application
Serial No. 61/057,547, filed on May 30, 2008, the disclosure of which 1s incorporated by reference

herein 1n 1ts entirety.

Background

[0002] A new generation of optoelectronic devices such as organic thin film transistors (TFT),
organic light emitting diodes (OLEDs), printable circuits, organic photovoltaic devices, capacitors and
sensors are built upon organic semiconductors as their active components. These devices need to
achieve performance compatible with their envisioned applications such as display backplanes, radio-
frequency i1dentification tags, printed sensors and photovoltaics. Like morganic material-based
electronics, organic semiconductor-based devices can operate efficiently and at high speed 1f both p-
type and n-type semiconductor materials exhibit high charge carrier mobility and stability under

ambient conditions, and can be processed mn a cost-effective manner.

[0003] The most promising organic semiconductors include m-conjugated small molecules and
polymers that have an electronic structure compatible with efficient charge transport and suitable for
charge mjection from the electrical contacts. To date, most of the organic semiconductors that have
been nvestigated and optimized are p-type semiconductor materials due to their enhanced
environmental stability. In contrast, n-type semiconductors are limited to a small number of
molecules and polymers, most of which are mactive under ambient conditions. It has been reported
that some core-cyanated rylenes, including perylenes, anthracenes, naphthalenes, and the like, can be
active under ambient-conditions and can exhibit processing versatility. See e€.g., Tang, C.W. (1986),
Appl. Phys. Lett., 48: 183; Law, K.Y. (1993), Chem. Rev., 93: 449; and Forrest, R.F. (1997), Chem.
Rev., 97: 1793.

[0004] While both contact and noncontact printing techniques have been employed for the
fabrication of electronic devices, wider application of organic semiconductor materials i printable
circuits has been constrained by the unavailability of suitable formulations. For example, satisfactory
printing results only can be obtained if these materials can be formulated in printing medium with
appropriate viscosity. In some instances, inclusion of binders 1s not a feasible option because of their

negative impact on the carrier mobility of the semiconductor materials.
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[0005] Accordingly, the art desires new n-type organic semiconductor materials, especially those
that can be formulated m solutions of a broad viscosity range suitable for use in various solution

processing techniques including, but not limited to, contact and noncontact printing.

Summary

[0006] In light of the foregoing, the present teachings provide organic semiconductor materials and
associated devices that can address various deficiencies and shortcomings of the prior art, including

those outlined above.

[0007] More specifically, the present teachings provide organic semiconductor materials that are
based upon dimeric rylene compounds, including dimeric perylene compounds. It has been found that
compounds of the present teachings can afford useful electrical properties and broad viscosity ranges

suitable for various solution-phase processes.

[0008] In one aspect , the present teachings provide compounds having Formula I:

Q—L—Q'

wherein Q and Q' independently are optionally substitued rylene moicties and L 1s a linker as

described herein.

[0009] The present teachings also provide methods of preparing such compounds and
semiconductor materials as well as various compositions, articles, structures, and devices that include

the compounds and semiconductor materials disclosed herein.

[0010] The foregoing and other features and advantages of the present teachings will be more fully

understood from the following schemes, figures, tables, description, and claims.

Briet Description of Drawings

[0011] It should be understood that the drawings described below are for 1llustration purpose only.
The drawings are not necessarily to scale and are not intended to limit the scope of the present

teachings 1n any way.

[0012] Figure 1 shows a general synthetic scheme of preparing compounds of the present teachings.

[0013] Figure 2 shows an exemplary method of preparing certain compounds of the present

teachings, for example, PDIBrCNs.

[0014] Figure 3 shows an exemplary method of preparing certain compounds of the present

teachings, for example, BPDI-BTs.
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[0015] Figure 4 shows an exemplary method of preparing an embodiment of the present teachings,

for example, BPDI-BTZ.

[0016] Figure 5 illustrates different configurations of organic field effect transistors.

[0017] Figure 6 shows representative output plots obtained with certain bottom-gate top-contact

organic field effect transistors according to the present teachings under ambient conditions.

Detailed Description

[0018] The present teachings provide organic semiconductor materials, including compounds and
compositions. The organic semiconductor materials disclosed herein can exhibit useful electrical
properties and can be solution-processable, €.g., spin-coatable and printable. In addition, these
materials can be considered n-type semiconductor materials and can be used to fabricate various
organic electronic articles, structures and devices, including field-eftect transistors, unipolar

circuitrics, complementary circuitries, photovoltaic devices, and light emitting devices.

[0019] Specifically, the present teachings provide dimeric rylene compounds, including dimeric
perylene compounds. These compounds typically can have some solubility in one or more common
solvents and can be stable under ambient conditions. The present teachings also provide methods of
preparing and using these compounds, including compositions, articles, structures, and devices that

can include such compounds.

[0020] Throughout the application, where compositions are described as having, including, or
comprising specific components, or where processes are described as having, including, or comprising
specific process steps, 1t 15 contemplated that compositions of the present teachings also consist
essentially of, or consist of, the recited components, and that the processes of the present teachings

also consist essentially of, or consist of, the recited process steps.

[0021] In the application, where an element or component 1s said to be included m and/or selected
from a list of recited elements or components, 1t should be understood that the element or component
can be any one of the recited elements or components and can be selected from a group consisting of
two or more of the recited elements or components. Further, 1t should be understood that elements
and/or features of a composition, an apparatus, or a method described herein can be combined 1n a
varicty of ways without departing from the spirit and scope of the present teachings, whether explicit

or implicit herem.

[0022] The use of the terms “include,” “includes”, “including,” “have,” “has,” or “having” should

be generally understood as open-ended and non-limiting unless specifically stated otherwise.
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[0023] The use of the singular herein includes the plural (and vice versa) unless specifically stated
otherwise. In addition, where the use of the term *“about™ 1s before a quantitative value, the present

teachings also include the specific quantitative value itself, unless specifically stated otherwise. As

used herein, the term “about” refers to a £10% variation from the nominal value.

[0024] It should be understood that the order of steps or order for performing certain actions 1s
immaterial so long as the present teachings remain operable. Moreover, two or more steps or actions

may be conducted simultaneously.

[0025] As used herein, “solution-processable” refers to compounds (e.g., dimeric perylene
compounds), materials, or compositions that can be used 1n various solution-phase processes
including spin-coating, printing (¢.g., inkjet printing, screen printing, pad printing, offset printing,
gravure printing, flexographic printing, lithographic printing, and the like), spray coating, electrospray

coating, drop casting, dip coating, and blade coating.

[0026] As used herein, a “cyclic moiety” can include one or more (e.g., 1-6) carbocyclic or
heterocyclic rings. In embodiments where the cyclic moiety 1s a polycyclic moiety, the polycyclic
system can include one or more rings fused to each other (1.¢., sharing a common bond) and/or
connected to each other via a spiro atom. The cyclic moiety can be a cycloalkyl group, a
cycloheteroalkyl group, an aryl group, or a heteroaryl group, and can be substituted as disclosed
herein. As used herein, “bispolycyclic” or “bispolycyclic compound™ refers to a molecule including
two polycyclic moieties connected by a covalent bond or a divalent group. The polycyclic moieties 1n
the bispolycyclic compounds can be 1dentical or different and each of the polycyclic moieties

optionally can be substituted as disclosed herein.

[0027] As used herein, a “fused ring” or a “fused ring moiety” refers to a polycyclic ring system
having at least two rings where at least one of the rings 1s aromatic and such aromatic ring

(carbocyclic or heterocyclic) has a bond in common with at least one other ring that can be aromatic
or non-aromatic, and carbocyclic or heterocyclic. These polycyclic ring systems can be highly 7t-

conjugated and can include polycyclic aromatic hydrocarbons such as rylenes having the formula:

where a” can be an integer in the range of 0-3; coronenes having the formula:
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where ¢’ can be an integer in the range of 0-4. The fused ring moiety can be substituted as disclosed

herein.
[0028] As used herein, “halo” or “halogen” refers to fluoro, chloro, bromo, and 10do.
[0029] As used herein, “ox0” refers to a double-bonded oxygen (1.¢., =0).

[0030] As used herein, “alkyl” refers to a straight-chain or branched saturated hydrocarbon group.
Examples of alkyl groups include methyl (Me), ethyl (Et), propyl (e.g., n-propyl and 1so-propyl),
butyl (e.g., n-butyl, 1so-butyl, sec-butyl, tert-butyl), pentyl groups (¢.g., n-pentyl, 1so-pentyl,
neopentyl), hexyl groups, and the like. In various embodiments, an alkyl group can have 1 to 40
carbon atoms (1.¢., Ci49alkyl group), for example, 1-20 carbon atoms (1.e., C;»palkyl group). In some
embodiments, an alkyl group can have 1 to 6 carbon atoms, and can be referred to as a “lower alkyl
group.” Examples of lower alkyl groups include methyl, ethyl, propyl (e.g., n-propyl and 1so-propyl),
and butyl groups (e.g., n-butyl, 1so-butyl, sec-butyl, tert-butyl). In some embodiments, alkyl groups
can be substituted as described herein. An alkyl group 1s generally not substituted with another alkyl

group, an alkenyl group, or an alkynyl group.

[0031] As used herein, “haloalkyl” refers to an alkyl group having one or more halogen substituents.
At various embodiments, a haloalkyl group can have 1 to 40 carbon atoms

(1.e., Ci40 haloalkyl group), for example, 1 to 20 carbon atoms (1.¢., Ci.¢ haloalkyl group). Examples
of haloalkyl groups include CF;, C,Fs, CHF,, CH,F, CCl;, CHCl,, CH,Cl, C,Cls, and the like.
Perhaloalkyl groups, 1.¢., alkyl groups where all of the hydrogen atoms are replaced with halogen
atoms (e.g., CF; and C,F5), are included within the definition of ““haloalkyl.” For example, a C_4

_5 -
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haloalkyl group can have the formula —C,H,,.1.X", where X', at each occurrence, is F, Cl, Bror I, z is
an mteger m the range of 1 to 40, and t 1s an integer 1n the range of 1 to 81, provided that t 1s less than
or equal to 2z+1. Haloalkyl groups that are not perhaloalkyl groups can be substituted as described

herein.

[0032] As used herein, “alkoxy” refers to —O—alkyl group. Examples of alkoxy groups include, but
are not limited to, methoxy, ethoxy, propoxy (e.g., n-propoxy and 1sopropoxy), t-butoxy, pentoxyl,
hexoxyl groups, and the like. The alkyl group in the —O—alkyl group can be substituted as described

herein.

[0033] As used herein, “alkylthio” refers to an —S—alkyl group (which, in some cases, can be
expressed as —S(O)y—alkyl, wherein w 1s 0). Examples of alkylthio groups include, but are not limited
to, methylthio, ethylthio, propylthio (e.g., n-propylthio and 1sopropylthio), t-butylthio, pentylthio,
hexylthio groups, and the like. The alkyl group in the —S—alkyl group can be substituted as described

herein.

[0034] As used herein, “arylalkyl” refers to an —alkyl—aryl group, where the arylalkyl group 1s
covalently linked to the defined chemical structure via the alkyl group. An arylalkyl group 1s within
the definition of a —Y—Cg_ 14 aryl group, where Y 1s as defined herein. An example of an arylalkyl

group 1s a benzyl group (-CH,—C¢Hs). An arylalkyl group can be optionally substituted, 1.¢., the aryl
group and/or the alkyl group, can be substituted as disclosed herein.

[0035] As used herein, “alkenyl” refers to a straight-chain or branched alkyl group having one or
more carbon-carbon double bonds. Examples of alkenyl groups include ethenyl, propenyl, butenyl,
pentenyl, hexenyl, butadienyl, pentadienyl, hexadienyl groups, and the like. The one or more carbon-
carbon double bonds can be internal (such as in 2-butene) or terminal (such as in 1-butene). In
various embodiments, an alkenyl group can have 2 to 40 carbon atoms (1.e., C,4alkenyl group), for
example, 2 to 20 carbon atoms (1.¢., Crnpalkenyl group). In some embodiments, alkenyl groups can
be substituted as described herem. An alkenyl group 1s generally not substituted with another alkenyl
group, an alkyl group, or an alkynyl group.

[0036] As used herein, “alkynyl” refers to a straight-chain or branched alkyl group having one or
more triple carbon-carbon bonds. Examples of alkynyl groups include ethynyl, propynyl, butynyl,
pentynyl, hexynyl, and the like. The one or more triple carbon-carbon bonds can be internal (such as
in 2-butyne) or terminal (such as m 1-butyne). In various embodiments, an alkynyl group can have 2
to 40 carbon atoms (1.¢., C,49 alkynyl group), for example, 2 to 20 carbon atoms (1.¢., Croalkynyl
group). In some embodiments, alkynyl groups can be substituted as described herein. An alkynyl

group 1s generally not substituted with another alkynyl group, an alkyl group, or an alkenyl group.
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[0037] As used herein, “cycloalkyl” refers to a non-aromatic carbocyclic group including cyclized
alkyl, alkenyl, and alkynyl groups. In various embodiments, a cycloalkyl group can have 3 to 24
carbon atoms, for example, 3 to 20 carbon atoms (e.g., Cs.14 cycloalkyl group). A cycloalkyl group
can be monocyclic (e.g., cyclohexyl) or polycyclic (e.g., containing fused, bridged, and/or spiro ring
systems), where the carbon atoms are located mside or outside of the ring system. Any suitable ring
position of the cycloalkyl group can be covalently linked to the defined chemical structure. Examples
of cycloalkyl groups include cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl,
cyclopentenyl, cyclohexenyl, cyclohexadienyl, cycloheptatrienyl, norbornyl, norpinyl, norcaryl,
adamantyl, and spiro[4.5]decanyl groups, as well as their homologs, 1somers, and the like. In some

embodiments, cycloalkyl groups can be substituted as described herein.

[0038] As used herein, “heteroatom’ refers to an atom of any element other than carbon or hydrogen

and 1ncludes, for example, nitrogen, oxygen, silicon, sulfur, phosphorus, and selenium.

[0039] As used herein, “cycloheteroalkyl” refers to a non-aromatic cycloalkyl group that contains at
least one ring heteroatom selected from O, S, Se, N, P, and S1 (e.g., O, S, and N), and optionally
contains one or more double or triple bonds. A cycloheteroalkyl group can have 3 to 24 ring atoms,
for example, 3 to 20 ring atoms (¢.g., 3-14 membered cycloheteroalkyl group). One or more N, P, S,
or Se¢ atoms (¢.g., N or S) 1 a cycloheteroalkyl ring may be oxidized (e.g., morpholine N-oxide,
thiomorpholine S-oxide, thiomorpholine S,S-dioxide). In some embodiments, nitrogen or phosphorus
atoms of cycloheteroalkyl groups can bear a substituent, for example, a hydrogen atom, an alkyl
group, or other substituents as described herein. Cycloheteroalkyl groups can also contain one or
more 0xo groups, such as oxopiperidyl, oxooxazolidyl, dioxo-(1H,3H)-pyrimidyl, oxo-2(1H)-pyridyl,
and the like. Examples of cycloheteroalkyl groups include, among others, morpholinyl,
thiomorpholinyl, pyranyl, imidazolidinyl, imidazolinyl, oxazolidinyl, pyrazolidinyl, pyrazolinyl,
pyrrolidinyl, pyrrolinyl, tetrahydrofuranyl, tetrahydrothiophenyl, piperidinyl, piperazinyl, and the like.

In some embodiments, cycloheteroalkyl groups can be substituted as described herein.

[0040] As used herein, “aryl” refers to an aromatic monocyclic hydrocarbon ring system or a
polycyclic ring system in which two or more aromatic hydrocarbon rings are fused (1.e., having a
bond 1n common with) together or at least one aromatic monocyclic hydrocarbon ring 1s fused to one
or more cycloalkyl and/or cycloheteroalkyl rings. An aryl group can have 6 to 24 carbon atoms 1n 1ts
ring system (e.g., Ce.n0 aryl group), which can include multiple fused rings. In some embodiments, a
polycyclic aryl group can have 8 to 24 carbon atoms. Any suitable ring position of the aryl group can
be covalently linked to the defined chemical structure. Examples of aryl groups having only aromatic
carbocyclic ring(s) include phenyl, 1-naphthyl (bicyclic), 2-naphthyl (bicyclic), anthracenyl
(tricyclic), phenanthrenyl (tricyclic), pentacenyl (pentacyclic), and like groups. Examples of

polycyclic ring systems 1n which at least one aromatic carbocyclic ring 1s fused to one or more

_7 -
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cycloalkyl and/or cycloheteroalkyl rings include, among others, benzo derivatives of cyclopentane
(1.e., an indanyl group, which 1s a 5,6-bicyclic cycloalkyl/aromatic ring system), cyclohexane (1.e., a
tetrahydronaphthyl group, which 1s a 6,6-bicyclic cycloalkyl/aromatic ring system), imidazoline (1.e.,
a benzimidazolinyl group, which 1s a 5,6-bicyclic cycloheteroalkyl/aromatic ring system), and pyran
(1.e., a chromenyl group, which 1s a 6,6-bicyclic cycloheteroalkyl/aromatic ring system). Other
examples of aryl groups include benzodioxanyl, benzodioxolyl, chromanyl, indolinyl groups, and the
like. In some embodiments, aryl groups can be substituted as described herein. In some
embodiments, an aryl group can have one or more halogen substituents, and can be referred to as a
“haloaryl” group. Perhaloaryl groups, 1.¢., aryl groups where all of the hydrogen atoms are replaced
with halogen atoms (¢.g., —C4Fs), are included within the definition of “haloaryl.” In certain
embodiments, an aryl group 1s substituted with another aryl group and can be referred to as a biaryl

group. Each of the aryl groups in the biaryl group can be substituted as disclosed herein.

[0041] As used herein, “heteroaryl” refers to an aromatic monocyclic ring system containing at least
one ring heteroatom selected from oxygen (O), nitrogen (N), sulfur (S), silicon (S1), and selenium (S¢)
or a polycyclic ring system where at least one of the rings present 1n the ring system 1s aromatic and
contains at least one ring heteroatom. Polycyclic heteroaryl groups include those having two or more
heteroaryl rings fused together, as well as those having at least one monocyclic heteroaryl ring fused
to one or more aromatic carbocyclic rings, non-aromatic carbocyclic rings, and/or non-aromatic
cycloheteroalkyl rings. A heteroaryl group, as a whole, can have, for example, 5 to 24 ring atoms and
contain 1-5 ring heteroatoms (1.¢., 5-20 membered heteroaryl group). The heteroaryl group can be
attached to the defined chemical structure at any heteroatom or carbon atom that results 1n a stable
structure. Generally, heteroaryl rings do not contain O-0O, S-S, or S-O bonds. However, one or more
N or S atoms 1n a heteroaryl group can be oxidized (e.g., pyridine N-oxide, thiophene S-oxide,
thiophene S,S-dioxide). Examples of heteroaryl groups include, for example, the 5- or 6-membered

monocyclic and 5-6 bicyclic ring systems shown below:
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where T 1s O, S, NH, N—alkyl, N—aryl, N—(arylalkyl) (e.g., N-benzyl), SiH,, SiH(alkyl), Si(alkyl),,
SiH(arylalkyl), Si(arylalkyl),, or Si(alkyl)(arylalkyl). Examples of such heteroaryl rings include
pyrrolyl, furyl, thienyl, pyridyl, pyrimidyl, pyridazinyl, pyrazinyl, triazolyl, tetrazolyl, pyrazolyl,
imidazolyl, 1sothiazolyl, thiazolyl, thiadiazolyl, 1soxazolyl, oxazolyl, oxadiazolyl, indolyl, 1soindolyl,
benzofuryl, benzothienyl, quinolyl, 2-methylquinolyl, 1soquinolyl, quinoxalyl, quinazolyl,
benzotriazolyl, benzimidazolyl, benzothiazolyl, benzisothiazolyl, benzisoxazolyl, benzoxadiazolyl,
benzoxazolyl, cinnolinyl, 1H-indazolyl, 2H-indazolyl, indolizinyl, isobenzofuyl, naphthyridinyl,
phthalazinyl, pteridinyl, purinyl, oxazolopyridinyl, thiazolopyridinyl, imidazopyridinyl, furopyridinyl,
thienopyridinyl, pyridopyrimidinyl, pyridopyrazinyl, pyridopyridazinyl, thienothiazolyl,
thienoxazolyl, thienoimidazolyl groups, and the like. Further examples of heteroaryl groups include
4,5,6,7-tetrahydroindolyl, tetrahydroquinolinyl, benzothienopyridinyl, benzofuropyridinyl groups, and

the like. In some embodiments, heteroaryl groups can be substituted as described herein.

[0042] Compounds of the present teachings can include a “divalent group” defined herein as a
linking group capable of forming a covalent bond with two other moieties. For example, compounds
of the present teachings can include a divalent C,.» alkyl group, such as, for example, a methylene
group; a divalent C,., alkenyl group, such as, for example, a vinylene group; a divalent C,_, alkynyl
group, such as, for example, an ethynylene group; a divalent Cg.14 aryl group, such as, for example, a
phenylene group; a divalent 3-14 membered cycloheteroalkyl group, such as, for example, a

pyrrolidylene; or a divalent 5-14 membered heteroaryl group, such as, for example, a thiophenylene

group.

[0043] The electron-donating or electron-withdrawing properties of several hundred of the most
common substituents, reflecting all common classes of substituents have been determined, quantified,

and published. The most common quantification of electron-donating and electron-withdrawing

properties 18 1n terms of Hammett ¢ values. Hydrogen has a Hammett 6 value of zero, while other
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substituents have Hammett ¢ values that increase positively or negatively in direct relation to their
clectron-withdrawing or electron-donating characteristics. Substituents with negative Hammett 6
values are considered electron-donating, while those with positive Hammett ¢ values are considered
clectron-withdrawing. See Lange’s Handbook of Chemustry, 12th ed., McGraw Hill, 1979, Table 3-
12, pp. 3-134 to 3-138, which lists Hammett ¢ values for a large number of commonly encountered

substituents and 1s incorporated by reference herein.

[0044] It should be understood that the term *“clectron-accepting group” can be used synonymously
heremn with “electron acceptor’” and ““electron-withdrawing group”. In particular, an “electron-
withdrawing group” (“EWG™) or an “electron-accepting group™ or an “clectron-acceptor” refers to a
functional group that draws electrons to 1tself more than a hydrogen atom would 1f 1t occupied the
same position 1n a molecule. Examples of electron-withdrawing groups mclude, but are not limited
to, halogen or halo (e.g., F, Cl, Br, 1), -NO,, —-CN, -NC, -S(R"),", -N(R");", =SO;H, —SO,R", -SO;R”,
—SO,NHR", —SO,N(R"),, -COOH, —-COR’, -COOR", -CONHR", -CON(R"),, C/.40 haloalkyl groups,
Ce.14 aryl groups, and 5-14 membered electron-poor heteroaryl groups; where R is a C;.50 alkyl group,
a Co.o alkenyl group, a C,.»9 alkynyl group, a Ci., haloalkyl group, a C,,¢ alkoxy group, a Ce¢.14 aryl
group, a Cs.14 cycloalkyl group, a 3-14 membered cycloheteroalkyl group, and a 5-14 membered
heteroaryl group, each of which optionally can be substituted as described herem. For example, each
of the C_»9 alkyl group, the C,.»9 alkenyl group, the C,.»9 alkynyl group, the C,.,¢ haloalkyl group, the
Ci0 alkoxy group, the Cq.14 aryl group, the Cs.14 cycloalkyl group, the 3-14 membered
cycloheteroalkyl group, and the 5-14 membered heteroaryl group optionally can be substituted with 1-
5 small electron-withdrawing groups such as F, Cl, Br,

-NO,, -CN, -NC,-S(R%),",-N(R%)s", ~SO:H, ~SO;R’, ~SO;R’, ~SO,NHR’, ~SO:N(R"),,

—~COOH, —-COR", -COOR" ~CONHR", and —CON(R"),.

[0045] It should be understood that the term “electron-donating group” can be used synonymously

2

heremn with “electron donor”. In particular, an “electron-donating group™ or an “electron-donor”
refers to a functional group that donates electrons to a neighboring atom more than a hydrogen atom
would 1f 1t occupied the same position in a molecule. Examples of electron-donating groups mclude —
OH, -OR", -NH,, -NHR", —N(RO)Q, and 5-14 membered electron-rich heteroaryl groups, where R'is a

Ci0 alkyl group, a C,50 alkenyl group, a C,.»p alkynyl group, a Ce.14 aryl group, or a Cs.14 cycloalkyl
group.

[0046] Various unsubstituted heteroaryl groups can be described as electron-rich (or m-excessive) or
electron-poor (or m-deficient). Such classification 1s based on the average electron density on each
ring atom as compared to that of a carbon atom 1n benzene. Examples of electron-rich systems

include 5S-membered heteroaryl groups having one heteroatom such as furan, pyrrole, and thiophene;
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and their benzofused counterparts such as benzofuran, benzopyrrole, and benzothiophene. Examples
of electron-poor systems include 6-membered heteroaryl groups having one or more heteroatoms such
as pyridine, pyrazine, pyridazine, and pyrimidine; as well as their benzotused counterparts such as
quinoline, 1Isoquinoline, quinoxaline, cinnoline, phthalazine, naphthyridine, quinazoline,
phenanthridine, acridine, and purine. Mixed heteroaromatic rings can belong to either class

depending on the type, number, and position of the one or more heteroatom(s) in the ring. See

Katritzky, A.R and Lagowski, J.M., Heterocyclic Chemistry (John Wiley & Sons, New York, 1960).

[0047] At various places 1n the present specification, substituents are disclosed m groups or 1n
ranges. It 1s specifically intended that the description include each and every individual
subcombination of the members of such groups and ranges. For example, the term “C,¢ alkyl” 1s
specifically intended to individually disclose Ci, C,, Cs, Cy4, Cs, Cq, C1-Cs, C1-Cs, Ci-Cy, Ci-C5, Ci-Coy,
Cy-Cs, Co-Cs, Cr-Cy, Cr-Cs, C3-Cg, C5-Cs, C5-Cy, C4-Ce, C4-Cs, and Cs-Cg alkyl. By way of other
examples, an integer 1n the range of 0 to 40 1s specifically mtended to individually disclose 0, 1, 2, 3,
4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,
33, 34, 35, 36, 37, 38, 39, and 40, and an integer 1n the range of 1 to 20 1s specifically intended to
individually disclose 1, 2, 3, 4,5, 6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, and 20. Additional
examples include that the phrase “optionally substituted with 1-5 substituents™ 1s specifically intended
to individually disclose a chemical group that can include 0, 1, 2, 3, 4, 5, 0-5, 0-4, 0-3, 0-2, 0-1, 1-5,
1-4, 1-3, 1-2, 2-5, 2-4, 2-3, 3-5, 3-4, and 4-5 substituents.

[0048] Compounds described herein can contain an asymmetric atom (also referred as a chiral
center) and some of the compounds can contain two or more asymmetric atoms or centers, which can
thus give rise to optical 1somers (enantiomers) and diastereomers (geometric 1Isomers). The present
teachings include such optical isomers and diastereomers, including their respective resolved
enantiomerically or diastereomerically pure 1somers (e.g., (+) or (-) stereoisomer) and their racemic
mixtures, as well as other mixtures of the enantiomers and diasterecomers. In some embodiments,
optical 1somers can be obtained in enantiomerically enriched or pure form by standard procedures
known to those skilled i the art, which include, for example, chiral separation, diastercomeric salt
formation, kinetic resolution, and asymmetric synthesis. The present teachings also encompass cis-
and trans-isomers of compounds containing alkenyl moieties (e.g., alkenes and 1imines). It also should
be understood that the compounds of the present teachings encompass all possible regioisomers in
pure form and mixtures thercof. In some embodiments, the preparation of the present compounds can
include separating such 1somers using standard separation procedures known to those skilled i the
art, for example, by using one or more of column chromatography, thin-layer chromatography,

stmulated moving-bed chromatography, and high-performance liquid chromatography. However,
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mixtures of regioisomers can be used similarly to the uses of each individual regioisomer of the

present teachings as described herein and/or known by a skilled artisan.

[0049] It 1s specifically contemplated that the depiction of one regioisomer includes any other
regioisomers and any regioisomeric mixtures unless specifically stated otherwise. For example,
perylene-based compounds of the present teachings can include any perylene derivatives in their pure
form or mixtures thereof, where the perylene derivatives can be substituted with 1, 2, 3,4, 5, 6, 7, or 8

substituents. Specifically, the perylene derivatives can include compounds having the moiety:

A
R'I “ R1
OOl
M I -

s

where R', at each occurrence, independently can be H or a substitution group (e.g., an electron-
withdrawing group or a leaving group). In various embodiments, two of the R' groups can be H and
the other two R' groups independently can be an electron-withdrawing group or a leaving group.
Accordingly, in the embodiments where two of the R' groups are H and the other two independently

are an electron-withdrawing group or a leaving group, compounds of the present teachings can have

regioisomers having the formulae:

PR PR v PR Y W
JOoOo, O U
SONCCAEN O &
St A e A oA B Al

In certain embodiments, compounds of the present teachings can include compounds having formula 1

or 11:

LS LS
Ra “ Ra Ra “
SV JUVV vV VUV
| | or | |

2
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or mixtures thercof, where R" is as defined herein, for example, halogen (e.g., Br) or CN. Further, it is
specifically contemplated that the depiction of one regioisomer includes any other regioisomers and

any regioisomeric mixtures unless specifically stated otherwise. Accordingly, for example, the use of
compounds of formula 1 include compounds of formula 11 (and vice versa) and mixtures of compounds

of formulae 1 and 11.

[0050] As used herein, a “leaving group” (“LG”) refers to a charged or uncharged atom

(or group of atoms) that can be displaced as a stable species as a result of, for example, a substitution
or elimination reaction. Examples of leaving groups include, but are not limited to, halogen (e.g., Cl,
Br, 1), azide (N3), thiocyanate (SCN), nitro (NO), cyanate (CN), water (H,0O), ammonia (NHj3), and
sulfonate groups (¢.g., OSO,—R, wherein R can be a Cy_i¢ alkyl group or a Cg.14 aryl group each
optionally substituted with 1-4 groups independently selected from a C,_;y alkyl group and an
electron-withdrawing group) such as tosylate (toluenesulfonate, OTs), mesylate (methanesulfonate,
OMs), brosylate (p-bromobenzenesulfonate, OBs), nosylate (4-nitrobenzenesulfonate, ONs), and

triflate (trifluoromethanesulfonate, OTY).

[0051] As used herein, a “p-type semiconductor material” or a “donor’” material refers to a
semiconductor material having holes as the majority current or charge carriers. In some
embodiments, when a p-type semiconductor material 1s deposited on a substrate, it can provide a hole
mobility in excess of about 10° cm*/Vs. In the case of field-effect devices, a p-type semiconductor

can also exhibit a current on/off ratio of greater than about 10.

[0052] As used herein, an “n-type semiconductor material” or an “acceptor’” material refers to a
semiconductor material having electrons as the majority current or charge carriers. In some
embodiments, when an n-type semiconductor material 1s deposited on a substrate, 1t can provide an
electron mobility in excess of about 10 cm™/Vs. In the case of field-effect devices, an n-type

semiconductor can also exhibit a current on/off ratio of greater than about 10.

[0053] As used herein, “mobility” refers to a measure of the velocity with which charge carriers, for
example, holes (or units of positive charge) 1n the case of a p-type semiconductor material and
electrons (or units of negative charge) 1n the case of an n-type semiconductor material, move through
the material under the influence of an c¢lectric field. This parameter, which depends on the device
architecture, can be measured using a ficld-effect device or space-charge limited current

measurcments.

[0054] As used herein, a compound can be considered “ambient stable™ or “stable at ambient
conditions” when the carrier mobility or the reduction-potential of the compound 1s maintained at

about 1ts mitial measurement when the compound 1s exposed to ambient conditions, for example, air,
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ambient temperature, and humidity, over a period of time. For example, a compound can be
described as ambient stable 1f 1ts carrier mobility or reduction potential does not vary more than 20%
or more than 10% from its 1nitial value after exposure to ambient conditions, including, air, humidity

and temperature, over a 3 day, 5 day, or 10 day period.

[0055] In one aspect , the present teachings provide bispolycyclic compounds having Formula I:
Q—L—Q'
|

wherein:

Q and Q' independently are selected from:

L 1s a linker;

wherein -1 and -1’ independently are a fused ring moicty optionally substituted with 1-8 R®

groups;
Z., at each occurrence, 1s selected from a) O, b) S, ¢) NRb, d) C(0O), and ¢) CRCRd;

R?, at each occurrence, is a) halogen, b) —CN, ¢) -NO,, d) —OR’, ¢) —SR/, ) -NR*R",

g) -N(O)R*R", h) —S(0)..RE, i) —S(0).OR?, j) —=S(O).NR:R", k) —C(O)R?,

[) —.C(O)OR', m) —C(O)NRER", n) —C(S)NR®R", 0) —SiH3, p) —SiH(C 0 alkyl)s,

q) —S1H,(Cy 50 alkyl), 1) —S1(C.50 alkyl)s, s) a Ci59 alkyl group, t) a C,., alkenyl group, u) a

Coo0 alkynyl group, v) a Ci.,¢ haloalkyl group, w) a —Y—Cs_14 cycloalkyl group, x) a -Y—Cq.14
aryl group, y) a —Y-3-14 membered cycloheteroalkyl group, or z) a —Y—5-14 membered
heteroaryl group, wherein each of the C,_»g alkyl group, the C,.,9 alkenyl group, the C,.g
alkynyl group, the Cs.14 cycloalkyl group, the Cq.14 aryl group, the 3-14 membered
cycloheteroalkyl group, and the 5-14 membered heteroaryl group optionally 1s substituted
with 1-4 R’ groups:

R’ at each occurrence, is a) H, b) —(CH,CH,0)H, ¢) (CH,CH,0),~CHas,

d) —C(O)OR’, ¢) —C(O)RE, f) —C(O)NR®R", g) —C(S)OR’, h) —C(S)R®, i) —C(S)NR*R", j) —
S(O)mR®, k) =S(0),ORZ, 1) a C;,0 alkyl group, m) a C,.» alkenyl group, n) a C,. alkynyl

group, 0) a C;,o alkoxy group, p) a —Y—Cs5.14 cycloalkyl group, q) a —Y—Cg¢ 14 aryl group, r) a —

Y-3-14 membered cycloheteroalkyl group, or s) a —Y-5-14 membered heteroaryl group,
wherein each of the C,.»g alkyl group, the C,.5g alkenyl group, the C,.» alkynyl group, the C;_
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»o alkoxy group, the Cs.14 cycloalkyl group, the Cq.14 aryl group, the 3-14 membered
cycloheteroalkyl group, and the 5-14 membered heteroaryl group optionally 1s substituted
with 1-4 R’ groups:

R° and RY, at each occurrence, independently are a) H, b) halogen, c) —(CH,CH,0)H,
d) -(CH,CH,0),—CHs;, ¢) a Ci5 alkoxy group, 1) a C, alkyl group, g) a C, oo alkenyl group,
h) a C,.»9 alkynyl group, 1) a —=Y—Cs5_.14 cycloalkyl group, 1) a —Y—Cg.14 aryl group, k) a —Y-3-

14 membered cycloheteroalkyl group, or 1) a —=Y-5-14 membered heteroaryl group, wherein
cach of the Ci.5 alkyl group, the C,.» alkenyl group, the C,.»o alkynyl group, the Cs_4
cycloalkyl group, the Cq.14 aryl group, the 3-14 membered cycloheteroalkyl group, and the 5-
14 membered heteroaryl group optionally is substituted with 1-4 R’ groups:;

R', at each occurrence, is a) H, b) —C(O)R, ¢) —C(O)NR:R", d) —C(S)RE,

e) —C(S)NRER", f) a C 0 alkyl group, g) a Ca alkenyl group, h) a C,.0 alkynyl group, i) a
Cs.14 cycloalkyl group, 1) a Ceg.14 aryl group, k) a 3-14 membered cycloheteroalkyl group, or 1)
a 5-14 membered heteroaryl group, wherein each of the Ci. alkyl group, the C,.5o alkenyl
group, the C,.» alkynyl group, the Cs.14 cycloalkyl group, the Cq 14 aryl group, the 3-14
membered cycloheteroalkyl group, and the 5-14 membered heteroaryl group optionally 1s
substituted with 1-4 R’ groups;

R®and R", at each occurrence, independently are a) H, b) —OH, ¢) —SH, d) —S(0),OH,

¢) —C(O)OH, f) -C(O)NH,, g) —C(S)NH,, h) —OC,_¢ alkyl, 1) —C(O)-C,»9alkyl,

1) —C(0O)-0Cyalkyl, k) —C(S)N(Ci.»9 alkyl),, 1) —C(S)NH-C,_» alkyl,

m) —C(O)NH-C,.»y alkyl, n) —C(O)N(C, 9 alkyl),, 0) —S(O)—C20alkyl,

p) —S(0),—0C0alkyl, q) a C;,9 alkyl group, r) a C,9 alkenyl group, s) a C,»9 alkynyl
group, t) a C;o alkoxy group, u) a Cs.14 cycloalkyl group, v) a Cg.14 aryl group, w) a 3-14
membered cycloheteroalkyl group, or x) a 5-14 membered heteroaryl group, wherein each of
the Ci.n9 alkyl groups, the C,.»9 alkenyl group, the C,.»g alkynyl group, the Cs.;4 cycloalkyl
group, the Cq 14 aryl group, the 3-14 membered cycloheteroalkyl group, and the 5-14
membered heteroaryl group optionally is substituted with 1-4 R’ groups;

R’, at each occurrence, is a) halogen, b) —CN, ¢) -NO,, d) oxo, ¢) —OH, ) -NH,,

o) —-NH(C,ypalkyl), h) -N(Cy9alkyl),, 1) -N(C_»p alkyl)—Cq.14 aryl, 1) —-N(Csg.14 aryl),,
k) —=S(O),H, ) —=S(0),—C.20alkyl, m) —S(O),OH, n) —S(O),—O0C,.»palkyl,

0) —=5(0)n—0Cg.14aryl, p) —CHO, q) -C(O)—C,»palkyl, r) —-C(O)—Cg.14 aryl,

s) —C(O)OH, t) —C(0)-0Cypalkyl, u) -C(0O)-0Csg.14aryl, v) —C(O)NHo,,

w) —C(O)NH-C, 5 alkyl, x) —C(O)N(C, .59 alkyl),, y) —C(O)NH—-Cg_ 4 aryl,

7) —C(O)N(Cppalkyl)—Cgq.14aryl, aa) —C(O)N(Cq.14aryl),, ab) —C(S)NHo,,

ac) —C(S)NH-C,y alkyl, ad) —C(S)N(C_»o alkyl),, ac) —C(S)N(Cég.14 aryl),,
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af) —C(S)N(Cypalkyl)-Cg.14aryl, ag) —C(S)NH—Cq_ 4 aryl, ah) —S(O),,NHo,,

a1) —S(O)nNH(C, .59 alkyl), a1) —S(O)..N(C,.59 alkyl),, ak) —S(O),NH(Cs.14 aryl),

al) —S(O)nN(C»9 alkyl)—Ce.14 aryl, am) —S(O),N(Ce¢ 14 aryl),, an) —SiHj,

a0) —S1H(C,_»o alkyl),, ap) —S1H,(C1.5 alkyl), ar) —S1(C, g alkyl);, as) a C, alkyl group, at) a
Co0 alkenyl group, au) a C,.» alkynyl group, av) a C,,o alkoxy group, aw) a C;, alkylthio
group, ax) a Cio haloalkyl group, ay) a Cs.14 cycloalkyl group, az) a Cg.14 aryl group, ba) a 3-
14 membered cycloheteroalkyl group, or bb) a 5-14 membered heteroaryl group;

Y, at each occurrence, 1s a) a divalent C, ., alkyl group, b) a divalent C,.»y haloalkyl group, or

c) a covalent bond;
m, at each occurrence, 1s 0, 1, or 2; and

q, at each occurrence, 1s an integer in the range of 1 to 20.

[0056] In various embodiments, each of -1 and -1’ can be a perylene moiety optionally
substituted with 1-8 R* groups, wherein R™ is as defined herein. In some embodiments, one or more
CH or CR" groups of the perylene moicty can be replaced by a heteroatom such as SiH, SiR*, N, or P,
wherein R" 1s as defined herein. For example, each of -1 and 7-1’ can be a perylene moicty
optionally and independently substituted with 1-8 electron-withdrawing groups, examples of which
include F, Cl, Br, and CN. In other embodiments, 7-1 and/or 7-1’ c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>