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1
CHARGE-TRANSPORT MATERIALS,
METHODS OF FABRICATION THEREOF,
AND METHODS OF USE THEREOF

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. provisional patent
application entitled “Electron Deficient Materials For Use In
Organic Electronics And Optoelectronics” filed on Jun. 14,
2004 and accorded Ser. No. 60/579,308, which is entirely
incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The U.S. government may have a paid-up license in
embodiments of this disclosure and the right in limited cir-
cumstances to require the patent owner to license others on
reasonable terms as provided for by the terms of grants
awarded by the Office of Naval Research (N00014-04-1-
0120) and the National Science Foundation (DMR 0120967
and ECS-0309131) of the U.S. Government.

BACKGROUND

Charge-transport molecular and polymeric materials are
semiconducting materials in which charges can migrate
under the influence of an electric field. These charges may be
present due to doping with oxidizing or reducing agents, so
that some fraction of the transport molecules or polymer
repeat units is present as radical cations or anions. More
usually, charges are introduced by injection from another
material under the influence of an electric field. Charge-trans-
port materials may be classified into hole- and electron-trans-
port materials. In a hole-transport material, electrons are
removed, either by doping or injection, from a filled manifold
of orbitals to give positively charged molecules or polymer
repeat units. Transport takes place by electron-transfer
between a molecule or polymer repeat unit and the corre-
sponding radical cation; this can be regarded as movement of
a positive charge (hole) in the opposite direction to this elec-
tronic motion. In an electron-transport material, extra elec-
trons are added, either by doping or injection; here the trans-
port process includes electron-transfer from the radical anion
of' a molecule or polymer repeat unit to the corresponding
neutral species. In addition, some material—ambi-polar
materials—may transport both holes and electrons.

SUMMARY

Briefly described, embodiments of this disclosure include
charge-transport materials; polymers, co-polymers, and
homopolymers, including charge-transport materials; poly-
mer layers including charge-transport materials, and devices
including charge-transport materials.

One exemplary charge-transport material, among others,
includes a hexaazatrinaphthylene (HATNA)-[X]; monomer
having a structure:

10

15

20

25

30

35

40

45

50

55

60

65

2
Xy
X5
M X
X | N\ | = N
X; N | Sy
N A
X3
Xy

wherein X, X,, X, X,, X, and X each are independently
selected from: Br; F; I; CN; NO,; CHO; linear or branched,
alkyl groups with from 2 to 25 carbons; linear or branched,
perfluoronated alkyl groups with up to 25 carbons; fused
aromatic rings; donor groups; acceptor groups; aryl groups;

polymerizable groups; —(CH,CH,0),—(CH,)sOR,;;
—(CHCH,0)—(CH,)gNR 5R 5 —(CH,CH,0)—
(CH,)gCONR 5R 3; —(CH,CH,0)—(CH,)(CN;

—(CH,CH,0),—(CH,),F; —(CH,CH,0),—(CH,)sNO,;
—(CH,CH,0),—(CH,)(Cl; —(CH,CH,0),—(CH,)gBr;
—(CH,CH,0),—(CH,),—(CH,CH,0),—(CH,)-Phe-
nyl,  —(CH)y—(OCH,CIL)R,;  —(CH),—
(OCH,CH,), ~ NRR,:  —(CHy)y—(OCH,CH,),
CONR5R 3, —(CH,)p—(OCH,CH,),CN;  —(CH,)p—
(OCH,CH,),F; —(CH,)g—(OCH,CH,),NO,; —(CH,)p—
(OCH,CH,),Cl; —(CH,)z—(OCH,CH,),Br; —(CH,)g—
(OCH,CH,)l; —(CH,)g—(OCH,CH,),Phenyl; —(CF,),
OR,;: —(CF2)gCHNR 5R 150 —(CF,)eCF;; —O(CFy)g
OR,;;  —OCH,CH,(CF,)OR,;;  —OCH,CH,(CF,),
CH,NR,R ;;  —O(CF,)sCH,NR ,R ;; —OCH,CH,
(CF,)y CF5; —(CH,)p—(OCH,CH,),Phenyl; —(CF,),—
(OCH,CH,)Phenyl; —(CH,)g—(OCH,CH,),Aryl;
—(CF,)y—(OCH,CH) Aryl;  —(OCH,CH,),—(CF,)p
Aryl; —(OCH,CH,),. —(CHy)gAryl; —O(CH,)pAryl; and
—O(CF,)gAryl; and combinations thereof; wherein R, 1, R .5,
and R; can each be independently selected from, but not
limited to, the following groups: H; linear or branched, alkyl
groups with up to 25 carbons; a functional group derived from
amino acids, nucleic acids, biotin, ferrocene, ruthenocene,
cyanuric chloride, methacryloyl chloride, and derivatives
thereof; wherein subscript o is an integer number from 0 to
25, wherein subscript f§ is an integer number from 0 to 25; and
with the proviso that X, X,, X5, X,, X5, and X, are not an
alkoxy group, —OR, where R—C, H,,,,,, where n=6, 8, 10,
or 12; an alkylthio, —SR, where R—C H, ., ,, where n=6, 8,
10, or 12; H; Cl; or a methyl (—CH,) group.

Another exemplary charge-transport material, among oth-
ers, includes a hexaazatrinaphthylene (HATNA)-[CO,Y];
monomer having a structure:
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whereinY |,Y,, and Y each are independently selected from:
H; linear or branched, alkyl groups with up to 25 carbons;
linear or branched, perfluoronated alkyl groups with up to 25
carbons; fused aromatic rings; donor groups; acceptor
groups; aryl groups; polymerizable groups; —(CH,CH,O),,
—(CH,);CH,—OR;;  —(CH,CH,0),—(CH,);CH,—
NR5R .3 —(CH,CH,0),—(CH,)pCH>;—CONR ;,R 3
—(CH,CH,0),—(CH,)sCH,—CN; —(CH,CH,0),—
(CH,)sCH—F: —(CH,CH,0),—(CH,),CH,—NO,;
—(CH,CH,0),—(CH,)sCH,—Cl; —(CH,CH,0),—
(CH,)pCH,—Br; —(CH,CH,0),—(CH,)sCH,—];
—(CH,CH,0),—(CH,)p-Phenyl; —CH,—(CH,)g—
(OCH,CH,) R .5 —CH,—(CH,)g—(OCH,CH,),,
NR,.R,5; —(CH,),CH,—(OCH,CH,),CONR ,R 3;
—CH,—(CH,)p—(OCH,CH,),CN;  —CH,—(CH,)p—
(OCH,CH,)F; —CH,—(CH,)—(OCH,CH,),NO,;
—CH,—(CH,)—(OCH,CH,)CI; —CH,—(CH,)p—
(OCH,CH,),Br; —CH,—(CH,)p—(OCH,CH,),l; —CH,
(CH,)g—(OCH,CH,),,Phenyl; —CF,—(CF,)0R,;;
—CF,—(CF,)pCH,NR ;R 5 —(CFL)eCFy; —(CFy)g
OR,; —CH,CH,(CF,),0R,;; —CH,CH,(CF,)g
CH,NR ;R 5: —(CF,)gCHNR R 5 —CH,CHL(CE,)g
CF;; —CH,—(CH,)p—(OCH,CH,),Phenyl; —CF,—
(CF,)g—(OCH,CH,),Phenyl; —CH,—(CH,)g—
(OCH,CH,),Aryl;  —CFy—(CF,)y—(OCH,CH,) Aryl;
—CH,CH,—(OCH,CH,),—O(CF,)gAryl; CH,CH,—
(OCH,CH,)—O(CH,)gAryl; —CH,O(CH,)gAryl; and
—(CF,)pAryl; and combinations thereof; and wherein R,,,,
R,,, and R ,; can each be independently selected from, but not
limited to, the following groups: H; linear or branched, alkyl
groups with up to 25 carbons; a functional group derived from
amino acids, nucleic acids, biotin, ferrocene, ruthenocene,
cyanuric chloride, methacryloyl chloride, and derivatives
thereof; wherein subscript o is an integer number from O to
25, and wherein subscript 3 is an integer number from 0 to 25.

Another exemplary charge-transport material, among oth-
ers, includes a hexaazatrinaphthylene (HATNA)-[CO,Y'];
monomer having a structure:
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wherein Y';, Y',, and Y'; each are independently selected
from: H; linear or branched, alkyl groups with up to 25
carbons; linear or branched, perfluoronated alkyl groups with
up to 25 carbons; fused aromatic rings; donor groups; accep-
tor groups; aryl groups; polymerizable groups;
—(CH,CH,0),—(CH,)sCH,—OR,;; —(CH,CH,0),—
(CH,)pCH,—NR 5R 55 —(CH,CH,0) —(CH,)pCH,—
CONR ;R 5; —(CH,CH,0)—(CH,)sCH,—CN;
—(CH,CH,0),—(CH,);CH,—F; —(CH,CH,0),—(CH,)
CH,—NO,; —(CH,CH,0),—(CH,)sCH,—CI;
—(CH,CH,0),—(CH,)sCH,—Br; —(CH,CH,0),—
(CH,)pCH,—1; —(CH,CH,0), —(CH,)p-Phenyl; —CH,—
(CH2)B7(0CH2CH2)0LR41 15 —CH,—(CH,) B
(OCH,CH)  NRR,5; —(CH,)pCH,—(OCH,CH,),,
CONR ;R 5; —CH,—(CH,)g—(OCH,CH,),CN;
—CH,—(CH,)—(OCH,CH,) F; —CH,—(CH,)p—
(OCH,CH,),NO,; —CH,—(CH,)s—(OCH,CH,),Cl;
—CH,—(CH,)g—(OCH,CH,),,Br; —CH,—(CH,)g—
(OCH,CH,)I; —CH,(CH,)p—(OCH,CH,)Phenyl;
4CF2*(CF2)|30Ra 15 4CF2*(CF2)|3CH2NRa2Ra3 5
7(CF2)|3CF3; 7(CF2)BORa1; 4CH2CH2(CF2)|30Ra1;
—CH,CH,(CF,)pCH,NR LR 55 —(CF,)gCH,NR R 55
—CH,CH,(CF,)pCF;; —CH,—(CH,)—(OCH,CH,),Ph-
enyl; —CFz—(CFz)B—(OCHzCHz)aPhenyl; —CH,—
(CH,)g—(OCH,CH,),Aryl; —CF,—(CF,)—(OCH,
CH,) Aryl;  —CH,CH,—(OCH,CH,),,—O(CF,)sAryl;
CH,CH,—(OCH,CH,),—O(CH,)gAryl; —CH,O(CH,),
Aryl; and —(CF,)pAryl; and combinations thereof; and
whereinR,;,R ,, and R ; can each be independently selected
from, but not limited to, the following groups: H; linear or
branched, alkyl groups with up to 25 carbons; a functional
group derived from amino acids, nucleic acids, biotin, fer-
rocene, ruthenocene, cyanuric chloride, methacryloyl chlo-
ride, and derivatives thereof; wherein subscript c is an integer
number from 0 to 25, and wherein subscript [ is an integer
number from 0 to 25.

Another exemplary charge-transport material, among oth-
ers, includes a hexaazatrinaphthylene (HATNA)-[CCU]q
monomer having a structure:
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wherein U, U,, U, U,, U, and U, each are independently
selected from: H; halogens; CN; NO,; CHO; linear or
branched, alkyl groups with up to 25 carbons; linear or
branched, perfluoronated alkyl groups with up to 25 carbons;
fused aromatic rings; donor groups; acceptor groups; aryl
groups; polymerizable groups; —(CH,CH,0),—(CH,)g
OR,,; —(CH,CH,0),—(CH,)gNR ;R ;5; —(CH,CH,0),,
—(CH,)pCONR ,R 53 —(CH,CH,0),—(CH,)(CN;
—(CH,CH,0),—(CH,),F; —(CH,CH,0),—(CH,)sNO,;
—(CH,CH,0),—(CH,)Cl; —(CH,CH,0),—(CH,)yBr;
—(CH,CH,0),—(CH,),I; —(CH,CH,0),—(CH,)g-Phe-
nyl,  —(CH)y—(OCH,CIL)R,:  —(CH)p—
(OCH,CH,),  NRR,:  —(CHy)y—(OCH,CH,),
CONR5R 35 —(CH,)p—(OCH,CH,),CN;  —(CH,)p—
(OCH,CH,),F; —(CH,)g—(OCH,CH,),NO,; —(CH,)p—
(OCH,CH,),Cl; —(CH,)——(OCH,CH,),Br; —(CH,)g—
(OCH,CH,),l; —(CH,)g—(OCH,CH,),Phenyl; —(CF,),
OR,.; —(CF,);CHNR ;R ,5; —(CF,)yCEy; —O(CE,)g
OR,;; —OCH,CH,(CF,)s0R,;; —OCH,CH,(CF,),
CH,NR ,R 3;  —O(CF,)sCH,NR ,R 5;  —OCH,CH,
(CF,)g CF;; —(CH,)p—(OCH,CH,),Phenyl; —(CF,)g—
(OCH,CH,)Phenyl; —(CH,)—(OCH,CH,) Aryl;
—(CF)y—(OCH,CH,) Ayl —(OCH,CH,),—(CE,),
Aryl; —(OCH,CH,),—(CH,)pAryl; —O(CH,)pAryl; and
—O(CF,)gAryl; and combinations thereof; and wherein R ,,,
R,,, and R ,; can each be independently selected from, but not
limited to, the following groups: H; linear or branched, alkyl
groups with up to 25 carbons; a functional group derived from
amino acids, nucleic acids, biotin, ferrocene, ruthenocene,
cyanuric chloride, methacryloyl chloride, and derivatives
thereof; wherein subscript o is an integer number from O to
25, and wherein subscript 3 is an integer number from 0 to 25.

Another exemplary charge-transport material, among oth-
ers, includes a hexaazatrinaphthylene (HATNA)-[Z], mono-
mer having a structure:
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whereinZ,, Z,, and Z, each are independently selected from:
H; halogens; CN; NO,; CHO; CO,Hal, where Hal is a halo-
gen selected from F, Cl, Br; linear or branched, alkyl groups
with up to 25 carbons; linear or branched, perfluoronated
alkyl groups with up to 25 carbons; fused aromatic rings;
donor groups; acceptor groups; aryl groups; polymerizable
groups; —(CH,CH,0),—(CH,)sOR,,; —(CH,CH,0),—
(CH,)pNR 2R 3;  —(CH,CH,0),—(CH,)sCONR ,R,5;
—(CH,CH,0)—(CH,)gCN;  —(CH,CH,0),—(CH,)sF;
—(CH,CH,0),—(CH,);NO,; —(CH,CH,0),—(CH,),Cl;
—(CH,CH,0)——(CH,)pBr;  —(CH,CH,0),—(CH,)gl;
—(CH,CH,0),—(CH,)g-Phenyl; —(CH,)s—(OCH,
CH,)oR, 15 —(CH,)—(OCH,CH,)oNR 2R 55 —(CH,)p—
(OCH,CH,), CONR ;R ,3;  —(CH,)—(OCH,CH,),CN;
—(CH,)g—(OCH,CH,),.F'; —(CH,)g—(OCH,CH,),NO,;
—(CH,)g—(OCH,CH,),Cl; —(CH,)g—(OCH,CH,),Br;
—(CH,)g—(OCH,CH,),I; —(CH,)—OCH,CH,),Phenyl;
—(CF)gOR,;; —(CF)pCHNR oR 50 —(CF)pCFy;
—O(CF,)gOR,;; —OCH,CH,(CF,)sOR,;; —OCH,CH,
(CF,)gCH,NR 5R 5 —O(CF,)gCH,NR R 5
—OCH,CH,(CF,),CF5;  —(CH,)s—(OCH,CH,),Phenyl;
—(CF,);—(OCH,CH,),Phenyl; —(CH,)p—(OCH,
CH,) Aryl; —(CF,)y—(OCH,CH,) Aryl; —(OCH,CIL,),
—(CF,)pAryl; —(OCH,CH,),—(CH,)pAryl; —O(CH,),
Aryl; and —O(CF,)gAryl; and combinations thereof; and
whereinR,;, R ,,,and R ,; can each be independently selected
from, but not limited to, the following groups: H; linear or
branched, alkyl groups with up to 25 carbons; a functional
group derived from amino acids, nucleic acids, biotin, fer-
rocene, ruthenocene, cyanuric chloride, methacryloyl chlo-
ride, and derivatives thereof; wherein subscript c is an integer
number from 0 to 25, and wherein subscript [ is an integer
number from 0 to 25.

Another exemplary charge-transport material, among oth-

ers, includes a hexaazatrinaphthylene (HATNA)-[Z']; mono-
mer having a structure:
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wherein 7', 7'5, and 7'; each are independently selected
from: H; halogens; CN; NO,; CHO; CO,Hal where Hal is a
halogen selected from F, Cl, Br; linear or branched, alkyl
groups with up to 25 carbons; linear or branched, perfluor-
onated alkyl groups with up to 25 carbons; fused aromatic
rings; donor groups; acceptor groups; aryl groups; polymer-

izable groups; —(CH,CH,0),~—(CH,)gOR,;;
—(CH,CH,0)—(CH,)gNR 5R 5 —(CH,CH,0)—
(CH,)gCONR 5R 5; —(CH,CH,0)s—(CH,)sCN;

—(CH,CH,0),—(CH,),F; —(CH,CH,0),—(CH,)sNO,;
—(CH,CH,0),—(CH,)Cl; —(CH,CH,0),—(CH,)yBr;
—(CH,CH,0)—(CH,)gl; —(CH,CH,0),—(CH,)g-Phe-
nyl; —(CH,)g—(OCH,CH,),R,,,; —(CH,)—(OCH,CH,),
NR,R ,5; —(CH,)s—(OCH,CH,),CONR R ,5; —(CH,),
—(OCH,CH,),CN; —(CH,)s—(OCH,CH,),F; —(CH,),
—(OCH,CH,),NO,; —(CH,)p—(OCH,CH,),Cl;
—(CH,)p —(OCH,CH,),Br; —(CH,);—(OCH,CH,),L;
—(CH,), —(OCH,CH,),Phenyl; —(CF,),OR,,; —(CF,),
CH,NR,,R,.5; —(CF,)sCF5; —O(CF,)OR,,;; —OCH,CH,
(CFL)gOR,,;; —OCH,CH,(CF,)gCHLNR R 55 —O(CF,)g
CH,NR ;R 5;; —OCH,CH,(CF,)sCF3;  —(CH,)p—
(OCH,CH,)Phenyl; —(CF,)p—(OCH,CH,),Phenyl;
—(CH,)y—(OCH,CH,) Aryl;  —(CF,)y—(OCH,CH,),,
Aryl;  —(OCH,CH,),—(CF5)gAryl; —(OCH,CH,),—
(CH,)pAryl; —O(CH,)pAryl; and —O(CF,)gAryl; and com-
binations thereof; and wherein R ,;, R ,,, and R ,; can each be
independently selected from, but not limited to, the following
groups: H; linear or branched, alkyl groups with up to 25
carbons; a functional group derived from amino acids,
nucleic acids, biotin, ferrocene, ruthenocene, cyanuric chlo-
ride, methacryloyl chloride, and derivatives thereof;, wherein
subscript o is an integer number from 0 to 25, and wherein
subscript f is an integer number from 0 to 25.

Another exemplary charge-transport material, among oth-

ers, includes a hexaazatrinaphthylene (HATNA)-[T], , mono-
mer having a structure:
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wherein Ty, T,, T3, T,, Ts, Ty, T, Tg, Tg, T, T4, and T 5,
each are independently selected from: H; halogens; CN; NO,;
CHO; linear or branched, alkyl groups with up to 25 carbons;
linear or branched, perfluoronated alkyl groups with up to 25
carbons; fused aromatic rings; donor groups; acceptor
groups; aryl groups; polymerizable groups; —(CH,CH,O),,
—(CH,);0R,; —(CH,CH,0),—(CH,)pNR ,R ,5;
—(CH,CH,0)—(CH,)gCONR ;R ,3; —(CH,CH,0)p—
(CH,)pCN; —(CH,CH,0),—(CH,)sF; —(CH,CH,0),—
(CH,),NO,; —(CH,CH,0),,—(CH,),Cl; —(CH,CH,0),
—(CHy)gBr; —(CH,CH,0),—(CH,)gl; —(CH,CH,0),,
—(CH,)p-Phenyl; —(CH,)y—(OCILCH,),R,,; —(CH,),
—(OCH,CH,) NR 5R 3 —(CH,)g—(OCH,CH,),,
CONR,,R,5; —(CH,)y(OCH,CH,),CN; —(CH,)y—
(OCH,CH,),F; —(CH,)g—(OCH,CH,),NO,; —(CH,)p—
(OCH,CH,),Cl; —(CH,)z—(OCH,CH,),Br; —(CH,)g—
(OCH,CH,)l; —(CH,)g—(OCH,CH,),Phenyl; —(CF,),
OR,;: —(CF2)gCHNR 5R 150 —(CF,)eCF;; —O(CFy)g
OR,;; —OCH,CH,(CF,)s0R,;; —OCH,CH,(CF,),
CH,NR ;R ;;  —O(CF,)sCH,NR ;R 55 —OCH,CH,
(CF,)g CF;; —(CH,)p—(OCH,CH,),Phenyl; —(CF,)g—
(OCH,CH,)Phenyl; —(CH,)g—(OCH,CH,),Aryl;
—(CF,)y—(OCH,CH) Aryl;  —(OCH,CH,),—(CF,)p
Aryl; —(OCH,CH,),—(CH,)sAryl; —O(CH,)gAryl; and
—O(CF,)gAryl; and combinations thereof; and wherein R ,,,
R,,,and R ; can each be independently selected from, but not
limited to, the following groups: H; linear or branched, alkyl
groups with up to 25 carbons; a functional group derived from
amino acids, nucleic acids, biotin, ferrocene, ruthenocene,
cyanuric chloride, methacryloyl chloride, and derivatives
thereof; wherein subscript o is an integer number from 0 to
25, and wherein subscript 3 is an integer number from 0 to 25.

Another exemplary charge-transport material, among oth-
ers, includes a dodecaazatrianthracene (DATAN)-[W],,
monomer having a structure:
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wherein W, W,, W,, W, W, and W, each are indepen-
dently selected from: H; halogens; CN; NO,; CHO; linear or
branched, alkyl groups with up to 25 carbons; linear or
branched, perfluoronated alkyl groups with up to 25 carbons;
fused aromatic rings; donor groups; acceptor groups; aryl
groups; polymerizable groups; —(CH,CH,0),—(CH,),
OR,;; —(CH,CH,0),—(CH,)gNR ;,R .55 —(CH,CH,0),,
—(CH,)gCONR ;R ;3 —(CH,CH,0)—(CH,)CN;
—(CH,CH,0),—(CH,),F: —(CH,CH,0),—(CH,),NO,;
—(CH,CH,0),—(CH,)Cl; —(CH,CH,0),—(CH,)yBr;
—(CH,CH,0)—(CH,)l; —(CH,CH,0), —(CH, )g-Phe-
nyl; —(CH,)g—(OCH,CH,),R ,,; —(CH,)—(OCH,CH,),,
NR 2R 3; —(CH,)g—(OCH,CH,),CONR ;5R ;3; —(CH,)g
—(OCH,CH,),CN; —(CH,)s—(OCH,CH,),F; —(CH,),
—(OCH,CH,),NO,; —(CH,)p—(OCH,CH,),Cl;
—(CH,)s —(OCH,CH,),Br; —(CH,)s—(OCH,CH,),[;
—(CH,)p, —(OCH,CH,),Phenyl; —(CF,),0R,,,; —(CF,)p
CH,NR ,R 35 —(CF5)CF;; —O(CF,)g0R,, s —OCH,CH,
(CF2)|SORa1; *OCH2CH2(CF2)|3CH2NRa2Ra3; 4O(CF2)|3
CH,NR ;R 5;; —OCH,CH,(CF,)sCF3;  —(CH,)p—
(OCH,CH,) Phenyl; —(CFz)B—(OCH2CH2)aPhenyl;
—(CH,)p—(OCH,CH,)Aryl;  —(CF,)g—(OCH,CH,),,
Aryl;  —(OCH,CH,),—(CF,)pAryl; —(OCH,CH,),—
(CH,)pAryl; —O(CH,)pAryl; and —O(CF,)gAryl; and com-
binations thereof; and wherein R, R ,,, and R ; can each be
independently selected from, but not limited to, the following
groups: H; linear or branched, alkyl groups with up to 25
carbons; a functional group derived from amino acids,
nucleic acids, biotin, ferrocene, ruthenocene, cyanuric chlo-
ride, methacryloyl chloride, and derivatives thereof;, wherein
subscript o is an integer number from 0 to 25, and wherein
subscript f is an integer number from 0 to 25.

Another exemplary charge-transport material, among oth-
ers, includes a hexaazatrinaphthylene (HATNA)-[Imide],
monomer having a structure:
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wherein V,, V,, and V5, each are independently selected
from: H; linear or branched, alkyl groups with up to 25
carbons; linear or branched, perfluoronated alkyl groups with
up to 25 carbons; fused aromatic rings; donor groups; accep-
tor groups; aryl groups; polymerizable groups;
—(CH,CH,0),—(CI,),CH,—OR,,; —(CILCH,0),—
(CH,)eCH,—NR ,R .5, —(CH,CH,0),—(CH,),CH,—
CONR_,R 3; —(CH,CH,0),—(CH,)sCH,—CN;

—(CH,CH,0),—(CH,),CH,—F; —(CH,CH,0),—(CH,),

CH,—NO,; —(CH,CH,0),—(CH,);CH,—Cl;
—(CH,CH,0),—(CH,);CH,—Br;  —(CH,CH,0),—
(CH,),CH,—1; —(CH,CH,0),—(CH,)s-Phenyl;
—CH,—(CH,) ﬁ*(OCH2CH2)aRa 13 —CH,—(CH,) [

(OCH,CH),NR,,R,5;  —(CH,)sCH,—(OCH,CH,),
CONR ;R 5; —CH,—(CH,)g—(OCH,CH,),CN;
—CH,—(CH,)g—(OCH,CH,),F'; —CH,—(CH,)p—
(OCH,CH,),NO,; —CH,—(CH,)—(0OCH,CH,),Cl;
—CH,—(CH,)p—(OCH,CH,),,Br; —CH,—(CH,)p—
(OCH,CH,)I; —CH,(CH,)p—(OCH,CH,)Phenyl;
—CF,—(CF,)g0R,,; —CF,—(CF,)gCHNR R 5
—(CF,)CFy; —(CF,)j0R,;; —CH,CHy(CF,),OR.:
—CH,CH,(CF,)gCH,NR ;oR 3 —(CF5)gCH,NR R 5
—CH,CH,(CF,)pCF;; —CH,—(CH,)—(OCH,CH,),Ph-
enyl; —CF,—(CF,)g—(OCH,CH,),Phenyl; —CH,—
(CH,)y—(OCH,CIL) ,Aryl; —CF,—(CF,)y—
(OCH,CH,),, Aryl; —CH,CH,—(OCH,CH,),—O(CF,),
Aryl; CH,CH,—(OCH,CH,),,—O(CH,)gAryl; —CH,—O
(CH,)pAryl; and —(CF,)gAryl; and combinations thereof;
and wherein R,,, R,,, and R ; can each be independently
selected from, but not limited to, the following groups: H;
linear or branched, alkyl groups with up to 25 carbons; a
functional group derived from amino acids, nucleic acids,
biotin, ferrocene, ruthenocene, cyanuric chloride, methacry-
loyl chloride, and derivatives thereof; wherein subscript a is
an integer number from O to 25, and wherein subscript {3 is an
integer number from 0 to 25.

Another exemplary charge-transport material, among oth-
ers, includes a polymer, co-polymer, or a homopolymer,
among others that can include one or more of amonomer such
as, but not limited to, a HATNA-[X], monomer, a HATNA-
[CO,Y];, a HATNA-[CCU], monomer, a HATNA-[Z],
monomer, a DATAN-[W],, monomer, a HATNA-[Imide],
monomer, a HATNA-[CO,Y']; monomer, a HATNA-[Z'];
monomer, a HATNA-[T],, monomer, and combinations
thereof.
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A device, among others, that can include one or more of a
monomer such as, but not limited to, a HATNA-[X], mono-
mer, a HATNA-[CO,Y];, a HATNA-[CCU], monomer, a
HATNA-[Z]; monomer, a DATAN-[W],, monomer, a
HATNA-[Imide]; monomer, a HATNA-[CO,Y']; monomer,
a HATNA-[Z']; monomer, a HATNA-[T],, monomer, and
combinations thereof.

A polymer layer, among others, that can include one or
more of a monomer such as, but not limited to, a HATNA-
[X]s monomer, a HATNA-[CO,Y];, a HATNA-[CCU],
monomer, a HATNA-[Z], monomer, a DATAN-[W], , mono-
mer, a HATNA-[Imide]; monomer, a HATNA-[CO,Y"];
monomer, a HATNA-[Z']; monomer, a HATNA-[T], , mono-
mer, and combinations thereof.

A device, among others, that includes a first electrode and
a second electrode. The first electrode includes: a hole-trans-
port layer disposed adjacent the first electrode; and an elec-
tron-transport layer disposed adjacent the hole-transport
layer, and wherein the electron-transport material is selected
from: HATNA-[X],, HATNA-[CO,Y];, HATNA-[CO,Y'];,
HATNA-[CCU]s, HATNA-[Z],, HATNA-[Z'],, HATNA-
[T],,, DATAN-[W],,, HATNA-[Imide],, and combinations
thereof. The second electrode is disposed adjacent the elec-
tron-transport layer.

An organic photovoltaic cell, among others, that includes a
first electrode and a second electrode. The first electrode
includes a hole-transport layer disposed adjacent the first
electrode; an electron-transport layer disposed adjacent the
hole-transport layer, and wherein the electron-transport mate-
rial is selected from: HATNA-[X],, HATNA-[CO,Y],,
HATNA-[CO,Y'],, HATNA-[CCU]q, HATNA-[Z].,
HATNA-[Z'],, HATNA-[T],,, DATAN-[W],,, HATNA-
[Imide];, and combinations thereof; and an exciton blocking
layer disposed adjacent the electron-transport layer. The sec-
ond electrode is disposed adjacent the exciton blocking layer.

An organic field-effect transistor, among others, that
includes: a substrate; a gate electrode disposed on a first side
of'the substrate; a gate insulator disposed on a second side of
the substrate; a source electrode disposed on a first portion of
the gate insulator; a drain electrode disposed on a second
portion of the gate insulator; and an electron-transport layer
disposed on a third portion of the gate insulator, the source
electrode, and the drain electrode, and wherein the electron-
transport material is selected from: HATNA-[X],, HATNA-
[CO,Y];, HATNA-[CO,Y'];, HATNA-[CCU],, HATNA-
[Z];, HAINA-[Z'];,, HAINA-[T],,, DATAN-[W],,,
HATNA-[Imide];, and combinations thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosure can be better understood
with reference to the following drawings. The components in
the drawings are not necessarily to scale, emphasis instead
being placed upon clearly illustrating the principles of the
present disclosure. Moreover, in the drawings, like reference
numerals designate corresponding parts throughout the sev-
eral views.

FIG. 1 illustrates a chemical structure of hexaazatrinaph-
thylene (HATNA) compound.

FIG. 2 illustrates general chemical structures of HATNA
and dodecaazatrianthracene (DATAN) compounds.

FIG. 3 illustrates the X-ray structure of HATNA (repro-
duced from references 10, 11, and 12).

FIG. 4 illustrates the DSC of BK2_ 93, HATNA_[NO,].

FIG. 5 illustrates the train purification system; sublimation
of HATNA, BK2_ 73.
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FIG. 6 illustrates the sublimation of HATNA-Cl,, BK2
67.

FIG. 7 illustrates the "H NMR of sublimed HATNA,BK2
73C.

FIG. 8 illustrates the 'H NMR of HATNA-Cl,, BK2 67,
(a) before and (b) after sublimation.

FIG. 9A illustrates the ORTEP of HATNA-Cl,, BK2
67C.

FIG. 9B illustrates the molecular packing of sublimed
HATNA-Clq, BK2_ 67C.

FIG. 10 illustrates the crystals in tubes 2.3 and 2.4 upon the
sublimation of HATNA-[Me], (refer to BRK_III_ 92 for
details).

FIG. 11 illustrates the TGA (thermal stability) of BK2
67C (sublimed HATNA-Cl;) and BK2_ 73C (sublimed
HATNA).

FIG. 12 illustrates the normalized absorption of BK2 73C
and BK2_ 67C in CH,Cl,. The sample was filtered before
acquiring the data because of the low solubility; therefore, the
concentration was not determined.

FIG. 13 illustrates the cyclic DC voltammogram of
HATNA, BK2_ 73C, in dichloromethane with 0.1 M
TBAPF, (vs Ag/AgCl); E,"*?=-1.442V; BE,**=-1.793 V;
E.*“=-1.870V;E,**=-2.203 V. The reduction potentials are
calculated vs. F_*/F .

FIG. 14 illustrates the cyclic DC voltammogram of HAT-
NA_Cl,,BK2_67C, indichloromethane with 0.1 M TBAPF
(vs Ag/AgCl); E,"*=-1.286 V; B,”**=—1.514 V; E,*=—
2.022 V. The reduction potentials are calculated vs. F_*/F .

FIG. 14 A illustrates the proposed design of an OFET based
on HATNA_F, and a HT material.

FIG. 15 illustrates the thermal stability of BK2 71E,
BK2_ 99B, and BK3_ 3E.

FIG. 16A illustrates the DSC of HATNA_[SC,,H,s];,
BK2_ 71E; first cycle of heating and cooling.

FIG. 16B illustrates the DSC of HATNA_[SC,,H,s]s,
BK2_ 71E; second cycle of heating and cooling.

FIG. 16C illustrates the DSC of HATNA_[SC,,H,s]s,
BK2_71E; first cycle of heating (till 200° C.) and cooling.

FIG. 16D illustrates the DSC of HATNA_[SC,,H,5]s,
BK2_71E; second cycle of heating (till 200° C.) and cooling.

FIG. 17A illustrates the DSC of HATNA_[SCgH, -],
BK2_ 99B; first cycle of heating and cooling.

FIG. 17B illustrates the DSC of HATNA_[SC.H, -],
BK2_ 99B; second cycle of heating and cooling.

FIG. 17C illustrates the DSC of HATNA_[SC.H,],
BK2_ 99B; first cycle of heating (till 200° C.) and cooling.

FIG. 17D illustrates the DSC of HATNA_[SC.H,];,
BK2_ 99B; second cycle of heating (till 200° C.) and cooling.

FIG. 18 illustrates the cyclic DC voltammogram of
HATNA_[SC,,H,5]s, BK2_71E, in dichloromethane with
0.1 M TBAPF (vs. a Ag/AgCl pseudoreference); half-wave
reduction potentials of E,"=-1.449 V; E,”**=-1.881 V;
E,=-2.026 V are calculated vs ferrocenium/ferrocene.

FIG. 19 illustrates the cyclic DC voltammogram of
HATNA_[SCgH,,]s, BK2_99B, in dichloromethane with
0.1 M TBAPF (vs a Ag/AgCl pseudoreference); half-wave
reduction potentials of E,”**=-1.468 V; E,**=-1.708 V;,
E;=-1.980 V are calculated vs ferrocenium/ferrocene.

FIG. 20 illustrates the absorbance of HATNA_[SC.H, -],
BK2_99B, HATN_[SC,,H,;]s, BK2_71E, and HATNA _
[OC,,H,5]s, BK3-3E, in CH,Cl,.

FIG. 21 illustrates the textures of HATNA_[SC,,H,s]s,
BK2_ 71E, between cross-polarizers.

FIG. 22 illustrates the textures of HATNA_[SC.H, -],
BK2_ 99B, between cross-polarizers.
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FIG. 23 illustrates the cyclic DC voltammogram of
HATNA_[OC,,H,s]s, BK3_ 3G indichloromethane with 0.1
M TBAPF, (vs. a Ag/AgCl pseudoreference); half-wave
reduction potentials of E,"*=1.775V; E,=-2.020 V are cal-
culated vs ferrocenium/ferrocene.

FIG. 24A illustrates the DSC of HATNA_[OC,,H,s]s,
BK3_ 3G; first cycle of heating and cooling.

FIG. 24B illustrates the DSC of HATNA_[OC,,H,s]s,
BK3_ 3G; second cycle of heating and cooling.

FIG. 25 illustrates the textures of BK3__3E between cross-
polarizers.

FIG. 26 illustrates the absorbance of HATNA_OxC,,
BK2_91B, HATNA_OxC,, BK2_83C, HATNA_OxC,,,
BK1 47D, in CH,Cl,.

FIG. 27 illustrates the polarized optical photos of BK1__
47D between cross-polarizers; (a) 10x magnification; (b) 20x
magnification; (¢) & (d) 50x magnification.

FIG. 28A illustrates the DSC of HATNA_[Ox
(PhOC, ,H,5);]5, BK2_ 27B; the first cycle of heating and
cooling.

FIG. 28B illustrates the DSC of HATNA_[Ox
(PhOC, ,H,5);]5, BK2_ 27B; the second cycle of heating and
cooling.

FIG. 29A illustrates the DSC of HATNA_[Ox(PhOCq
H;-)515, BK2_ 83D; the first cycle of heating and cooling.

FIG. 29B illustrates the DSC of HATNA_[Ox(PhOCq
H,-);15, BK2__83D; the second cycle of heating and cooling.

FIG. 30 illustrates the textures of BK2 83C; (a) & (¢)
between cross-polarizers; (b) and (d) between non-cross-po-
larizers.

FIG. 31 illustrates the textures of BK1_91D; (a) between
cross-polarizers; (b) between non-cross-polarizers.

FIG. 32 illustrates the 300 'H MHz of HATNA_[Ox
(PhOC, ,H,5);]5, BK1_47D.

FIG. 33 illustrates the MALDI-TOF of HATNA_[Ox
(PhOC, ,H,5);]5, BK1_47D.

FIG. 34 illustrates the cyclic DC and AC (OSWYV) volta-
mmograms of BK1_21H in dichloromethane with 0.1
M "BuN*PF,~ (relative to ferrocenium/ferrocene).

FIG. 35 illustrates the powder XRD pattern for BK3_27B
assumed to be in the Col,,, phase at room temperature.

FIG. 36 illustrates the MALDI-TOF of BK1 31 (BK2
9F).

FIG. 37 illustrates the HPLC traces of HATNA_
[CO,CH,PhFs],, BRK_III__78C, BRK_III_83B_T9,
BRK_IIT__78E1, BRK_III_ 78E4, BRK_III_78E3, and
BRK_IIT_78F2.

FIG. 37A illustrates the *H 500 MHz NMR of BRK_IIT__
78E1 in CDCI,. The inset is the corresponding analytical
HPLC traces analysis.

FIG. 37B illustrates the 'H 500 MHz NMR of BRK_IIT__
78F2 in CDCI,. The inset is the corresponding analytical
HPLC traces analysis.

FIG. 37C illustrates the 'H 500 MHz NMR of BRK_I1T
78E3 in CDCl;. The inset is the corresponding analytical
HPLC traces analysis.

FIG. 37D illustrates the *H 500 MHz NMR of BRK_IIT__
78F2, BRK_ITI__78F2, and BRK_III_78F2 in CDCl;; (a)
aliphatic region; (b) aromatic region.

FIG. 37E illustrates the '"H NMR (CDCl,, 500 MHz) of
concentrated (24.03 mg/0.8 ml) and dilute (3.93 mg/0.8 ml)
solutions of BRK_III 78E4-2,8,15 isomer ((a) and (c) 'H
NMR of concentrated solution of aliphatic and aromatic
regions, respectively; and (b) and (d) 'H NMR of dilute
solution of aliphatic and aromatic regions, respectively).

FIG. 37F illustrates the °F (CDCl,, 376 MHz) of the
isomers of HATNA_[CO,CH,PhF.];. (a) 2,8,15-isomer,
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BRK _III__78F2; (b) 2,8,14-isomer, BRK_III_78El; (c)
mixture of isomers, BRK_III_78E3. F :F, :F =2:2:1 for all
three spectra. The chemical shifts are relative to trifluorom-
ethylbenzene, which was used as an external standard.

FIG. 38 illustrates the POM micrograph of DD1_43 at
t=108.8° C. upon heating.

FIG. 39 illustrates the POM micrograph of DD1_ 45 ester
at t=62° C. upon cooling.

FIG. 40 illustrates the CV graphs of HATNA esters in
CH,C1,/0.1 M "BuN*PF,~ (relative to ferrocenium/fer-
rocene).

FIG. 41 illustrates the UV-vis spectrum of DD1_43 in
CH,Cl,.

FIG. 42 illustrates the 'H NMR (300 MHz, CDCl,) of
BRK _III__63A.

FIG. 43 illustrates the MALDI-TOF of BRK_III_ 67A.

FIG. 44 illustrates the 300 MHz *H NMR of BRK_ITT
41A in DMSO.

FIG. 45 illustrates the FAB of BRK_III_ 57B.

FIG. 46 illustrates the MALDI-TOF of DATNA BRK_IIT_
87C.

FIG. 47 illustrates the energy levels of the ITO-BRK_IIT
59-A1 device.

FIG. 48 illustrates the linear (left) and log-log (right) plots
of I-V curve for 5-um thick HATNA-[CO,CH,PhFs];,
BRK_III_59, device at room temperature, the dotted red
lines are the linear and quadratic fitting at different voltage
range.

FIG. 49 illustrates the I-V curve for 51n) thick HATNA-
[CO,CH,PhF,]; device at room temperature after 10 days
storage, the dotted red line is I-V curve is that of the fresh
sample.

FIG. 50 illustrates the Arrhenius plot of the zero-field
mobility versus temperature. The solid line is according to
Eq. (3).

FIG. 51 illustrates the relation of coefficient y and tempera-
ture T. The solid line was obtained from Eq. (3). This empiri-
cal dependence of y and T was initially suggested by Gill for
PVK system.*¢

FIG. 52 illustrates the linear (left) and log-log (right) plots
of the transient photocurrents for 104 um thick HATNA _
[SC,,H,;], device at room temperature.

FIG. 53 illustrates the field dependence of the electron
mobility of HATNA_[SC, ,H,;], film at room temperature.

FIG. 54 illustrates the linear (left) and log-log (right) plots
of I-V curve for 5 um thick HATNA_[SC,,H,5]s device at
room temperature, the dotted red line is quadratic fitting at
6.5-10.3V range.

FIG. 55 illustrates the I-V curve for 5 pm thick HATNA_
[SC,,H,5]¢ device at room temperature after three days stor-
age, the solid black line is that of the I-V curve of the fresh
sample.

FIG. 56 is a schematic of an organic light-emitting diode.

FIG. 57 is a schematic of an organic photovoltaic cell.

FIG. 58 is a schematic of an organic field-effect transistor
with bottom electrodes.

FIG. 59 is a schematic of the electrical output characteristic
of an organic field-effect transistor. The curves show the
current measured between source and drain electrodes as a
function of the voltage between source and drain electrodes.

FIG. 60 is a schematic of an organic field-effect transistor
with top electrodes.

FIG. 61A is a schematic of an organic field-effect transistor
with a surface modifier and with bottom electrodes:

FIG. 61B is a schematic of an organic field-effect transistor
with a surface modifier and top electrodes.

FIG. 62A illustrates the chemical structure of HATNA-Cl,..
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FIG. 62B illustrates the output characteristic of a transistor
comprised of HATNA-Cl; as the organic semiconductor.

FIG. 62C illustrates the transfer curve of a transistor com-
prised of HATNA-C, as the organic semiconductor.

FIG. 63A illustrates the chemical structure of HATNA-F ,.

FIG. 63B illustrates the output characteristic of a transistor
comprised of HATNA-F |, as the organic semiconductor.

FIG. 63C illustrates the transfer curve of a transistor com-
prised of HATNA-F, , as the organic semiconductor.

FIG. 64 illustrates HPLC traces of (a) compound 1la, (b)
mixture of compounds la/b, and (¢) compound 1b'".

FIG. 65 illustrates '°F-NMR (CDCl,, 376 MHz) of com-
pound la, a mixture of compounds 1a/b, and compound 1b'.

FIG. 66 illustrates cross-polarized optical microscopy
images of compound 1b', (a) solidification with 95° C./min
cooling rate; (b) with 60° C./min; (¢) with 30° C./min; (d)
with 10° C./min from isotropic phase. All samples were
solidified between two glass slides or ITO glasses.

DETAILED DESCRIPTION

Inaccordance with the purpose(s) of the present disclosure,
as embodied and broadly described herein, embodiments of
the present disclosure, in one aspect, relate to charge-trans-
port material, methods of making charge-transport materials,
and methods of using charge-transport materials. In particu-
lar, the charge-transport materials include, but are not limited
to, compounds having hexaazatrinaphthylenes (HATNA)
cores and dodecaazatrianthracenes (DATAN) cores, and hav-
ing side chains (groups or mesogens) attached to the core.
HATNA and DATAN charge-transport materials have strong
intermolecular overlap and low reorganization energies,
coupled with the tunability of redox potentials, of glass-,
crystal-, and liquid-crystal-forming abilities, of the delocal-
ization of electronic structure, and of the degree of molecular
and materials anisotropy. In particular, the side chains of
HATNA and DATAN cores can be selected to provide charge-
transport materials having various volatilities, solubilities,
crystallinity, and charge transport ability, as well as being a
hole-transport material or an electron-transport material. In
other words, the side chains can be selected to tune the char-
acteristics of the charge-transport material as necessary.

The charge-transport materials described herein can be
used in a wide variety of electronic applications that include,
but are not limited to, electroluminescent (EL) devices (e.g.,
organic light emitting devices (OLEDs)), photovoltaic cells,
light-emitting diodes, field-effect transistors, phototransis-
tors, radio-frequency ID tags, semiconductor devices, photo-
conductive diodes, metal-semiconductor junctions (e.g.,
Schottky barrier diodes), p-n junction diodes, p-n-p-n switch-
ing devices, photodetectors, optical sensors, phototransduc-
ers, bipolar junction transistors (BJTs), heterojunction bipo-
lar translators, switching transistors, charge transfer devices,
thin film transistors, organic radiation detectors, infra-red
emitters, tunable microcavities for variable output wave-
length, telecommunications devices and applications, optical
computing devices, optical memory devices, chemical detec-
tors, combinations thereof, and the like.

In addition, the charge-transport materials may also be
used to modify the surfaces of other material components
with the aim of improving mechanical contact between mate-
rials and/or to improve charge-transport from one material to
another.

The charge-transport materials may exist as crystals, meso-
scopic phases, polymers, glasses, liquids, gases, and combi-
nations thereof. The state of charge-transport materials can be
altered by processing the charge-transport materials, mixing
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the charge-transport materials with other materials, using
different side chains in the charge-transport materials relative
to other charge-transport materials, and the like. One skilled
in the art could modify embodiments of the present disclosure
to alter the state of the charge-transport materials.

The charge-transport materials can be processed to pro-
duce a highly ordered mesophase morphology. When the
charge-transport materials are used to form a layered thin
film, the molecules have a preferential orientation in space. In
particular, the charge-transport materials can have a certain
degree of long-range orientational molecular order and long-
range translational molecular order. The mesophase ordering
allows close packing of molecular pi-electron systems (e.g.,
closely packed conjugated aromatic rings, in which very
close pi-pi stacking can occur). Pi-pi stacking allows inter-
molecular charge transport to occur more easily, leading to
high charge carrier mobilities, which increases intermolecu-
lar charge transfer that occurs through a hopping mechanism
between adjacent molecules. In particular, the charge-trans-
port material compounds can stack in the form of well-de-
fined columns (e.g., the aromatic cores in one layer are sub-
stantially aligned with the aromatic cores in adjacent layers)
forming one dimensional paths for charge transport along the
stacked conjugated cores due to the good intermolecular
overlap within the stacks.

This ordered, and oriented microstructure can be made
substantially permanent by polymerizing the charge-trans-
port materials, which can also create a structure with long-
range order, or a “monodomain.” Formation of a mon-
odomain also maximizes charge transfer by eliminating
charge trap sites at grain boundaries, while the polymeriza-
tion also improves the mechanical properties of the film.
Further, by cross-linking the charge-transport material com-
pounds, a highly stable structure results, which has an addi-
tional advantage of being substantially impervious to subse-
quent processing solvents during device fabrication, thus
allowing a wider range of solvents to be used in deposition of
the next layer of the device by solution techniques. In addi-
tion, the cross-linking may increase the density of the film,
leading to smaller intermolecular distances and improved
charge transport.

The charge-transport materials may be in a liquid crystal-
line phase, may show liquid crystal phase behavior in mix-
tures with other compounds, or when the compounds or mate-
rials, or the mixtures thereof, are polymerized, they are in a
liquid crystalline phase. As used herein, a “liquid crystalline
phase” or “liquid crystal phase” includes a phase that is inter-
mediate to a liquid phase and a crystalline phase. In the liquid
crystalline phase, the orientations of a portion of the charge-
transport material compounds are correlated to each other
(e.g., the orientation of each individual charge-transport
material compound is affected and is affecting the orientation
of'the neighboring charge-transport material compound), and
the correlation can extend to a large scale (e.g., equal to or
larger than 1 micron so that a substantial portion of the
charge-transport material compounds are orientated (e.g., the
central aromatic cores are substantially aligned in subsequent
layers to form a one dimensional column for charge trans-
port)). The orientation-correlation in the liquid crystals
allows one to control the orientations of the charge-transport
material compounds with the aid of an electrical field, a
magnetic field, or a pre-treated surface, so that one can switch
the orientation or diminish the unwanted effect of the local
environment (e.g., impurities). This is unlike an isotropic
phase where the orientations of charge-transport material
compounds in solution are random.
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The alignment of the molecules of the liquid crystals is
conventionally regarded as being alignment with respectto a
vector called the director. Unlike in the solid phase, in the
crystalline state the positions of the molecules in the liquid
crystal phase do not have long range order in at least one
direction. For example, discotic liquid-crystalline
mesophases include quasi-two-dimensional molecules,
which include a rigid conjugated core and flexible side chains
(e.g., HATNA and DATAN charge-transport molecules). The
charge-transport material compounds in the discotic liquid-
crystalline mesophase can stack in the form of well-defined
columns, forming one-dimensional paths for charge transport
along the stacked conjugated cores due to the good intermo-
lecular overlap within the stacks.

Alignment of the liquid crystal material can be achieved for
example by application of a magnetic and/or electric field
(e.g., oscillating electromagnetic radiation), by treatment of
the substrate onto which the material is coated, by shearing
the material during or after coating, by application of a mag-
netic and/or electric field (e.g., oscillating electromagnetic
radiation) to the coated material, or by the addition of surface-
active compounds to the liquid crystal material. Reviews of
alignment techniques are given for example by 1. Sage in
“Thermotropic Liquid Crystals”, edited by G. W. Gray, John
Wiley & Sons, 1987, pages 75-77, and by T. Uchida and H.
Seki in “Liquid Crystals—Applications and Uses Vol. 37,
edited by B. Bahadur, World Scientific Publishing, Singapore
1992, pages 1-63. A review of alignment materials and tech-
niques is given by J. Cognard, Mol. Cryst. Liq. Cryst. 78,
Supplement. (1981), pages 1-77.

As mentioned above, the charge-transport materials
includes HATNA or DATAN cores. The following structures
illustrate the HATNA core and the DATAN core:

and
N =
HATNA CORE |
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The HATNA or DATAN can be monomer units in a poly-
mer of the charge-transport material, such as a homopolymer
or a copolymer (e.g., block copolymers, random copolymers,
alternating copolymers, periodic copolymers, and combina-
tions thereof). The monomer units in embodiments of the
copolymers can include the HATNA and/or DATAN core
(e.g., see various structures below), as well as other monomer
units consistent with the purposes and characteristics of the
charge-transport materials described herein.

Various groups (e.g., atoms and compounds) or mesogenic
units can be bonded to the HATNA core and/or the DATAN
core to form a variety of charge-transport materials. The type
of group and/or the combinations of groups and/or the loca-
tion of the groups bonded to the HATNA core and/or the
DATAN core can be selected to tune or manipulate the vola-
tility, solubility, crystallinity, melting point, phase transitions,
shelf life, and charge transport ability, of the charge-transport
material. In addition, the type of group and/or the combina-
tions of groups that can be bonded to the HATNA core and/or
the DATAN core can be selected to form a hole-transport
material or an electron-transport material. For example, see
the discussion corresponding to Scheme 7 in Example 1.

The following structures describe non-limited embodi-
ments ofthe charge-transport material compounds having the
HATNA core or the DATAN core:

X1
X
o
X N N
6 | \ /
Z
Xs N | Sy
N~
X3
X
HATNA-[X]q
oY,
o
Y50,C N N
302 | N =
Z
N | Sy
N~
COLY,

HATNA-[CO,Y];
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HATNA-[Imide];

In HATNA-[X],, HATNA-[CO,Y];, HATNA-[CO,Y'];,
HATNA-[CCU],, HATNA-[Z],, HATNA-[Z'];, HATNA-
[T],,, HATNA-[Imide];, and DATNA-[ W], an asterisk (*) in
the structures shown below identifies the atom of attachment
to a functional group and implies that the atom is missing one
hydrogen that would normally be implied by the structure in
the absence of the asterisk. Also note the following: “—”
indicates a single bond between 2 atoms, “—" indicates a
double bond between 2 atoms, and “=" indicates a triple
bond between 2 atoms.

In HATNA-[X],, HATNA-[CO,Y];, HATNA-[CO,Y'];,
HATNA-[CCU],, HATNA-[Z],, HATNA-[Z'];, HATNA-
[T],,, HATNA-[Imide],, and DATNA-[W], the groups can
include from one type of group to up to twelve types of groups
depending on the particular charge-transport material (e.g.,
HATNA-[CO,Y]; as compared to HATNA-[T],,). For
example, X,, X,, X5, X,, X, and X, could be the same type
of group, two types of groups, three types of groups, four
types of groups, five types of groups, or six types of groups. It
should also be noted that the configuration (e.g., position on
the molecule) of the groups on the molecules can vary
depending on the number of different groups bonded to the
molecules to produce charge-transport materials having a
particular characteristic.

Groups Ry, Ry, Ty, T, T, Ty, Ts, T, T5, T, Toy Tig, T,
T2, Uy, Uy, Uy, U, Us, Ug, W, W, Wi, W, We, W, X, X,
X5 Xyy X5, Xy 24, 25, 75, 7', 7', and 7’5, can each be
independently selected from, but not limited to, the one or
more of following groups: H; halogens; CN; NO,; CHO;
linear or branched, alkyl groups with up to 25 carbons (e.g., 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, and 25 carbons in all isomer-forms such as
normal, secondary, iso- and neo-isomers); linear or branched,
perfluoronated alkyl groups with up to 25 carbons (e.g., 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, and 25 carbons in all isomer forms such as
normal, secondary, iso- and neo-isomers); fused aromatic
rings (e.g., two to four rings); donor groups (e.g., those having
low ionization potentials, see discussion below); acceptor
groups (e.g., those having high electron affinity, see discus-
sion below); aryl groups (see discussion below); and poly-
merizable groups (see discussion below).
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In addition, groups Ry, R, T, T5, T3, T4, Ts, T, T4, Tg,y T,
Tyo, Tyys Th5, Uy, Uy, Uy, Uy, Us, U, W, Wo, Wi, W, W,
W, X1, X0, X5, Xy, X5, X6, 24, 25, 25, 2", 7'y, and 7', can
each be independently selected from, but not limited to, one
or more of the following groups: —(CH,CH,0),—(CH,),
OR,;; —(CH,CH,0),—(CH,)gNR ;R .55 —(CH,CH,0),,
—(CH,)gCONR ;R 5 —(CH,CH,0),—(CH,)CN;
—(CH,CH,0),—(CH,),F; —(CH,CH,0),—(CH,)sNO,;
—(CH,CH,0),—(CH,),Cl; —(CH,CH,0),—(CH,),Br;
—(CH,CH,0)—(CH,)gl; —(CH,CH,0),—(CH,)g-Phe-
nyl,  (CH)y—(OCHCH),R,;  —(CH,)y—
(OCH,CH,), ~ NRR,::  —(CHy)y—(OCH,CH,),
CONR 3R ,5;  —(CH,)g—(OCH,CH,),CN;  —(CH,)p—
(OCH,CH,) F; —(CH,)s—(OCH,CH,),NO,; —(CH,)—
(OCH,CH,),Cl; —(CH,)g—(OCH,CH,)Br; —(CH,)p—
(OCH,CH,),l; —(CH,)g—(OCH,CH,),Phenyl; —(CF,),
OR,,; —(CF,)JOCH,NR,,R .5, —(CF,)sCF5; —O(CE,)p
OR,;; —OCH,CH,(CF,)s0R,;; —OCH,CH,(CF,),
CH,NR ;R ;;  —O(CF,)sCH,NR ;R 55  —OCH,CH,
(CF,), CF5; —(CH,)y—(OCH,CH,),Phenyl; —(CF,);—
(OCH,CH,),Phenyl; —(CH,)y—(OCH,CH,),Aryl; (see
discussion below); —(CF,)s—(OCH,CH,) Aryl (see dis-
cussion below); —(OCH,CH,),—(CF,)pAryl (see discus-
sion below); —(OCH,CH,),—(CH,)gAryl (see discussion
below); —O(CH,)pAryl; (see discussion below); and
—O(CF,) Aryl (see discussion below). Groups V,, V,, V3,
Y., Y, Y5, Y'Y, Y',, and Y'; each are independently selected
from: H; linear or branched, alkyl groups with up to 25
carbons; linear or branched, perfluoronated alkyl groups with
up to 25 carbons; fused aromatic rings; donor groups; accep-
tor groups; aryl groups; polymerizable groups;
—(CH,CH,0),—(CI,),CH,—OR,,; —(CILCH,0),—
(CH,)gCH,—NR ;R ;3 —(CH,CH,0),—(CH,)OCH,—
CONR ;R 53 —(CH,CH,0)—(CH,)sCH,—CN;
—(CH,CH,0),—(CH,),CH,—F; —(CH,CH,0),—(CH,),

CH,—NO,; —(CH,CH,0),,—(CH,)OCH,—Cl;
—(CH,CH,0),—(CH,)OCH,—Br;  —(CH,CH,0),—
(CH,)OCH,—1; —(CH,CH,0),—(CH,)g-Phenyl;
—CH, (CH,)y(OCH.CH,),R,.;  —CH, (CH,)—

(OCH,CH,) NR ,R 5 —(CH,)sCH,—(OCH,CH,),,
CONR ;R 5; —CH,—(CH,)g—(OCH,CH,),CN;
—CH,—(CH,)g—(OCH,CH,),F; —CH,—(CH,)p—
(OCH,CH,),NO,; —CH,—(CH,)—(0OCH,CH,),Cl;
—CH,—(CH,)g—(OCH,CH,),Br; —CH,—(CH,)g—
(OCH,CH,)I; —CH,(CH,)p—(OCH,CH,)Phenyl;
—CF,—(CF,)g0R,; —CF,—(CF,)sCH,NR 5R 53
—(CFy)eCF;;  —(CF,)OR,;; —CH,CH,(CF,),OR
—CH,CH,(CF,)gCH,NR ;5R 3 (CF,)CH,NR 5R 55
—CH,CH,(CF,),CF;; —CH,—(CH,)s—(OCH,CH,),,Ph-
enyl; —CF,—(CF,)g—(OCH,CH,),Phenyl; —CH,—
(CH,)y—(OCH,CH,) Aryl; —CF,—(CF,)y—
(OCH,CH,),, Aryl; —CH,CH,—(OCH,CH,),—O(CF,),
Aryl; CH,CH,—(OCH,CH,),—O(CH,)gAryl; —CH,O
(CH,)p Aryl; and —(CF, )y Aryl; and combinations thereof. In
addition, groups V,, V,, V5, Y, Y,, Y5, Y',, Y',, and Y'; can
each be independently selected from, but not limited to, one
or more of the following groups: —(CH,CH,0),—(CH,),
CH,—OR,;; —(CH,CH,0),—(CH,);CH,—NR ,R,:
—(CH,CH,0),—(CH,),CH,—CONR R 5;

—(CH,CH,0),—(CH,)gCH,—CN; —(CH,CH,0),—
(CH,)sCH,—F; —(CH,CH,0),—(CH,)sCH,—NO,;
—(CH,CH,0),—(CH,)sCH,—CI; —(CH,CH,0),—
(CH,)pCH,—Br; —(CH,CH,0),—(CH,)sCH,—1;
—(CH,CH,0),—(CH,)g-Phenyl; —CH,—(CH,)g—
(OCH,CH,) R, —CH,—(CH,);—(OCH,CH,),
NR R, —(CH,)pCH,—(OCH,CH,),CONR ,,R ;3;
—CH,—(CH,)g—(OCH,CH,),CN;  —CH,—(CH,)g—
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(OCH,CH,), F: —CH,—(CH,)g—(OCH,CH,),NO,;
—CH,—(CH,)—(OCH,CH,),Cl; —CH,—(CH,)p—
(OCH,CH,)Br; —CH,—(CH,)s—(OCH,CH,),I; —CH,
(CH,)p—(OCH,CH,)Phenyl; —CF,—(CF,)gOR,,;;
*Csz(CFz)ﬁCHzNRazRas; *(CFz)ﬁCFs; *(CFz)ﬁ
OR,;; —CH,CH,(CF,)gOR,,; —CH,CH,(CF,)g
CHNR oR 55 (CFp)gCH—NR 5R 55 —CHL,CH,(CF,)g
CF;;  —CH,—(CH,)p—(OCH,CH,),Phenyl; —CF,—
(CF,)g—(OCH,CH,),Phenyl; —CH,—(CH,)g—
(OCH,CH,) Aryl;  —CF,—(CF,)y—(OCH,CH,), Aryl
(see discussion below); —CH,CH,—(OCH,CH,),—O
(CF,)gAryl (see discussion below); CH,CH,—(OCH,CH,),,
—O(CH,)pAryl (see discussion below); —CH,O(CH,)g
Aryl (see discussion below); and —(CF,)gAryl (see discus-
sion below).

R,;,R,,, and R ; can each be independently selected from,
but not limited to, one or more of the following groups: H;
linear or branched, alkyl groups with up to 25 carbons (e.g., 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 carbons in all isomer forms such as normal,
secondary, iso- and neo-isomers); and a functional group
derived from amino acids, nucleic acids, biotin, ferrocene,
ruthenocene, cyanuric chloride, methacryloyl chloride, and
derivatives thereof. Subscript o is an integer number from O to
25(e.g.,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, and 25). Subscript { is an integer
number from 0 to 25 (e.g.,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, and 25).

The aryl group can include aromatic ring systems having
up to 20 carbons in the aromatic ring framework (e.g., 0, 1, 2,
3,4,5,6,7,8,9,10,11,12,13, 14, 15,16, 17,18, 19, and 20
carbons in all isomer forms), (e.g., does not include carbons
on the substituents). The aryl group can include, but is not
limited to the following structures:

RAZ RAI
Ch
Ry x, Ras \ / * and
P

Rua Rys

Ch Ch

AW
Ch

It should be noted that Ch can be an atom such as, but not
limited to, Se, S, O, and a combination thereof when more
than one Ch is present in the aryl ring system. R, |, R 5, R 45,
R4 Rys, R 46, R 45, can each be independently selected from,
but not limited to, the following groups: H; a linear or
branched alkyl group with up to 25 carbons (e.g., 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, and 25 carbons in all isomer forms such as normal,
secondary, iso- and neo-isomers); —(CH,CH,0),—(CH,),
OCH,; —(CH,CH,0),—(CH,);N(CH,),; —(CILCH,0),
—(CH,);CON(CH,),; ~(CH,CH,0),—(CH,),CN;
—(CH,CH,0),—(CH,),F; —(CH,CH,0), ~(CH,),NO;
—(CH,CH,0),—(CH,)sCl; —(CH,CH,0),—(CH,),Br;
—(CH,CH,0),—(CH,)sl; —(CH,CH,0),—(CH,),-Phe-

nyl; —(CH,),—(OCH,CH,),CHs; —(CH,)y—
(OCH,CH,)s N(CHj),; —(CH,)s—(OCH,CH,),C(O)N
(CH;)s; *(CHz)af(OCH2CH2)yCN; —(CH,)s—

(OCH2CH2)YF; —(CH,)5—(OCH,CH,)NO,; —(CH,)5—
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(OCH,CH,),Cl; —(CH,)s—(OCH,CH,),Br; —(CH,),—
(OCH,CH,),; —(CH,)s—(OCH,CH,),Phenyl; —(CF,),
OCH,; —(CF,)g0CH,; —(CF,)sCHN(CH,),; —(CFy)g
CF;; —O(CF,)sOCH3; —OCH,CH,(CF,)sOCHs,;
—OCH,CH,(CF,)sCH,N(CH,),; —O(CE,),CH,N(CH,),;
—OCH,CH,(CF,)gCF;; —(CH,)—(OCH,CH,).Phenyl;
and —(CF,)s—(OCH,CH,),,Phenyl.

The subscript y is an integer number from O to 25 (e.g., 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, and 25). The subscript d is an integer number
from0to25(e.g.,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, and 25). The subscript r
is an integer number from 0 to 6 (e.g., 0, 1, 2, 3, 4, 5, and 6).
The subscript s is an integer number from 0 to 3 (e.g., 0, 1, 2,
and 3).

The polymerizable group (functionalities) can include, but
is not limited to, vinyl, allyl, 4-styryl, acroyl, epoxide, oxet-
ane, cyclic-carbonate, methacroyl, and acrylonitrile, each of
which may be polymerized by either a radical, cationic, atom
transfer, or anionic polymerization process.

In addition, the polymerizable group can include, but is not
limited to, isocyanate, isothiocyanate, and epoxides, such that
they can be copolymerized with difunctional amines or alco-
hols such as HO(CH,), OH, H,N(CH,),NH,, where y is an
integer number from 0to 25 (e.g.,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, and 25).

Also the polymerizable group can include, but is not lim-
ited to, strained ring olefins such as, but not limited to, dicy-
clopentadienyl, norbornenyl, and cyclobutenyl. Such mono-
mers can be polymerized via ring opening metathesis
polymerization using an appropriate metal catalyst as would
be known to those skilled in the art.

Further, the polymerizable group can include, but is not
limited to, (—CH,), SiCl;, (—CH,), Si(OCH,CH,);, or
(—CH,),,Si(OCHy;);, where the monomers can be reacted
with water under conditions known to those skilled in the art
to form either thin film or monolithic organically modified
sol-gel glasses, or modified silicated surfaces, where 1 is an
integer number from 0to 25 (e.g.,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, and 25).

Furthermore, the polymerizable group can include, but is
not limited to, polymerizable groups that can be photochemi-
cally dimerized or polymerized, and these include the follow-
ing structures:
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The donor groups (donors) can include structures such as,
but not limited to, the following:

The acceptor groups (acceptors) can include structures
such as, but not limited to, the following:
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It should also be noted that X, X,, X5, X, X5, and X, can
each be independently selected from, but not limited to, one
or more of the following groups: a halogen or an alkyl chain
bonded directly to the core or via a linking group such as, but
not limited to, a methylene, an oxygen, a sulfur, or a selenium
linkage. In addition, X, X,, X3, X,, X,, and X can each be
independently selected from, but not limited to, one or more
of the following groups: substituted or unsubstituted alkyl,
aryl (including aromatic and heteroaromatic groups, which
are explained in J. March, “Advanced Organic Chemistry:
Reactions, Mechanisms and Structure”, Fourth edition,
Wiley-Interscience, New York, 1992, Chapter 2, which is
included herein by reference in its entirety), cycloalkyl, or
heterocyclic groups which are bonded to the carbon-atom
either directly or via a linking group. Also, X,, X,, X5, X, X5,
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and X, can each be independently selected from, but not
limited to, one or more of the following groups: donors and/or
acceptors such as those described herein and in U.S. Pat. No.
6,267,913, which is included herein by reference in its
entirety. Further, X, X,, X;, X,, X5, and X, can each be
independently selected from, but not limited to, the following
groups: any of the groups described above linked through a
pi-conjugated linking group as described in U.S. Pat. No.
6,267,913 In one embodiment of HATNA-[X],, X, X,, X,
X4, X5, and X are not an alkoxy (—OR, where R—C, H, . |,
where n=6, 8, 10, or 12)), an alkylthio (—SR, where
R—C,H,,,,;, where n=6, 8, 10, or 12)), H, Cl, or methyl
(—CH,).

It should also be noted that C, X, (e.g., X, and X,, X, and
X,, and X and X,) could also be, but is not limited to, a part
of a heterocyclic group such as, but not limited to, naphtyl,
phenanthryl, and benzo[b]triphenylene. In addition, C,X,
(e.g., X, and X,, X5 and X ,, and X5 and X ;) could also include
polymerizable groups including, but not limited to, acrylates,
epoxides, oxetanes, chalcones, cinnamates, alkynes, and ole-
fins.

Itshould also be noted that Y, Y,, Y5, Y",, Y',, and Y'5, can
each be independently selected from, but not limited to, one
or more of the following groups: an alkyl chain, perfluoro
aliphatic chain, aryl group, or heterocyclic group. In addition,
Y., Y, Y5, Y'Y, Y, and Y'5, can each be independently
selected from, but not limited to, one or more of the following
groups: substituted or unsubstituted alkyl, aryl (including
aromatic and heteroaromatic groups, which are explained in
J. March, “Advanced Organic Chemistry: Reactions, Mecha-
nisms and Structure”, Fourth edition, Wiley-Interscience,
New York, 1992, Chapter 2), cycloalkyl, or heterocyclic
groups which are bonded to the carbon atom either directly or
via a linking group. Y, Y,, Y5, Y',, Y',, and Y';, can each be
independently selected from, but not limited to, the following
polymerizable groups: acrylates, epoxides, oxetanes, chal-
cones, cinnamates, alkynes, and olefins. Y, Y,, Y5, Y',, Y',,
and Y';, can each be independently selected from, but not
limited to, the following groups: donors and/or acceptors as
described herein and in U.S. Pat. No. 6,267,913.Y,,Y,, Y5,
Y'.,Y',, and Y';, can each be independently selected from, but
not limited to, the following groups: any of the groups
described above linked through a pi-conjugated linking group
as described in U.S. Pat. No. 6,267,913.Y,,Y,, Y5, Y',, Y',,
and Y';, can each be independently selected from, but not
limited to, one or more of the following groups: a part of a
heterocyclic group such as naphtyl, phenanthryl, and benzo
[b]triphenylene.

It should also benoted that Z,, Z,, Z,, 7', 7',, and 7', can
each be independently selected from, but not limited to, one
or more of the following groups: an aryl group substituted
with alkoxy chains, thiol chains, selenium chains, linked
directly to the core or via a spacer of alternative phenyl and
oxadiazole rings. Z,, Z,, Z5, 7',, Z',, and Z';, can each be
independently selected from, but not limited to, CO,Hal,
where Hal is a halogen selected from F, Cl, or Br. Z,, Z,, Z,
7', 7',,and 7';, can each be independently selected from, but
not limited to, one or more of the following groups: substi-
tuted or unsubstituted alkyl, aryl (including aromatic and
heteroaromatic groups, which are explained in J. March,
“Advanced Organic Chemistry: Reactions, Mechanisms and
Structure”, Fourth edition, Wiley-Interscience, New York,
1992, Chapter 2), cycloalkyl, or heterocyclic groups, which
are bonded to the carbon atom either directly or via a linking
group. Z,,7.,, 75, 7', 7',, and 7', can each be independently
selected from, but not limited to, one or more of the following
polymerizable groups: acrylates, epoxides, oxetanes, chal-
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cones, cinnamates, alkynes, and olefins. Z,, Z,, 75, 7Z',, 75,
and Z';, can each be independently selected from, but not
limited to, one or more of the following groups: donors and/or
acceptors as described herein and in U.S. Pat. No. 6,267,913.
Z,, 75, 75, 7', 7'5, and 7'5, can each be independently
selected from, but not limited to, one or more of the following
groups: any of the groups described above linked through a
pi-conjugated linking group as described in U.S. Pat. No.
6,267,913.

It should also be noted that U,, U,, U5, U,, Us, and Ug, can
each be independently selected from, but not limited to, one
or more of the following groups: an aryl group substituted
with alkoxy chains, thiol chains, selenium chains connected
directly to the acetylene or via a spacer of alternative phenyl
and oxadiazole rings. U, U,, U;, U,, Uy, and Uy, can each be
independently selected from, but not limited to, the following
groups: triisopropyl silane and t-butyl. U,, U,, U;, U,, Uy,
and Ug, can each be independently selected from, but not
limited to, the following groups: substituted or unsubstituted
alkyl, aryl (including aromatic and heteroaromatic groups,
which are explained in J. March, “Advanced Organic Chem-
istry: Reactions, Mechanisms and Structure”, Fourth edition,
Wiley-Interscience, New York, 1992, Chapter 2), cycloalkyl,
or heterocyclic groups, which are bonded to the carbon atom
either directly or via a linking group. U, U,, U;, U,, Uy, and
Uy, can each be independently selected from, but not limited
to, the following polymerizable groups: acrylates, epoxides,
oxetanes, chalcones, cinnamates, alkynes, and olefins. U,
U,, Us, U,, Uy, and Ug, can each be independently selected
from, but not limited to, the following groups: donors and/or
acceptors as described herein and in U.S. Pat. No. 6,267,913.
U,, U,, U;, Uy, Us, and U, can each be independently
selected from, but not limited to, the following groups: any of
the groups described above linked through a pi-conjugated
linking group as described in U.S. Pat. No. 6,267,913.

It should also be noted that V,, V,, and V;, can each be
independently selected from, but not limited to, one or more
of'the following groups: an alkyl chain, an aryl group, an aryl
group substituted with alkoxy chains, thiol chains, selenium
chains, linked directly to the core or via a spacer of alternative
phenyl and oxadiazole rings. V,, V,, and V;, can each be
independently selected from, but not limited to, the following
groups: substituted or unsubstituted alkyl, aryl (including
aromatic and heteroaromatic groups, which are explained in
J. March, “Advanced Organic Chemistry: Reactions, Mecha-
nisms and Structure”, Fourth edition, Wiley-Interscience,
New York, 1992, Chapter 2), cycloalkyl, or heterocyclic
groups which are bonded to the carbon atom either directly or
via alinking group. V,,V,,and V, can each be independently
selected from, but not limited to, the following polymerizable
groups: acrylates, epoxides, oxetanes, chalcones, cinnama-
tes, alkynes, and olefins. V|, V,, and V3, can each be inde-
pendently selected from, but not limited to, the following
groups: donors and/or acceptors as described herein and in
U.S. Pat. No. 6,267,913. V|, V,, and V3, can each be inde-
pendently selected from, but not limited to, the following
groups: any of the groups described above linked through a
pi-conjugated linking group as described in U.S. Pat. No.
6,267,913.

It should also be noted that W,, W,, W5, W,, W, and Wy,
can each be independently selected from, but not limited to,
one or more of the following groups: alkyl chain, aryl group,
aryl group substituted with alkoxy chains, thiol chains, sele-
nium chains, linked directly to the core or via a spacer of
alternative phenyl and oxadiazole rings. W,, W,, W5, W,
W, and Wy, can each be independently selected from, but not
limited to, one or more of the following groups: substituted or
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unsubstituted alkyl, aryl (including aromatic and heteroaro-
matic groups, which are explained in J. March, “Advanced
Organic Chemistry: Reactions, Mechanisms and Structure”,
Fourth edition, Wiley-Interscience, New York, 1992, Chapter
2), cycloalkyl, or heterocyclic groups, which are bonded to
the carbon atom either directly or viaa linking group. W,, W,
W;, W,, Ws, and W, can each be independently selected
from, but not limited to, the following groups: donors and/or
acceptors as described herein and in U.S. Pat. No. 6,267,913.
W, W,, W, W, Wy, and W, can each be independently
selected from, but not limited to, the following groups: any of
the groups described above linked through a pi-conjugated
linking group as described in U.S. Pat. No. 6,267,913.

Itshould also be noted that C,W, (e.g., W, and W,, W, and
W,, and W and W) could also be, but is not limited to, a part
of a heterocyclic, group such as, but not limited to, naphtyl,
phenanthryl, and benzo[b]triphenylene. In addition, C,W,
could also include polymerizable groups including, but not
limited to, acrylates, epoxides, oxetanes, chalcones, cin-
namates, alkynes, and olefins.

Itshould also be noted that T, T,, T5, T,, T5, Ty, T,, Ty, T,
T,q, Ty;, and T, ,, can each be independently selected from,
but not limited to, one or more of the following groups: a
halogen or an alkyl chain bonded directly to the core or via a
linking group such as, but not limited to, a methylene, an
oxygen, a sulfur, or a selenium linkage. In addition, T, T,, T,
T, Ts, T, T5, Tg, Ts, Ty, T11, and T ,, can each be indepen-
dently selected from, but not limited to, the following groups:
substituted or unsubstituted alkyl, aryl (including aromatic
and heteroaromatic groups, which are explained in J. March,
“Advanced Organic Chemistry: Reactions, Mechanisms and
Structure”, Fourth edition, Wiley-Interscience, New York,
1992, Chapter 2, which is included herein by reference in its
entirety), cycloalkyl, or heterocyclic groups which are
bonded to the carbon atom either directly or via a linking
group. Also, T,, T,, T5, T,, Ty, T, T, Ty, T, Ty, T, and
T,,, can each be independently selected from, but not limited
to, the following groups: donors and/or acceptors such as
those described herein and in U.S. Pat. No. 6,267,913, which
is included herein by reference in its entirety. Further, T,, T,
T, T,y Ts, Tg, T, Tg, Ty, Ty, T;;, and T,, can each be
independently selected from, but not limited to, the following
groups: any of the groups described above linked through a
m-conjugated linking group as described in U.S. Pat. No.
6,267,913.

The charge-transport materials have a room temperature,
zero field electron mobility of at least about 1075 to 102
cm?/Vs, 107 to 10* cm*/Vs, and 1072 to 107 cm?/Vs.

The distance between adjacent molecules in adjacent lay-
ers is about 3.6 A and 3.1 A.

The charge-transport materials should be capable of reduc-
tion by a metalless reducing agent other than sodium.

In an embodiment, a polymer layer of the charge-transport
material can be formed by disposing a layer of a polymeriz-
able material including monomers, oligomers, and/or poly-
mers of the charge-transport material, onto a surface. The
molecules of the charge-transport material can be optionally
aligned into a substantially uniform orientation or a patterned
orientation such that in each pattern the orientation is sub-
stantially uniform. Then, a polymerization reaction is initi-
ated and the monomers, oligomers, and/or polymers of the
charge-transport material form a layer of polymerized
charge-transport material. The polymerization process can be
repeated to produce a plurality of layers. In addition, cross-
linking processes can also be performed to cross-link the
molecules in adjacent layers. One skilled in the art could
perform a polymerization process in a manner different than
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described here and obtain the polymer layer of the charge-
transport material, and such processes are intended to be
included herein.

A plurality of layers of charge-transport material can be
produced to form a charge-transport layer that can have a
thickness of about 0.01 to 1000 pm, 0.05 to 100 um, 0.05to 10
um. The length and width of the charge-transport layer can
vary depending on the application, but in general, the length
can be about 0.01 pm to 1000 cm, and the width can be about
0.01 um to 1000 cm.

It should be noted that in some embodiments is it advanta-
geous to have the aromatic core aligned parallel to the sub-
strate materials (e.g., in photovoltaic cells and others devices
where a perpendicular alignment may be more preferable
(e.g., transistor configurations)).

It should also be noted that the charge-transport materials
could be used as mixtures with other electron transport mate-
rials including those described herein, as well as others. Like-
wise the charge-transport materials could be used in combi-
nation with other hole transport materials, sensitizers,
emitters, chromophores, and the like, to add other function-
ality to devices.

The polymerization and cross-linking of the charge-trans-
port material molecules can be performed using methods
understood by those skilled in the art. In general, polymer-
ization may take place by exposure to heat or actinic radiation
in the presence of an initiator. In general, cross-linking may
occur due to internal reactions and/or by the addition of a
cross-linking additive. Additional details regarding prepara-
tion of the charge-transport materials are described in
Example 1.

Actinic radiation means irradiation with radiation (e.g.,
UV light, IR light or visible light, irradiation with X-rays or
gamma rays or irradiation with high-energy particles, such as
ions or electrons). In an embodiment, a polymerization ini-
tiator can be used that decomposes when heated to produce
free radicals or ions that start the polymerization. In another
embodiment, the polymerization can be carried out in the
presence of an initiator absorbing at the wavelength of the
actinic radiation. For example, when polymerizing using UV
light, a UV initiator can be used that decomposes under UV
irradiation to produce free radicals or ions which start the
polymerization reaction.

The UV initiator can include chemicals such as, but not
limited to, a free radical initiator, a cationic initiator, or com-
binations thereof. The free-radical initiator includes com-
pounds that produce a free radical on exposure to UV radia-
tion. The free-radical is capable of initiating a polymerization
reaction among the monomers and/or oligomers present.

Examples of free-radical initiators include, but are not
limited to, benzophenones (e.g., benzophenone, methyl ben-
zophenone, Michler’s ketone, and xanthones), acylphosphine
oxide type free radical initiators (e.g., 2,4,6-trimethylben-
zoyldiphenyl phosphine oxide (TMPO), 2,4,6-trimethylben-
zoylethoxyphenyl phosphine oxide (TEPO), and bisa-
cylphosphine oxides (BAPO’s)), azo compounds (e.g.,
AIBN), benzoins, and benzoin alkyl ethers (e.g., benzoin,
benzoin methyl ether and benzoin isopropyl ether).

In addition, the free radical photoinitiator can include, but
is not limited to: acyloin; a derivative of acyloin, such as
benzoin ethyl ether, benzoin isobutyl ether, desyl bromide,
and a-methylbenzoin; a diketone, such as benzil and diacetyl;
an organic sulfide, such as diphenyl monosulfide, diphenyl
disulfide, desyl phenyl sulfide, and tetramethylthiuram
monosulfide; a thioxanthone; an S-acyl dithiocarbamate,
such as S-benzoyl-N,N-dimethyldithiocarbamate and S-(p-
chlorobenzoyl)-N,N-dimethyldithiocarbamate; a phenone,
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such as acetophenone, a.-a-a-tribromoacetophenone, o-ni-
tro-a.-a-a-tribromoacetophenone, benzophenone, and p,p'-
tetramethyldiaminobenzophenone; a quinone; a triazole; a
sulfonyl halide, such as p-toluenesulfonyl chloride; a phos-
phorus-containing photoinitiator, such as an acylphosphine
oxide; an acrylated amine; or mixtures thereof.

The free-radical initiator can be used alone or in combina-
tion with a co-initiator. Co-initiators are used with initiators
that need a second molecule to produce a radical that is active
in UV-systems. For example, benzophenone uses a second
molecule, such as an amine, to produce a reactive radical. A
preferred class of co-initiators are alkanolamines such as, but
not limited to, triethylamine, methyldiethanolamine, and tri-
ethanolamine

Suitable cationic initiators include, but are not limited to,
compounds that form aprotic acids or Brensted acids upon
exposure to UV light sufficient to initiate polymerization. The
cationic initiator used may be a single compound, a mixture
of'two or more active compounds, or a combination of two or
more different compounds (e.g., co-initiators).

The cationic photoinitiator can include, but is not limited
to, onium salt, such as a sulfonium salt, an iodonium salt, or
mixtures thereof. In addition, the cationic photoinitiatior can
include, but is not limited to, an aryldiazonium salt, a bis-
diaryliodonium salt, a diaryliodonium salt of sulfonic acid, a
triarylsulfonium salt of sulfonic acid, a diaryliodonium salt of
boric acid, a diaryliodonium salt of boronic acid, a triarylsul-
fonium salt of boric acid, a triarylsulfonium salt of boronic
acid, or mixtures thereof. Examples of cationic photoinitia-
tiors include, but are not limited to, diaryliodonium hexafluo-
roantimonate, aryl sulfonium hexafluorophosphate, aryl sul-
fonium hexafluoroantimonate, bis(dodecyl phenyl) iodonium
hexafluoroarsenate, tolyl-cumyliodonium tetrakis(pentafluo-
rophenyl) borate, bis(dodecylphenyl) iodonium hexatluoro-
antimonate, dialkylphenyl iodonium hexafluoroantimonate,
diaryliodonium salts of perfluoroalkylsulfonic acids (such as
diaryliodonium salts of perfluorobutanesulfonic acid, per-
fluoroethanesulfonic acid, perfluorooctanesulfonic acid, and
trifluoromethane sulfonic acid), diaryliodonium salts of aryl
sulfonic acids (such as diaryliodonium salts of para-toluene
sulfonic acid, dodecylbenzene sulfonic acid, benzene sul-
fonic acid, and 3-nitrobenzene sulfonic acid), triarylsulfo-
nium salts of perfluoroalkylsulfonic acids (such as triarylsul-
fonium  salts of  perfluorobutanesulfonic  acid,
perfluoroethanesulfonic acid, perfluorooctanesulfonic acid,
and triftuoromethane sulfonic acid), triarylsulfonium salts of
aryl sulfonic acids (such as triarylsulfonium salts of para-
toluene sulfonic acid, dodecylbenzene sulfonic acid, benzene
sulfonic acid, and 3-nitrobenzene sulfonic acid), diaryliodo-
nium salts of perhaloarylboronic acids, triarylsulfonium salts
of perhaloarylboronic acid, or mixtures thereof.

The visible radiation initiator can include, but is not limited
to, diketones (e.g., camphorquinone, 1,2-acenaphthylenedi-
one, 1H-indole-2,3-dione, SH-dibenzo[a,d]cycloheptene-10,
and 11-dione), phenoxazine dyes (e.g., Resazurin, Resoru-
fin), acylphosphine oxides, (e.g., diphenyl (2,4,6-trimethyl-
benzoyl) phosphine oxide), and the like.

In an embodiment, the polymerization of the charge-trans-
port materials can be carried out as in-situ polymerization of
a coated layer of the material, possibly during fabrication of
the device of interest that includes the charge-transport mate-
rial. In the case of liquid crystal materials, these are preferably
aligned in their liquid crystal state into homeotropic orienta-
tion prior to polymerization, where the conjugated pi-elec-
tron systems are orthogonal to the direction of charge trans-
port. This ensures that the intermolecular distances are
minimized and hence the energy required to transport charge
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between molecules is minimized. The molecules are then
polymerized and/or cross-linked to fix the uniform orienta-
tion of the liquid crystal state. Alignment and curing are
carried out in the liquid crystal phase or mesophase of the
material. This technique is known in the art and is generally
described for example in D. J. Broer, et al., Angew. Makro-
mol. Chem. 183, (1990), 45-66.

The polymers including the HATNA core and/or the
DATAN core can have a molecular weight from about 3000 to
300,000 daltons, and about 2000 to 200,0000 daltons.

Example 1

Now having described the embodiments of the charge-
transport materials in general, Examples 1-3 describe some
specific embodiments of the charge-transport materials.
While embodiments of charge-transport materials are
described in connection with Examples 1-3 and the corre-
sponding text and figures, there is no intent to limit embodi-
ments of the charge-transport materials to these descriptions.
On the contrary, the intent is to cover all alternatives, modi-
fications, and equivalents included within the spirit and scope
of embodiments of the present disclosure.

It should also be noted that in each Example, in particular
Example 3, one skilled in the art of organic chemistry would
understand that esters of carboxylic acids could be converted
to their corresponding carboxylic acids. In his manner either
pure 5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricar-
boxylic acid 1 ester or 5,6,11,12,17,18-Hexaaza-trinaphthyl-
ene-2,8,15-tricarboxylic acid can be synthesized from the la
and 1b'. This pure acid can therefore be used as starting point
to synthesize any isomerically pure compounds described
herein that would be derived from this acid.

Organic semiconducting materials having high carrier
mobility are used for a wide range of electronic applications
such as, light-emitting diodes, solar cells, and field-effect
transistors.”>>*>% Discotic liquid-crystalline mesophases
are typically quasi-two-dimensional molecules, which are
often constituted of a rigid central aromatic core and extended
flexible chains. These molecules usually pack in the form of
well-defined columns forming one-dimensional paths for
charge transport along the stacked conjugated cores due to
good intermolecular orbital overlap within the stacks.” Only a
limited number of electron mobility measurements in colum-
nar discotic liquid crystals have been so far reported.®®

Hexaazatrinaphthylene, HATNA, FIG. 1, has been inves-
tigated for electron-transport materials applications. Because
of the nitrogen presence in HATNA, these compounds are
anticipated to be electron-poor relative to all-hydrocarbon
analogues. It should be relatively easy to inject electrons into
these compounds from other materials. Therefore, HATNA
derivatives are likely to act principally, although not neces-
sarily exclusively, as electron-transport materials.

The HATNA cores and the dodecaazatrianthracenes,
DATAN, cores are shown in FIG. 2.

Small Molecules with HATNA Core:

A series of HATNA compounds with different substitu-
tions, Scheme 1, have been synthesized. These compounds
have low solubility in most organic solvents. HATNA, BK2__
73, is the model core. A previous X-ray structure investigation
of HATNA.CHCI,, BK2 73, showed that this compound
stacked in the solid state, FIG. 3.1%!!

HATNA_Cl,, BK2 67, HATNA_Me,, BK2 25, and
HATNA_Br,, BK2_ 31, can be used in the synthesis of other
HATNA compounds, which are described herein. No further
purification is needed for these syntheses. An investigation
has been conducted in regard to the effect of core size of
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hexaazatrianthracene, HATAN, BK3_ 25, and hexaazatris-
triphenylene HATT (also referred to as “Mickey-Mouse”
HATNA), BK3_ 31, on their mobility and, in cases where
suitable crystals can be obtained, their solid state packing.
The substitution with six nitro groups in HATNA_[NO,],,
BK2_ 93, further increases the electron acceptor capability of
this compound due the strong electron withdrawing eftect of
the nitro-substituent. Doping HATNA_[NO,],, BK2 93,
with the strong electron donor tetrathiofulvalene TTF is
anticipated to generate a charge transfer complex. DSC inves-
tigation of HATNA_[NO, ], BK2 93, showed that this com-
pound is potentially explosive at 398° C. (AH=-658 KJ/mol),
FIG. 4.

HATNA,BK2_ 73, HATNA_Cl,, BK2_ 67, HATNA_Br,,
BK2 31, and HATNA_[Me],, BK2 25 were purified by
high-power vacuum train sublimation (ca. 1075, torr), FIGS.
5 and 6. There are three zones in the sublimation tube whilst
two tubes are in zone one and labeled as 1.1 and 1.2 tubes,
fourtubes are present in zone two and are labeled as tubes 2.1,
2.2,2.3, and 2.4, and two tubes are present in zone three and
are labeled as tubes 3.1 and 3.2. The sublimation step has
resulted in isolating pure compounds. The elemental analysis
for the sublimed HATNA, HATNA-Cl,, and HATNA_Bry
passed; however, that of sublimed HATNA_Me passedon N,
H but not C (low by 0.75%). 300 MHz ‘H NMR of sublimed
BK2_ 73 and BK2_ 67 are shown in FIGS. 7 and 8, respec-
tively. The sublimation of HATNA_Cl,, BK2 67 has
resulted in yellow crystals that were suitable for X-ray struc-
ture determination. The X-ray structure and molecular pack-
ing of HATNA_Cl, are shown in FIGS. 9A and 9B, respec-
tively. The distance between the different molecules is ca.
3.21 A. Such columnar packing in HATNA_Cl, may be
attributed to effective electronic coupling and intermolecular
coulombic interactions between the different molecules. The
X-ray data and parameters of HATNA_Cl, are shown in
Tables 1-6.

Scheme 1. Structures of HATNA-[X]¢ compounds.

X
X
NZ
X N
/
X
X N N
N S
X
X
BK2 73 (X=H)
BK2_67 (X=Cl)

BK2_31 (X=B1
BK2_25 (X =Me)
BK2_93 (X =NO,)
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-continued

X
BK3_31
X
X
BK3_25
X
TABLE 1

Crystal data and structure refinement for z29b, HATNA-Cly,.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

N CH,
S
/

N CH;

H;C

H;C

N
.
N

729b (HATNA-Clg)
CapH3CLIN>0,
776.54

293(2) K

0.71073 A
Monoclinic

P2(1)/c
a=10.964(2) A
b=26.634(5) A
c=8.0160(16) A y=90°.
2214.5(8) A3

3

1.747 Mg/m?

0.459 mm!

1212

27X ?X ? mm?

a=90°

B =108.91(3)°.
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TABLE 1-continued

Crystal data and structure refinement for z29b, HATNA-Clg.

1.96 t0 30.21°.
~15<=h<=15,-37 <=
k<=36,-11<=1<=11

Theta range for data collection
Index ranges

Reflections collected 26555

Independent reflections 6532 [R(int) = 0.0592]

Completeness to theta = 30.21° 99.3%

Absorption correction None

Refinement method Full-matrix least-squares
on F?

Data/restraints/parameters 6532/0/349

Goodness-of-fit on F2 0.909

Final R indices [I > 2sigma(I)]
R indices (all data)
Largest diff. peak and hole

R1=0.0518, wR2 =0.1176
R1 =0.0841, wR2 = 0.1273
1.034 and 0494 ¢ - A=3

Sublimation of HATNA-Me, has resulted in blue crystals
in zones 2.3 and 2.4. The HR-FAB MW indicated that the
crystals in tubes 2.3 and 2.4 as well as the powder in tube 3.2
correspond to the same compound. The presence of the com-
pound in different zones may be attributed to the nucleation
effect since there is formation of crystals in the earlier tubes.
Cheesman and Cookson'? originally reported the tautomer-
ization of dimethyl quinoxaline, Scheme 1 A. Aumiller, W. D.
et al.'* reported oxidation of hexamethylheazatriphenylene.
Alternatively, the compound in different zones may be due to
tautomerization of HATNA-Me, as shown in Scheme 1A.
Crystals could be the result of intermolecular H-bonding in
one of the tautomer’s isomers. 'H NMR spectraof BRK_IIT
92D and BRK_III_92B, with low solubility in DMSO, are
shown in FIGS. 10A and 10B, respectively. The two doublets
in the aromatic region of the 'HNMR of BRK_III_ 92D, FIG.
10A, could be associated with vinyl H’s, i.e. evidence for
tautomerism in this compound.

Scheme 1A. Possible tautomirism of HATNA_Meg.

H
N CH,

@ &
N CH;

Dimethylquinoxaline tautomeric equilibrium

CH;
CH;
NZ
N

N
N
CH;
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CH;
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H;C N N
=
H;C \N N
hEN
CH;
CH;
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H
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The TGA plots of BK2_ 67C (sublimed HATNA-Cl) and 23 fold condensation of hexaketocyclohexane octahydrate SM4

BK2_73C (sublimed HATNA) are shown in FIG. 11.
HATNA-Cl, did not decompose up to 450° C.; the after-
heating crystals were of the same quality as they were before.
HATNA seems to decompose at ca. 413° C.; however, subli-
mation of this compound cannot be ruled out. The chlorine
substitution in HATNA-Cl; has increased its thermal stability
relative to HATNA. The absorbance of HATNA_Cl is red-
shifted with respect to that of HATNA, FIG. 12. HATNA_Cl
has three distinctive absorbing bands at A, =307, A,=392, and
A;=414 mm. HATNA has three distinctive absorbing bands at
A=297, h,=379, and A,'=399 mm. The ratio A,/A,2=1.41,
A3/A;=2.04. The cyclic DC voltammograms of HATNA and
HATNA_Cl, are shown in FIGS. 13 and 14, respectively.

In the course of the synthesis of hexaazatristriphenylene
HATT (also referred to as “Mickey-Mouse” HATNA), BK3__
31, a different product was observed, Scheme 2. The three-

30

35

with 9,10-diaminophenanthrene SM7 in acetic acid/ethanol
under air resulted in an orange solid phenanthrazine BK2
97E, which was sublimed under high vacuum. Phenanthra-
zine was confirmed by *H NMR and E1 mass analysis. In this
regard, 9,10-diaminophenanthrene SM7 may have been par-
tially oxidized to phenanthrene-9,10-dione SM34 under air.
The double bond (9=10) in 9,10-diaminophenanthrene SM7
behaves more like a single double bond rather than one in an
aromatic system, i.e. it can be oxidized more easily. Conden-
sation of SM7 and SM34 led to BK2_ 97E. To give evidence
for the proposed mechanism, two control experiments were
performed. 9,10-diaminophenanthrene SM7 was refluxed in
acetic acid/ethanol for 24 hours. E1 mass analysis showed the
presence of phenanthrazine, BK3_ 29. Hexaazatristriph-
enylene HATT, BK3_ 31 was obtained when the condensa-
tion was performed in acetic acid under nitrogen (MALDI
TOF measurement confirmed the presence of HATT).

O

O O
SH,0 +

(@) @]

(@]

CeH16014 CyH N,
Mol. Wt.: 312.18 Mol. Wt.: 208.26
SM4 SM7

|

N ‘

Glacial acetic
acid; argon

Abs. ethanol;
glacial acetic
acid

CygH4Ng
Mol. Wt.: 684.74

HATT
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C14Hg0O,
Mol. Wt.: 208.21

SM34

The synthesis of HATNA_F, , and fabrication of an OFET
as shown in FIG. 14A is proposed. 3.,4,5,6-tetrafluoro-1,2-
phenylenediamine can be synthesized according to a litera-
ture procedure reported by Heaton, A. et al.'® and upon its
condensation with hexaketocyclohexane octahydrate, HAT-
NA_F,, could be obtained. Perfluorophenyl-phenyl interac-
tions have been reported in the case of alkenes,'” diynes,'®
and enediynes.'® Such stacking interactions is anticipated,
upon mixing HATNA and HATNA_F ,. It is worth noting
that co-sublimation of HATNA and HATNA_F, , could lead
to a crystal formed of a stack of alternate molecules of
HATNA and HATNA_F, .

1,2-diamino-4,5-dicyanobenzene could be synthesized
according to a literature procedure. Upon its condensation
with hexaketocyclohexane octahydrate, HATNA_[CN], was
obtained. The seven membered ring in compound BK1 53 is
expected to disturb its planarity; thus, affecting its mobility.

Scheme 2A. Synthetic approaches to HATNA_[CN]g and BK1_53.

cl NH,
+ CuCN —X—
THF
cl NH,
CeHgClLN, CCuN
Mol. Wt.: 177.03 Mol. Wt.: 89.56
SM11 SM12
NC NH,
—————
NC NH,
CoHN,
Mol. Wt.: 158.16

BK1_41
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CN
CN
NC
NC
CN
CN
C3oHeNp2
Mol. Wt5 534.45
HATNA_[CN
NH, NH,
o) glacial acetic
acid
S H,O + —_—
@]
(@]
CeH 6014 CgHgCILN,
Mol. Wt.: 312.18 Mol. Wt.: 177.03
SM4 SM16
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Cs6H gNe
Mol. Wt.: 534.57

BK1_53

HATNA with Thiols and Alkoxy Chains

Discotic thermotropic liquid crystals are generally consti-
tuted of a rigid disk-like core substituted with extended flex-
ible chains. Five different types of discotic liquid crystals are
yet known. The five different discotic structures are the nem-
atic discotic, the disordered columnar, the tilted disordered
columnar, the ordered columnar, and the tilted columnar
phases.?° Kestmont, G. et. al.’s*! reported the synthesis of
HATNA_[SR]s. The authors reported that HATNA_[SR],
showed mesophase behavior, Table 2.

Scheme 3. Synthetic Scheme of HATNA_[SC;H;s5]¢, BK2_71, and
HATNA_[SCsH7]s, BK2_99.

O
O O
SH,0
(@) @]
(@]
CeH6014
Mol. Wt.: 312.18
SM4
c NH, Glacial acetic
acid
—_—
Abs. ethanol
cl NH,
CeHCLyN,
Mol. Wt.: 117.03
SM11
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ClL
i LCl
ClL N z N
cl N | N
i Cl
ClL
Cy4HgClgNg
Mol. Wt.: 591.06
BK2_67
RS
RS

BK2_71. R =C o5
BK2_99. R = CgH,;

The synthesis of HATNA_[SR]; for R—C,,H,5 (BK2__
71) and R—C.H,, (BK2_99). HATNA-Cl; was repeated,
BK2_ 67, was used in the synthesis of BK2-71 and BK2_ 99
without the sublimation step, Scheme 3. The thermal stability
of BK2_ 71 and BK2_ 99 is shown in FIG. 15. BK2_ 71
decomposes atca. 320° C., while BK2_ 99 decomposes atca.
330° C. The DSC data of BK2_71E and BK2 99B are
shown in FIGS. 16 and 17, respectively. The data is summa-
rized in Table 8. The results are not in agreement with Kest-
mont, G. et. al’s.?* The CV data of BK2_ 71E and BK2_ 99B
are shown in FIGS. 18 and 19, respectively. The UV-vis
spectra of BK2 71 and BK2_ 99 are shown in FIG. 20. The
chain length does not affect the absorbance of HATNA-[SR ],
which has three distinctive absorbance bands at 255, 363, and
479 nm. Polarized optical microscope investigation of BK2_
71 and BK2_ 99 showed their textures as depicted in FIGS.
21 and 22, respectively. It was observed that upon HATNA _
[SC,,H,5]¢ solution in CH,Cl, exposure to a latex glove, the
color changes immediately from yellow to red. Weck et al.>>
reported the increase of the clearing temperature of triph-
enylene upon mixingitin 1:1 ratio with pertluorotriphenylene
due to intermolecular coulombic interactions between these
molecules. Mixing it in 1:1 ratio of HATNA_F,, and
HATNA_[XR];where X—0O, S could lead to such a behavior.
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Literature mesophase assignment, transition temperatures (° C.),

and transient enthalpies (kJ/mol).?

1

77 (5.6) 142 (14.0) 178 (13.5)
decomp. at ca. 250° C.
HATNA _(SCsH,7)s 43 (-7.6) 174 (-12.5)
X LC
99 (31.7)
LC decomp. at ca. 250° C.
HATNA_(SC2Has)s 79 (:32.4)
X -——— LC
TABLE 3

Mesophase assignment, transition temperatures (° C.),
and transient enthalpies (kJ/mol).*

95 (91.4 109 (9.6 268 (11.6
BK2_71E Istcycle X ( ) ©6) C ( )
HATNA_(SCp2ths)s 80 (-18.0) 236 (-2.0)
X LC I
100 (20.5) 242 (2.3)
2nd cycle X C
61(-5.5 203 (0.6
% (-5.5) Le (-0.6) I
149 (34.4 180 (12.3 289 (9.0
BK2 99B Isteycle X ( ) ( ) C 2Y)
HATNA_(SCsHi7)e 87 (-4.7) 244 (-0.74)
LC I
131 (4.8)
2ndeycle X ——— 1

“X is unknown phase; LC = liquid crystalline; [ = isotropic (liquid).

Recently, Ong, C. W. et al. reported that HATNA_[OR],
exhibited liquid-crystalline behavior.?> HATNA_[OR],
BK3_ 3 having 6 arms of OC, ,H, s extended chains (Scheme
4) was synthesized. 4,5-Bis-dodecyloxy benzene-1,2-di-
amine BK3__1 was synthesized according to a literature pro-
cedure.®* Three-fold condensation of BK3__1 with hexake-
tocyclohexane octahydrate afforded BK3_ 3 (Scheme 4).

The TGA plot of BK3_ 3 is shown in FIG. 15. HATNA_
[OC,,H,5]s decomposes at ca. 350° C. The UV-vis spectrum
of BK3-3 is shown in FIG. 20. BK3 3 has four distinctive
absorbance bands at 228, 303, 341, and 433 nm in addition to
a shoulder at 409 nm. The cyclic DC voltammogram of
BK3_ 3isshownin FIG. 23. DSC data of BK3_ 3 is shownin
FIG. 24. Preliminary polarized optical microscope photos of
the textures of BK3_ 3 are shown in FIG. 25. The sample was
dissolved in CH,Cl, and was slowly evaporated on a glass
slide, and it was then heated on an aluminum block for 5 min
at 280° C.

Scheme 4. Synthetic Scheme of HATNA_[OC,H;5]¢, BK3_3.

OH
C1oH,sBr; K>,CO;5
DMF, 80° C.
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44%
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OC2Hs
Cone. nitric acid

glacial acetic acid

m t°, 6 days
OCypHys i
BK2 7 70%
ON OCpHas
NH,NH,H,0; Pd/C
_—
Absolute ethanol
0N 0C s 100° C.; overnight
BK2_13 75%
(¢]
O, (0]
8 H,O
[¢]
glacial acetic acid
LN 0C Has 140° C.; 24 hrs
87%

BK2_33
BK3_1
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OCpHas

OC2Has

48

10
15
OCyxHys
OCypHys
BK2_37
BK3_3 20
TABLE 4
Mesophase assignment, transition temperatures (° C.),
and transient enthalpies (kJ/mol).*
5025 69 (6.4 203 (2.2
BK3_ 3G Isteycle X 25) (64 C (22)
HATNA_(OCp2Ms)s 39 (-6.8) 192 (-1.0)
X LC I
37(5.7 200 (1.1
2nd cycle X i) )
42 (-4.2)
X -——— LC

“X is unknown phase; LC = liquid crystalline; [ = isotropic (liquid).

Oxadiazole Based HATNA
Organic electron-transport materials based on 1,3,4-oxa-
diazoles,” having mobilities as high as ca. 10~ cm?*V~!s7,

have been reported.?” Furthermore, 1,3,4-oxadiazoles have 40

been proven to be effective as electron-transport agents in
organic light-emitting diodes.?® A series of columnar discotic
liquid-crystalline (L.C) oxadiazoles with benzene core were
synthesized and their mobility was studied for potential appli-

cipitation in methanol. This step is followed by flashing the
compound over a bed of silica using hexanes as an eluent
(these compounds do not run on TL.C using solvents of wide
range of polarity). Evaporating the solvent results in a black
sticky solid that can be reprecipitated into methanol, resulting
in brown powder suspended in the solution. This process is
reproducible and reversible. It was observed that recrystalliz-
ing these compounds from toluene/ethanol results in dark
reddish solid. The UV-vis absorption data of BK1_47,

cations in electron-transport materials.>® Since HATNA core 45 BK2_ 83, and BK2_ 91 are shown in FIG. 26. These com-

is larger in size than the benzene core, the oxadiazole-based
HATNA is anticipated to show higher mobility. Oxadiazole-
based HATNA’s are synthesized according to Scheme 5.
Upon refluxing the hydrazide in POCl;, excess POCl; was
distilled off till ca. 20 ml remained. The reaction mixture is
then slowly added to a large volume of ice-water. This step
results in the formation of a solid, which can be filtered off.
The first purification step involves dissolving the solid in
minimum amount of CH,Cl, (or CHCl;) and subsequent pre-

5

pounds have two distinctive absorption bands at 302 and 437
nm. The difference in molar extinction coefficient of BK1__
47 from BK2 83 and BK2_ 91 might be due to inaccuracy of
the concentration of BK1_ 47 solution. However, prelimi-

9 nary polarized optical microscope investigation of BK1__
47D showed discotic columnar-like texture, FIG. 23. The
sample was melted and was then cooled down to room tem-
perature. Textures of BK2-83 and BK2 91 are shown in
FIGS. 30 and 31, respectively.

Scheme 5. Synthetic Scheme of HATNA_[OxPh(OCsH 7);]3, BK2_83, HATNA_[OxPh(OC 5Hs5)3]5, BK2_91, and HATNA_[OxPh(OC >H»s5)s]5, BK1_47.
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'H NMR (CDCls, 300 MHz) of BK1_47D shows the
distinctive aromatic peaks as well as those of the elongated
chains, FIG. 32. MALDI-TOF MS measurement indicated
the presence of BK1_47D as the only large MW (2476)
compound, FIG. 33. The MALDI showed that the compound
is relatively pure.

Cyclic voltammetry studies of BK1_21H (BK1_47D) in
CH,C1,/0.1 M "BuN"*PF,~ showed reversible reduction with
E,,=-1.5V and a nonreversible reduction with E, ,=-1.1V
(vs Ferrocene in CH,Cl,), FIG. 34.

60

65

OR
RO OR

BK2_83.R =CgHy;
BK2_99.R = C¢H3
BK1_45.R = C)>Has

The HATNA molecules with oxadiazole side-chains were
heated to 250° C. and cooled to room temperature before
recording the PXRD patterns. All showed only one low-angle
reflection; this was assigned to the (100) reflection ofa COl,,,
phase by analogy with compounds based on the same core for
which only one reflection was observed.* The PXRD pattern
for the dodecyloxy-substituted material (BK3-27B) is shown
in FIG. 35 and the data obtained for all the liquid-crystalline
materials is collated in Table 5.
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TABLE 5

PXRD data for (assumed) Col,,; phases of

oxadiazole-HATNAs at room temperature.

Compound a,, (assuming Col,;)/ wide-angle halos/

BK2_91F1 (R = hexyl) 40.6 4.3

BK2_ 83D (R = octyl) 41.8 34,44
BK3_27B (R = dodecyl) 48.6 35,44
BK2_ 9F (oxadiazole-phenyl- 56.1 34,45

oxadiazole-dodecyl)

The unit cell parameter increases with increasing substitu-
ent size, as might be expected. The values for a, are larger
than observed for Col,, ; phases of phenazine complexes in the
literature,”® consistent with a bigger molecule due to the
oxadiazole spacer; the wide-angle halos are similar, however,
presumably reflecting comparable intrachain m-stacking dis-
tances, although with no significant long-range order.

MALDI-TOF measurement of BK1 31 showed its MW
(2908), FIG. 36. However, the 'H NMR showed broad peaks;
this may be attributed to aggregation of the compound in
solution.

HATNA Based Esters

A series of esters having the HATNA core, Scheme 6, have
been synthesized. A wide range of R groups have been
selected to examine the substitution effect on their mobility
and mesophase behavior.

Scheme 6. HATNA esters.
COOR

N

ROOC

/ N
= N
f COOR

DD1_39. R = C,H;
DDI1_43. R = C 55
DD1_45. R = CH,CF,CF,CF;
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DD1.51.R= —H,C

oo

\CH2
F F
F
F
\CH2

DD1_47R =

i

DD1_57R=

Perfluorophenyl-phenyl interactions have been discussed
and upon mixing DD1_ 47 and DD1__57 their stacking inter-
actions are anticipated, between the pentafluorophenyl arms
of DD1_ 47 and the phenyl arms of DD1__57. Such stacking
would tend to align the cores of the two compounds. Accord-
ingly, stacking of DD1_ 47 and DD1_ 57 can be studied by
mixing different molar ratios of these two compounds and can
determined by DSC and '"H NMR measurements. The mobil-
ity along the aromatic core can be affected if such stacking
occurs.

Bock et al.?° reported that that three fold condensation of
SM4 and SMS lead exclusively to the isomer 3,4,15- rather
than the 3,4,14-isomer or the statistical isomer mixture (3:1;
3,4,15-isomer:3,4,14-isomer), Scheme 7. The authors made
this conclusion based on the 2:1 ratio of the aromatic peaks,
which is consistent with the 3,4,15-isomer.

The results reported here, however, suggest that condensa-
tion of SM4 and SMS5 lead to a mixture of approximate 3:1
ratio of 3,4,15-isomer:3,4,14-isomer. HPLC traces of
HATNA_[Z,]; compounds, Scheme 7, showed two peaks of
approximate relative area 3:1, which may be attributed to the
statistical isomer mixture-cyano normal phase column was
used for both analytical and preparative HPL.C; HPLC grade
CH,Cl, and hexanes were used; the initial % flow of CH,Cl,
was 20% till 2 min; at 15 min the % flow of CH,Cl, was
100%. Both peaks have identical UV-vis spectra. The 2,8,15-
isomer of HATNA-[Z,); has been isolated by preparative
HPLC. It was discovered that the 2,8,14 and 2,8,15 isomers of
HATNA_CO,CH,PhF,]; could be separated by column
chromatography using CH,Cl,:ethyl acetate (9:1) as eluent.
FIG. 37 shows the HPLC traces of HATNA_[CO,CH,PhF.],
before separation, BRK_III_ 78C, the 2,8,15-isomer sepa-
rated by HPLC, BRK_III_83B_T9, and the two isomers
separated by column chromatography, BRK_III_ 78E1 and
BRK_III_ 78E4. BRK_III. 78E3 is the fraction where the
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two isomers eluted together. BRK_III_ 78E4 was then run
through a column using CH,Cl,: ethyl acetate (9:1) as eluent
and was dissolved in small amount of CHCl; and was repre-
cipitated in ethanol, BRK_III_78F2. The ‘H NMR (500
MHz, CDCl,) of BRK_III__78E1, BRK_III 78F2, and
BRK_III 78E3 along with their corresponding analytical
HPLC traces are shown in FIGS. 37A, 37B, and 37C, respec-
tively. Comparison of the 'H NMR (500 MHz, CDCl,) of
BRK_IIT_78E1, BRK_III_78F2, and BRK_IIT_78E3 is
shown in FIG. 37D. The methylene group in the symmetrical
2,8,14-isomer BRK_III_ 78E1,FIG. 37Da, is a singlet. In the
unsymmetrical 2,8,15-isomer BRK_IIT_78F2, FIG. 37Da,
the three methylene groups appear as two singlets of approxi-
mate ratio 2:1. In the mixture of isomers BRK_III_ 78E3,
FIG. 37Da, the three methylene groups overlap. Whilst the
methylene groups have the same chemical shift in the mixture
as that in the pure isomer, the aromatic region appears at a
different chemical shift. This may be attributed to intermo-
lecular interactions between the two isomers in the mixture

10

20
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BRK_III_78E3. '"H NMR (500 MHz, CDCl,) of different
concentrations (24.03 mg and 3.93 mg in 0.8 ml of CDCl,) of
BRK_III_78E4, FIG. 37K, shows possible intermolecular
interactions in this compound. The *C NMR (125 MHz,
CDCl,) of BRK _III 78F2—2,8,15-isomer—shows only
one methylene peak at 54.68 ppm whilst that of BRK_IIT
78E3—mixture of isomers—shows two methylene peaks at
58.69 and 58.45 ppm (**C NMR were not acquired on
BRK_III 78E1—2,8,14-isomer—solution was dilute). *°F
NMR (CDCl,, 376 MHz) of BRK_III__78F2, BRK_1IIT__
78E1, and BRK_III_ 78E3 are shown in FIG. 37F. In the
2,8,14-isomer, BRK_III__78E1, the F,’s appear as triplets
because they are coupled to two F,, whilst F_ appear as
doublet of doublets. In the 2,8,15-isomer, BRK_III_ 78F2,
the F, appear as two overlapped triplets of approximate ratio
2:1 corresponding to two different set of fluorinated aromatic
rings. The NMR data is consistent with the assignment of the
HPLC traces to the corresponding isomer, i.e. the more domi-
nant compound is the unsymmetrical 2,8,15-isomer.

Scheme 7. Isomers of HATNA_[Z]; upon condensation of SM4 and SMS.
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To isolate the pure isomers of oxadiazole substituted HAT-
NA’s, the synthesis of the appropriate ester HATNA_
[CO,R]; was proposed, where the two isomers can easily be
separated by sublimation, recrystallization, or chromatogra-
phy-HATNA_[CO,CH,PhFs]; isomers were separated by
column chromatography as shown above. A subsequent
saponification can lead to the isomer pure HATNA-[COOH],
which can be used to get to isomer pure HATNA-[Z];.

MALDI-TOF measurements confirmed the presence of all
HATNA esters (DD1_39, DD1_41, DD1_43, DD1_ 45,
DD1_47, DD1_49, DD1_51, and DD1__57). Differential
scanning calorimetry (DSC) measurements showed for the
ester DD1_ 43 two phase transitions at 35 and 98° C. Polar-
ized optical microscope (POM) investigation suggests that
this compound is polycrystalline (FIG. 38).

The DD1__45 thermogram showed (in the second heating)
two transitions at 220 and 265° C.; this ester showed two
different phase-transitions upon cooling. POM investigations
confirmed that the 220° C. transition is a solid-liquid crystal-
line first order phase transition while the 265° C. transition is
the liquid crystalline-isotropic phase transition (FIG. 39).

The DD1_ 47 thermogram showed a single transition at
240° C. and no phase-transition was observed upon cooling;
this behaviour is characteristic of metastable glassy materials.
The DD 1_ 49 thermogram showed a single transition at 180°
C. as well as upon cooling. The DD1_51 thermogram
showed two phase-transitions at 1 10 and 180° C. and only one
on cooling. POM studies on DD1__51 have not been per-
formed yet. The thermal behaviour of the HATNA esters is
summarized in Table 6.
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TABLE 6

First order phase transitions according to DSC observation

Middle phase-transition Melting point
Ester T/° C. T/° C.
DD1_39¢ 290,325 340
DD1_43 35 98
DD1_45 220 265
DD1_47 240
DD1_49 180
DD1_51 110 180
DD1_57 280

2The DD1__39 thermal data are from the literature.>

The electrochemistry studies showed two well-structured
reversible reduction peaks at approximately —1.2 eV and -1.4
eV (relative to ferrocene). Two more reductions were
observed (except for the DD 1 43 ester where we observed
only one reduction). Detailed overview of the CV’s graphs of
the HATNP esters are presented in FIG. 40. The results are
summarized in Table 7.

TABLE 7
Summary of CV data of HATNA esters.

E,(V) E, Ey E,
Compound Ap (mV)* Ap (mV)* Ap (mV)* Ap (mV)?
DD1_39 -1.17 -1.48 -1.88 -1.98

Ap = 106 Ap =74 Ap =228 Ap =218
DD1_43 -1.17 -1.50 — -1.95

Ap =100 Ap =80 — Ap =154
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TABLE 7-continued

Summary of CV data of HATNA esters.

E,(V) E, Ey E,
Compound Ap (mV)* Ap (mV)* Ap (mV)* Ap (mV)*
DD1_45 -1.08 -141 -1.82 -1.08
Ap=76 Ap =58 Ap =157 Ap=76
DD1_47 -1.05 -145 -1.66 -1.05
Ap =96 Ap =74 Ap =143 Ap =96
DD1_49 -1.18 -1.50 -1.71 -1.95
Ap =104 Ap =74 Ap =134 Ap=72
DD1_51 -1.17 -1.49 -1.71 -1.94
Ap =88 Ap =74 Ap =174 Ap =132
DD1_57 -1.13 -1.48 -1.75 -1.81
Ap =88 Ap =66 Ap =150 Ap=133

“Ap is the difference between the anodic and cathodic peaks for a given redox process.

The UV spectra of HATNA esters were collected in dichlo-
romethane. The shapes and the frequencies of the UV-vis
spectra are the same for all the esters. The UV spectrum of
DD1_ 43, FIG. 41, is a representative for all the esters.

Sonogashira®! couplings of HATNA_Br,, BK2 31 or
more preferably with HATNA_I, with the appropriate acety-
lene should to lead to the corresponding HATNA_[CCU],
Scheme 8. Synthesis of HATNA_[CCU], whilst U,=Si(iPr),
and U,=tBu could be accomplished with of HATNA_Br,.

Scheme 8. Proposed synthetic Scheme of HATNA-[CCU].

Br
Br
N |
Br. N N
| Sonogashira
A Pd(PPh3),Cly;
Br N = N Cul; NEt;
Br
Br
Cp4HgBr¢Ng
Mol. Wt.: 857.77
BK2 31
BRK_III_37A
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Three fold condensations of SM4 and diamine SM39 pro-
ceeded in low yield (9%) to lead to the unsymmetric isomer
BRK_III_41A, Scheme 9, which was confirmed by ‘H NMR
as shown in FIG. 42. MALDI TOF measurement showed the
MW 571.2 (M+1) but it also showed high MW peak 1196.2,
which does not correspond to the dimer of BRK_IIT 41A.

Sg CITIC 9 Sy lﬂlﬂsl‘s QﬁBRKM -
0
o) o)
R0 +
0] 0
0
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-continued -continued
0 OCyHys
~ NH, Glacial acetic N 4 N
N | acid 5
)\ xH0  — |
Abs. Ethanol
o I|\I NH, N? OCHys
C2Has0 N N N
SM16 10 Y Z |
O N A
H;C JI\ CH. N N Z W
N e 3
N N OC 2Has Nao |
N
15
TH3 NZ | o . J\
C,H,50 N OCpHs
@) N N N
Y 7 | AN BRK_III_87C
CooH 50N 120
e’ N Ny sy 20 Mol Wi.: 149623
0 Naw | _-CH;z .
N HATNA_Cl, was converted to HATNA_[SR], by its reac-
tion with HSR. Microwave synthesis was used for this con-
o N o 25 version, Scheme 11. The reaction to BRK_III__45 was suc-
| cessfully carried out in 30 min in 59% yield.
CH;
BRE_IIT 41A Scheme 11. Microwave synthesis of HATNA X.
30 Cl
The synthesis of BRK_III_ 75 was performed as shown in
Scheme 10. Three-fold condensation of BRK_III 57. FAB cl
of BRK_III_ 57B shows M+1 of the compound, FIG. 45,
with SM4 was performed to lead to 2,4,8,10,13,15-hexakis- v
dodecyloxy-1,3,5,6,7,9,11,12,14,16,17,18-dodecaazatri- 35 N
naphthylene DATNA BRK_III_75. DATNA is anticipated to cl N N
be of higher electron deficiency than HATNA due to the = RIT; K,CO;
presence of six extra N’s. MALDI-TOF indicated the pres- DME
ence of BRK_III 75, FIG. 46. cl \N N Microwave
40
AN
OH
45 “
NH,
N XH,SO0 ColhsBr  —03, “ 1
)\ | TAERVe e baRasET THVE HATNA_Clg %
HO N NH, sorc
SM41 50
N
X N N
0C ,Hys 0 ji\/f
NH o) 0 e
NZ ’ 33 X N N
| + 8,0
X AN
CpH,50 N NH, o) 0
© 60
BRK_III_57 SM4 X
CogHs4N4O, X
Mol. Wt.: 478.75 BRK_III 45. Xl — SCIZHZS
BRK_III_51. X, = OC,Hss
Glacial acetic BRK_III_47. X3 = SFsPh
acid/ethanol 65
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Mobility Measurements
HATNA_[CO,CH,PhF.],

Current amorphous organic molecular glasses and doped
polymers have low mobility (1073 to 107> cm*/Vs).*° Elec-
tron mobility in organic materials is generally orders of mag-
nitude lower than hole mobility. Very few useful materials
with high electron mobilities have been developed. There is
paucity for developing new organic materials with high
charge mobility, and particularly with high electron mobility.
Charge transport in disordered molecular solids occurs by
“hopping,” which is essentially a one-electron oxidation-re-
duction process between neutral molecules and their charged
derivatives.*"*** The mobility is known to be influenced by
the effects of disorder on the charge transporting sites. Thus,
enhanced molecular order or reduction in disorder represents
a possible way of enhancing mobility. Among the transport-
ing materials, HATNA esters are good transport materials
candidates; furthermore, due to their high electron deficiency
they may show electron transport properties. Conventional
time-of-flight measurements were performed but no signal
was detected. The current-voltage characteristic of HATNA
esters-based devices was investigated at room temperature
and as a function of temperature. The occurrence of space-
charge limited current (SCLC) enables a direct determination
ofthe electron mobility.** A bulk heterojunction, consisted of
athree dimensional interpenetrating donor-acceptor network,
sandwiched between two electrodes with different work func-
tions, was used. The relative energetic diagram and molecular
structure of the three work functions of the electrodes and the
organic material BRK_III 59 in the device are shown in FIG.
47.

The SCLC method was used to determine the electron
mobility of this compound. The current-bias voltage (I-V)
curve of the 5 um thick film between two ITO electrodes is
shown in FIGS. 48 and 49.

By combining the SCLC with the field-dependent charge
mobility expressed by Eq. (1) and numerical fitting the
experimental results of the I-V curve, the I-V characteristics
could be described by the modified SCLC equation.

WE)=W(E=0)exp(WVE)

1—9C E=0 0.8495 Vv
= g Cu(E = 0)exp| 0.8495y | — |-

where (W((E=0) is the charge mobility at zero electric field, and
coefficient y is comparable to the Poole-Frenkel effect.** A
prefactor 0.8495 instead of 0.891 was obtained,*® since the
simulation was performed further on the modified equation
and found that a prefactor 0.8495 fits the experimental data
better. Fitting of this curve according to the procedure
described above yields an electron mobility of

M

@

1=0.01124exp(0.001718VE) 3)

The unit for u in this Eq. is cm?/Vs, in other Eqs in this report
the unit is mKs if not pointed out. Assuming an the electric
field of 2.8x10* and 10° V/cm, the electron mobility for
HATNA-[CO,CH,PhF,]; could attain to 0.016 and 0.021
cm?/Vs, respectively. To the best of our knowledge, the
mobility of HATNA-[CO,CH,PhF]; (at the same electric
field) is among the highest reported electron transport mobil-
ity for amorphous molecular materials in the range of this
electric field at room temperature. This result was reproduc-
ible. In order to obtain further information concerning the
stability of this material, the I-V curve of this device was
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measured after 10 days storage in air. The I-V curve charac-
teristic after 10 days is shown FIG. 38, whilst the initial I-V
curve of the same fresh sample was also included for com-
parison.

The current of the HATNA-[CO,CH,PhFs]; device has
slightly decreased after 10 days storage in air. The HATNA-
[CO,CH,PhF,]; device is, therefore, stable and reproducible
after storage in air. The I-V curve, after 10 days storage, was
also measured of a 5 um HATNA-[CO,CH,PhF,]; device
between 293 K and 338 K. The zero-field electron mobility
and the coefficient y are shown in Table 8.

TABLE 8
Zero-field electron mobility and the coefficient y at different
temperature of 5 um HATNA-(COOCH,PhF5); device.
203 K 318K 328K 338K
1 (E=0) 1.05x 1072 1.217x 1072 1.254x 102 1.34x 1072
(em?/Vs)
¥ (cm/ V)12 1.823x 1073 1.004x 1073 65x 107 1.78x 107

The zero-filed electron mobility is shown in FIG. 50 in an
Arrhenius plot between 293 K and 338K. It exhibits a ther-
mally dependent behavior as depicted in Eq. 3 with activation
energy A=0.045 eV and prefactor 11,—=0.062 cm?/Vs as a func-
tion of temperature. Such a phenomenon was previously
observed in molecular doped polymers***S and in PPV poly-

mer. .47

H(E =0) = poexp(- Kf—T) ®

The relation of vy and 1/T has linear dependence, FIG. 51,
according to Eq. 4 whilst B=3.05x10~* eV(cm/V)'"? and
T,=346 K. The experimental I-V characteristics as a function
of temperature can be expressed by Eqs (1), (3) and (4) using
the following parameters: A=0.045 eV and prefactor
11,=0.062 cm*/V's, B=3.05x10~* eV (cm/V)""? and T,=346 K.

1 1

“)
vE B(KB_T - KBTO]

HATNA_[SC,,H,s]s

The mobility of HATNA_[SC,,H,5]s was determined
using time of flight (TOF) method. The transient photocur-
rents for 104 pm thick HATNA_[SC,,H,s], sample were
measured as a function of time at room temperature for dif-
ferent values of the electric field, FIG. 52. The transient time
and charge mobility at different electric field of HATNA _
[SC,,H,5]s, BK2__71E, at room temperature, are summa-
rized in Table 9. The electron mobility of HATNA_
[SC,,H,s]s s in the order of 107> cm?/V’s at the electric field
from 2.4x10° to 4x10° V/cm, which is consistent with the
results obtained for the 20 um thick sample. The field depen-
dence of the electron mobility for 104 um thick HATNA _
[SC,,H,5]s sample is shown in FIG. 53.
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TABLE 9

Summary of the Transient time and electron mobility of 104 pm
thick HATNA__[SC,H,s]¢ device at different bias voltages.

Bias Voltage Transient time Electron mobility
™) (bs) (em?/Vs)
2500 8.71 0.0050
3000 6.45 0.0054
3200 5.67 0.0060
3400 5.15 0.0062
4000 4.2 0.0066

The electron mobility increases with the increasing electric
field, i.e., in Eq. (5), y is positive, FIG. 62. The reason for this
phenomenon is unclear until now.

WE)=W(E=0)exp(WVE) )

where (W((E=0) is the charge mobility at zero electric field, and
coefficient y is comparable to the Poole-Frenkel effect.**

The most widely used method to measure the carrier
mobility of organic materials included liquid crystal (LC),
amorphous, and crystalline films is time of flight (TOF) tech-
nique. However, TOF is generally applied to thick samples (in
the order of several um or thicker) and this is disadvanta-
geous. However, OLEDs and OFETs are comprised of films
that have a thickness of around 100 nm. In many cases, carrier
mobility in thick films may be different from that in thin films
due to different morphologies that can result from different
film preparation techniques. TOF experiments are particu-
larly difficult to carry out in thin films when significant charge
gets injected into the films under bias. Therefore, different
methods such as the space-charge-limited conduction
(SCLC) technique should be applied to such films. Here, the
mobility values obtained in the same materials using the TOF
and SCLC methods are compared. The purpose of this is that
the mobility values that are extracted from two independent
measurements are in good agreement. The current-bias volt-
age (I-V) curve of the 5 pm thick HATNA_[SC, ,H,5]s film
between two ITO electrodes is shown in FIG. 54. By com-
bining the conventional SCLC equation with the field-depen-
dent charge mobility and numerical fitting the experimental
results of the I-V curve, the I-V characteristics could be
described by the modified SCLC Eq. 6.

9 v vz (6)
I= §ﬂ00(1 + 0.00628y25)exp(0.846l]—

Vd)d

Upon simulation studies, a modified equation was used to
fit the experimental data in the broader bias voltage range.
The electron mobility can be calculated according to Eq. 7.

1=1.169x10exp(4.3x10"VE) D

The unit for p in Eq. (7) is cm?/Vs. Assuming at the electric
field of 2x10* and 10° V/cm, the electron mobility for
HATNA [SC,,H,], could attain to 2.15x107> and 4.5x107>
cm?/Vs, respectively. Comparison of the electron mobility
using TOF and SCLC of HATNA_[SC,,H,s]s, BK2__71E, is
shown in Table 10.
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TABLE 10

Comparison of electron mobility of
HATNA_[SC,H,s]susing TOF and SCLC.

E u(TOF) H, (SCLC)
(V/em) (em?/Vs) (cm?/Vs)
240 x 10° 4.98 x 1073 3.26x 1073
2.88 x 10° 5.37x 1073 3.47x 1073
3.07 x 10° 5.97x 1073 3.57x1073
327 x10° 6.19x 1073 3.67x1073
3.84 % 10° 6.57x 1073 3.95%x 1073

The stability of HATNA_[SC,,H,;], was tested by mea-
suring the I-V curve of the same device after 3 days storage in
air (the stability measurement is still under way). The com-
parison of the I-V curves of a fresh sample and that of the
sample stored for three-days are shown in FIG. 55. This
indicates that the current of the HATNA_[SC,,H,;] device
has decreased after three-days storage in air. The reason for
this phenomenon is still unclear. One of the tentative expla-
nations could be the different interfacial property of the ITO
and organic layer, which are hydrophilic and hydrophobic,
respectively. This causes the organic layer to delaminate from
the ITO electrodes and the current to decrease.

The preliminary results, therefore, show good agreement
between the TOF technique and the SCL.C method. This also
verifies that both TOF and SCLC are reliable for the charac-
terization of the carrier mobility.

SYNTHESIS

2,3,8,9,14,15-Hexamethyl-5,6,11,12,17,18-hexaazatri-

naphthylene [BK2 25]. This compound was synthesized
according to a modified literature procedure, which incorpo-
rated herein by reference.*® Cylcohexane octahydrate SM4
(7.64 g, 24.5 mmol), 4,5-dimethyl benzene-1,2-diamine
SM27 (10.0 g, 73.4 mmol) were refluxed in 200 ml of glacial
acetic acid for 24 hours at 140° C. The solution was then
filtered and the obtained green powder was washed with 200
ml of hot glacial acetic acid and was then refluxed in 200 ml
of 30% nitric acid for 2 hours. The solution was filtered to
yield 9.71 g (84%) of orange powder. 'H (300 MHz, DMSO-
dg) 88.12 (s, 6H), 2.56 (s, 18H). HRMS-EI (m/z): [M]* calcd.
for C;H, Ny, 468.20624. found, 468.20630.

O
@) O
8 H,O +
(@) (@]
(@]
CeH16014
Mol. Wt.: 312.18
SM4
HC NH, glacial acetic
acid
—_—
140° C.; 24 hrs
HsC NH,
CgHoN>

Mol. Wt.: 136.19
SM27
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C30H24Ns
Mol. Wt.: 468.55
BK2 25

2,3,8,9,14,15-Hexabromo-5,6,11,12,17,18-hexaazatri-

naphthylene [BK2_31]. This compound was synthesized
according to a modified literature procedure.*® Cylcohexane
octahydrate SM4 (1.17 g, 3.76 mmol), 4,5-dibromo benzene-
1,2-diamine QZ-IB-8 (3.00 g, 11.3 mmol) were refluxed in
450 ml of glacial acetic acid (additional volume of glacial
acetic acid was added because the solution was hard to stir),
for 24 hours at 140° C. The solution was then filtered and the
obtained powder was washed with 120 ml ofhot glacial acetic
acid and was then refluxed in 200 ml 0f30% nitric acid for 23
hours. The solution was filtered to yield 3.06 g (95%) of
greenish powder. 'H (300 MHz, DMSO-d,) 8 8.97 (s, 6H).
MALDI-TOF MS (MH+H): m/z 853.5, 855.5, 857.5, 859.5,
861.5, 863.5; caled for C,,H,BrgN, 858.8. Anamountof 1 g
was sublimed under high vacuum (ca. 10~ torr) at ca. 400° C.
An amount of 252 mg of yellow solid was isolated. Anal.
Calcd. for C,,HBr,N,: C,33.61; H, 0.71; Br, 55.89; N, 9.80.
Found: C, 33.74; H, 0.75; Br, 55.66; N, 9.55.

O
0 (0]
SH,0 +
o) (@]
(@]
CeH 6014
Mol. Wt.: 312.18
SM4
Br NH, glacial acetic
acid
_
140° C.; 24 hrs
Br NH,
C¢HgBryN;
Mol. Wt.: 265.93

QZ-IB-8
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Br
Br
NZ |
Br N N
Z | AN
Rx*
Br N = N
g
Br
Br
C24H5Br5N5
Mol. Wt.: 857.77
BK2 31

4-Nitro-benzoic acid N'-{4-[5-(3,4,5-tris-dodecyloxy-
phenyl)-[1,3,4]oxadiazol-2-yl]-benzoyl}-hydrazide [BK2
23]. This compound was synthesized according to a modified
literature procedure.?® 4-nitro-benzoyl chloride SM22 (941
mg, 5.07 mmol) was dissolved in 75 ml of freshly dried THF
(over Na) and was placed in a three-neck round bottom flask.
4-[5-(3,4,5-Tris-dodecyloxy-phenyl)-[1,3,4Joxadiazol-2-
yl]-benzoic acid hydrazide SM9 (4.23 g, 5.07 mmol) was
dissolved in 150 ml dry THF and was placed in a dropping
funnel. The set-up was placed in an ice-water bath and was
degassed with argon. SM9 solution was dropped slowly. The
reaction mixture was stirred at 0° C. for 2.5 hrs. Pyridine (10
ml) was then added and the reaction mixture was stirred at
room temperature for 20 hrs. The reaction mixture was then
poured over 500 ml of water and the white solid was filtered
and was washed with 750 ml of water to yield 3.25 g of white
powder (65%). This compound was used for next step without
further purification.

Cp2Ha50
O
C2Ha50 _NH, *
0o N
\ ’
CHys0 N—N
Cs HgyN4Os
Mol. Wt.: 833.24
SM9
(@)
NO THF
—_—
2 0°Cy
Cl 20 hrs
C5H,CINO;
Mol. Wt.: 185.56
SM22
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NO,
CpHs0 o O
C o550 o 7/@% > NH
H

\
CpHy50 N—N

CsgHg7N5Os

Mol. Wt.: 982.34
BK2_ 23

[BK2_ 27]. This compound was synthesized according to a
modified literature procedure.?® 4-Nitro-benzoic acid N'-{4-
[5-(3,4,5-tris-dodecyloxy-phenyl)-[ 1,3,4]oxadiazol-2-y1]-
benzoyl}-hydrazide BK2 23 (3.25 g, 3.31 mmol) was
heated in 140 ml of POCl; at 120° C. overnight. Excess POCl,
was distilled off till around 25 ml are left (the complete
distillation of POCI; lead to tarr and no product was detected,
experiment BK2-5). The solution was then poured slowly
over 1 L of ice-water (excess POCI; reacts with water). The
greenish solid was filtered off and was recrystallized from
CHCl,/ethanol to yield 2.92 g (92%) of greenish solid. 'H
(300 MHz, CDCl,) 0 8.44-8.34 (m, 4H), 8.32 (s, 4H), 7.33 (s,
2H), 4.10-4.058 (t, I=12.6 Hz, 4H), 4.06-4.02 (t, J=12 Hz,
2H), 1.89-1.80 (pentet, J=7.8 Hz, 4H), 1.78-1.71 (pentet,
J=6.9 Hz, 2H), 1.54-1.43 (m, 6H), 1.39-1.19 (m, 48H), 0.88-
0.84 (t,J=6 Hz, 9H). '*C (CDCl,, 75 MHz), § 165.16, 164.51,
163.17, 163.11, 153.52, 149.56, 141.61, 128.96, 127.85,
127.62, 127.49, 127.11, 125.72, 124.40, 117.91, 105.49,
73.66, 69.44,32.00,30.42,29.78,29.73, 29.66, 29.40, 29 .45,
29.40, 26.18, 22.78, 14.22 ppm. MALDI-TOF MS (M): n/z
964.5; caled for C5gHgsNSO,, 964.3.

CioHp50 0
O
Cp2Hs50 NH
o N
W, ’
CpHps0 N—N
CsgHgyNsOg
Mol. Wt.: 982.34
BK2_23
OC2Hs
C12Has0
Cp2Hs50
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of water. The formed yellow solid was filtered off and was
then refluxed in 200 ml of hexanes and hot filtration was then
performed. White solid formed upon filtration. The solution
was put in the freezer and was then filtered off to yield 2.23 g
(43%) of white solid. 'H (300 MHz, CDC], ) showed a singlet
at 8.19 (s, 2H) which is consistent with literature. However,
other peaks were present. Attempts to purify this compound
by column chromatography failed. This compound may be
used for the next step with no further purification.

0,N
H>SO,
+ Bry + AgrSO4 —_—
0,N
CngzNz Br2 Ag204s
Mol. Wt.: 136.19 Mol. Wt.: 159.81 Mol. Wt.: 311.80
SM31
O>N Br
0,N Br
C5H2B1‘2N204
Mol. Wt.: 325.90
BK2_39

5,6,11,12,17,18-Hexaazatrinaphthylene [BK2 73]. The
title compound was synthesized according to a modified lit-
erature procedure.>® Hexaketocyclohexane octahydrate (10.0
g,32.0mmol) and 1,2-phenylenediamine SM17 (10.4 g, 96.0
mmol) were refluxed in 500 ml of glacial acetic acid:ethanol
(1:1) at 140° C. for 24 hours. The reaction mixture was then

NO,
POCH;

—_——
120°Cy
overnight

NO,

O, O
N|\N/>_< >—<\N/|N

CsgHgsNsO7
Mol. Wt.: 964.32
BK2_ 27

1,2-Dibromo-4,5-dinitro benzene [BK2-39]. This com-
pound was synthesized according to a literature procedure.’*
1,2-Dinitrobenzene SM31 (2.17 g, 16.0 mmol), bromine
(7.66 g,47.9 mmol), silver sulfate (10.0 g, 32.1 mmol), 24 ml
of concentrated sulfuric acid were placed in a 200 ml round
bottom flask equipped with a condenser and magnetic stirrer.
The reaction mixture was heated to 155° C. and was kept at
this temperature for 15 min. The solution was left to cool
down to room temperature and was then dropped over 500 ml

60

65

filtered and washed with ca. 200 ml of hot glacial acid. The
solid was then refluxed with 200 ml of 30% nitric acid for 3
hours at 140° C. The yellow solid (12.6 g) was filtered and
dried under vacuum. An amount 2.0 g was sublimed at high
vacuum (3.2x107° torr and t=350° C.) to yield 0.77 g (esti-
mated extrapolated yield=40%) of yellow solid. The yield
could be increased with prolonged sublimation time. This
compound is slightly soluble in CHCl,. 'H NMR (CDCls,
300 MHz) 6 8.73-8.69 (dd, J=6.6 Hz; J,=3.6 Hz, 6H), 8.08-
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8.043 (m, 6H). *C NMR (CDCl,, 75 MHz), 143.57, 132.30,
130.65, 119.05, 98.58. Anal. Calcd. for C,,H,,N,: C, 74.99;
H, 3.15; N, 21.86. Found: C, 74.76; H, 3.11; N, 21.66.

O
glacial
O Y NH, acetic
SH-0 acid
. + —_—
2 Ethanol
o 0 NH,
(@]
CeH 16014 CeHgN;
Mol. Wt.: 312.18 Mol. Wt.: 108.14
SM4 SM17
NZ |
N N
>
N Z x
Co4H|5Ns
Mol. Wt.: 384.39
BK2_73

2,3,8,9,14,15-Hexachloro-5,6,11,12,17,18-hexaazatri-

naphthylene [BK2_ 67]. The title compound was synthesized
according to a modified literature procedure.>® Hexaketocy-
clohexane octahydrate (5.29 g, 17.0 mmol) and 4,5-dichloro-
1,2-phenylenediamine SM11 (9.00 g, 50.8 mmol) were
refluxed in 110 ml of glacial acetic acid:ethanol (1:1) at 140°
C. for 24 hours. The reaction mixture was then filtered and
washed with ca. 150 ml of hot glacial acetic acid. The solid
was then refluxed with 150 ml of 30% nitric acid for 3 hours
at 140° C. The yellow solid (10 g, 100%) was filtered and
dried under vacuum. This compound can be used without
further purification for further synthesis. An amount 0f2.37 g
was sublimed under high pressure (P=2x107 torr and t=450°
C.) to yield 1.40 g of pure yellow shining crystals (estimated
extrapolated yield=59%). This compound has low solubility
in most organic solvents. '"H NMR (CDCl,, 300 MHz) 8 (s,
6H). Anal. Calcd. for C, , H,CI;Ng: C, 48.77; H, 1.02; Cl,
35.99; N, 14.22. Found: C, 48.80; H, 1.00; Cl, 36.12; N,
14.24.

O
Glacial
O O Cl NH, acetic
SH.O 4 acid
2 Abs.
ethanol
o 0 cl NH,
(@]
CeH16014 CsHgCILN,
Mol. Wt.: 312.18 Mol. Wt.: 177.03
SM4 SM11
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-continued
ClL
Cl
ClL N
ClL N
Cl
ClL
CraHeCleNg
Mol. Wt.: 591.06
BK2_67

2,3,8,9,14,15-Hexanitro-5,6,11,12,17,18-hexaazatrinaph-
thylene [BK2_ 93]. The title compound was synthesized
according to a modified literature procedure.>® Hexaketocy-
clohexane octahydrate (2.63 g, 8.41 mmol) and 4,5-dinitro-
1,2-phenylenediamine SM29 (5.00 g, 25.2 mmol) were
refluxed in 150 ml of glacial acetic acid:ethanol (1:1) at 140°
C. for 24 hours. The reaction mixture was then filtered and
washed with ca. 150 ml of'hot glacial acid. The solid was then
refluxed with 145 ml of 30% nitric acid for 1.5 hours at 140°
C. The yellow solid (4.62 g, 84%) was filtered and dried under
vacuum. This compound has very low solubility in most
organic solvents. 'H NMR (DMSO-d,, 300 MHz), 9.47 (s,
6H). MALDI-TOF MS (M+H): m/z 655.1; caled for
C,,H,N,,0,,, 655.5.

O
Glacial
@) O H,N NO, acetic
SH,O + acid
2 Abs.
ethanol
o) 0 H,N NO,
(@]
CsH 16014 CsHgN4O4 NO,
Mol. Wt.: 312.18 Mol. Wt.: 198.14
SM4 SM29 NO,
ON
ON

NO,

NO,

CayHeN 0
Mol. Wt.: 654.38
BK2 93
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2,3,8,9,14,15-Hezaazatristriphenylene [BK2_97]. The
title compound was synthesized according to a modified lit-
erature procedure.>® Hexaketocyclohexane octahydrate (422
mg, 1.35 mmol) and °'°-diaminophenanthrene SM7 (845
mg, 4.06 mmol) were placed in a Sclenck tube. The system
was degassed with nitrogen. Free-O, 100 ml of glacial acetic
acid was transferred to the Sclenck tube under nitrogen. The
reaction mixture was refluxed at 140° C. for 24 hours. The
reaction mixture was then filtered and washed with ca. 50 ml
of ethanol. An amount of 922 mg (99%) of yellow-orange
solid was collected. This compound has very low solubility in
most organic solvents. Attempts to purify this compound by
high vacuum train sublimation have yet failed. MALDI-TOF
shows the presence of the compound. MALDI-TOF MS
(M+H): m/z 686.2, caled for C,gH, Ny, 686.7.

(¢]
O, (0]
8H,0 +
(0] (¢]
(0]
CeH16014
Mol. Wt.: 312.18
SM4
N NH,
Glacial
acetic
acid
Abs.
ethanol
Ci4H Ny
Mol. Wt.: 208.26
SM7

CygHa4Ns
Mol. Wt.: 684.74
BK3_31

2,3,8,9,14,15-Hexakis-dodecylsulfanyl-5,6,11,12,17,18-
hexaazatrinaphthylene [BK2 71]. This compound was syn-
thesized according to a literature procedure.** In a Schlenk
tube, 2,3,8,9,14,15-hexachloro-5,6,11,12,17,18-hexaazatri-
naphthylene BK2_ 67 (2.00 g, 3.38 mmol), 1-dodecanethiol
SM30 (9.00 g, 44.4 mmol), K,CO, (17.0 g, 123 mmol) were
placed. The tube was degassed with argon under which ca. 60
ml of DMF were transferred. After 72 hours of heating at 80°
C., the reaction was dense and hardly stirring. The reaction
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mixture was transferred to a 300 ml round bottom flask and 80
ml of DMF were added. The reaction mixture was then
poured over 1 L of water. The solution was neutralized with
concentrated HCI1 (15 ml) and was then filtered. The obtained
green sold was washed with copious amount of water. The
obtained solid was dried and was then recrystallized twice
from toluene/ethanol to yield 4.18 g (77%) of yellow solid.
An amount of 1.57 g was run through a column of silica using
CH,CI, as eluent. An amount of 1.23 g was isolated (esti-
mated extrapolated yield: 61%). 'H (300 MHz, CDCl,) § 8.22
(s, 6H),3.26-3.21 (t,J=7.5 Hz, 12H), 1.94-1.84 (pentet, J=7.5
Hz, 12H), 1.64-1.54 (m, 12H), 1.46-1.26 (m, 96H), 0.89-0.85
(t, J=6.3 Hz, 18H). 1*C (CDCl,, 75 MHz) & 144.38, 142.21,
141.36, 123.10, 33.24, 31.98, 29.72, 29.60, 29.43, 29.31,
28.20, 22.77, 14.21 ppm. MALDI-TOF MS (M+H): m/z
1587.2, caled for Cy4H,5,NgS,, 1587.7. Anal. Caled. for
CoH, 56NeS4: C,72.67; H,9.91; N, 5.30; S, 12.13. Found: C,
72.59; H, 9.77, N, 5.33; S, 12.02.

Cl
ClL
Cl
4
Cl
ClL
Cl
Ca4HCleNg
Mol. Wt.: 591.06
BK2_67
Cotpss ~203
12Hos DM
CaHpeS
Mol. Wt.: 202.40
SM30
SCaHas
SCr2Has
CpHpsS N
CpHpsS N
SCaHas
SCi2Hps
CosH 156N6S6
Mol. Wt.: 1586.70
BK2_71

2,3,8,9,14,15-Hexakis-dodecylsulfanyl-5,6,11,12,17,18-
hexaazatrinaphthylene [BK2 99]. This compound was syn-
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thesized according to a literature procedure, which is incor-
porated herein by reference. In a Schlenk tube, 2,3,8,9,14,15-
Hexachloro-5,6,11,12,17,18-hexaazatrinaphthylene

BK2 67 (2.00 g,3.38 mmol), 1-octanethiol SM35 (7.00 ml,
40.3 mmol), K,CO; (16.7 g, 121 mmol) were placed. The
tube was degassed with argon under which ca. 120 ml of DMF
were transferred. The reaction mixture was stirred at 80° C.
for a week. The reaction mixture was then poured over 1 L of
water. The solution was neutralized with concentrated HCI
(ca. 20 ml) and was then filtered. The obtained green solid was
washed with copious amount of water. The obtained solid was
dried and was then recrystallized twice from toluene/ethanol
to yield 3.01 g (71%) of yellow solid. *H (300 MHz, CDCl,)
88.27(s,6H),3.28-3.23 (t,J=7.2 Hz, 12H), 1.97-1.86 (pentet,
J=7.2Hz, 12H), 1.64-1.55 (pentet, J=7.5 Hz, 12H), 1.46-1.26
(m, 48H), 0.93-0.89 (m, 18H). >C (CDCl,, 75 MHz) 8
144.87, 141.81, 141.25, 122.83, 33.27, 31.90, 29.31, 29.25,
28.19, 22.75, 14.22 ppm. MALDI-TOF MS (M+H): n/z
1251.7, caled for C,,H,ooNgSs, 1251.1. Anal. Caled. for
C,H, 0sNeS4: C, 69.18;, H,8.71; N, 6.72; S, 15.39. Found: C,
69.24; H, 8.61; N, 6.67; S, 15.50.

Cl
ClL
ClL
4
ClL
ClL
Cl
Cy4HgClgNg
Mol. Wt.: 591.06
BK2_ 67 K,COs
sH7SH DME
CgH g8 SCeHy7
Mol. Wt.: 146.29
SM35 SCgH,7
CgHy58
CsH,78
SCsHy7

SCeH)7

Cr2H 0sNgSe
Mol. Wt.: 1250.06
BK2_99

1,2-Bis-dodecyloxy benzene [BK2_7]. This compound
was synthesized according to a literature procedure.** Cat-
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echol SM23 (10.0 g, 90.1 mmol), 1-bromododecane (45.3 g,
182 mmol), and potassium carbonate (25.0 g, 182 mmol)
were heated in 300 m1 DMF at 80° C. for 6 days. The reaction
mixture was added to 600 ml water, and was extracted with
chloroform. The chloroform extracts were combined and
were washed with water, brine solution, dried over MgSO,,
and the solution was then filtered. The solvent was evapo-
rated, and the obtained solid was recrystallized from ethanol
to yield 18.0 g (44.4%) of grayish solid. E1 (m/z): [M]* caled.
for C;,H,0,, 446.8. found, 446.5. This compound was used
for the next step with no further purification.

OH OCpHys
CioHsBri KxCO;
DMF 80° C
OH 6 days OC2Has
CeHsO, C30Hs40,
Mol. Wt.: 110.11 Mol. Wt.: 446.75
SM23 BK2_ 7

1,2-Bis-dodecyloxy-4,5-dinitro benzene [BK2 13]. This
compound was synthesized according to a literature proce-
dure, which is incorporated herein by reference.?* To 1,2-Bis-
dodecyloxy benzene BK2_ 7 (5.00 g, 11.2 mmol) ina 500 ml
round bottom flask placed in an ice bath, 80 ml of CH,Cl, and
80 ml of acetic acid were added. Concentrated HNO; (50 ml)
was added slowly. The color changed from orange-brown to
green then back to orange-brown. The solution was stirred at
0° C. for 10 min then at room temperature for 30 min. The
setup was placed again in the ice bath and 100 ml of concen-
trated HNO, were added. The reaction mixture was stirred at
0° C. for 10 min then at room temperature for 6 days. The
solution was poured over 500 ml of ice-water and was then
extracted with CH,Cl,, dried over MgSO,, filtered. The sol-
vent was evaporated. The obtained solid was recrystallized
from acetone to yield 4.21 g (70%) of yellow solid. *H (300
MHz, CDCl,) 8 7.27 (s, 2H), 4.10-4.05 (1, J=6.3 Hz, 4H),
1.90-1.80 (pentet, J=7.2 Hz, 4H), 1.50-1.41 (pentet, J=7.2 Hz,
4H), 1.40-1.20 (m, 32H), 0.88-0.83 (t, J=6.3 Hz, 6H). >C
(CDCl,, 75 MHz) 9§ 143.20, 128.20, 106.69, 70.67, 32.00,
29.78, 29.73, 29.67, 29.55, 29.45, 26.17, 22.78, 14.22 ppm.
HRMS-E1 (m/z): [M]* caled. for C,,Hs,N,Oq, 536.38254.
found, 536.38397.

OC pHos

glacial acetic acid
_— =

Cone. nitric acid

OC oHos
C30Hs40,
Mol. Wt.: 446.75
BK2_ 7
O,N OCxHys
O,N OCxHys
C30Hs52N20¢
Mol. Wt.: 536.74

BK2_13
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4,5-Bis-dodecyloxy benzene-1,2-diamine [BK2 13;
BK3_1]. This compound was synthesized according to a
literature procedure.®* In a Schlenk tube, 1,2-Bis-dodecy-
loxy-4,5-dinitro benzene BK2 13 (2.36 g, 4.39 mmol),
hydrazine monohydrate (8.25 ml, 48.5 mmol), 131 mg of
Pd/C, and 65 ml of absolute ethanol were placed. The reaction
mixture was refluxed under argon for 22 hours. Hot filtration
under argon was then performed. Upon cooling, a white solid
formed. The solid was washed with O,-free methanol and was
dried overnight under nitrogen to yield 1.57 g (75%) of white
solid. *H (300 MHz, CDCl,) 8 6.353 (s, 2H), 3.880-3.835 (,
J=6.6 Hz, 4H), 3.062 (br s, 4H, NH,), 1.767-1.673 (pentet,
J=7.2 Hz, 4H), 1.43-1.36 (m, 4H), 1.358-1.080 (m, 32H),
0.878-0.833 (t, J=7.2 Hz, 6H)."*C (CDCl,, 75 MHz) §
143.20, 128.20, 106.69, 70.67, 32.00, 29.78, 29.73, 29.67,
29.55, 29.45, 26.17, 22.78, 14.22 ppm. HRMS-E1 (nv/z):
[M]* caled. for C;,Hs¢N,O,, 476.43418. found 476.43449.

O)N OC2Hs
+ NH,NH,*H,O +
O,N OCxHys
C30H5N>06 HgN>O
Mol. Wt.: 536.74 Mol. Wt.: 50.06
BK2_13 SM29’
HoN OC,H:
Absolute 2 124525
Ethanol
Pd/C —
HoN OCHys
C30HssN20,
Mol. Wt.: 476.78

BK3_1

2,3,8,9,14,15-Hexakis-dodecyloxy-5,6,11,12,17,18-
hexaazatrinaphthylene [BK2-37; BK3-3]. This compound
was synthesized according to a modified literature proce-
dure *° Cylcohexane octahydrate SM4 (347 mg, 1.11 mmol),
4,5-Bis-dodecyloxy benzene-1,2-diamine BK3 1 (1.57 g,
3.29 mmol) were refluxed in 150 ml of glacial acetic acid:
ethanol (1:1) at 140° C. for 24 hours. The solvent was then
evaporated. The dark solid was recrystallized from toluene/
ethanol to yield 1.50 g (92%) of reddish solid. The compound
was flashed over a column of silica using CH,Cl, as eluent.
The solvent was evaporated and the obtained solid was
recrystallized three times from toluene/ethanol to yield 811
mg (49%). 'H (300 MHz, CDCl5) 8 7.95 (s, 6H), 4.32-4.28 (t,
J=12.3 Hz, 12H), 2.02-1.93 (pentet, J=7.2 Hz, 12H), 1.61-
1.51 (pentet, J=7.2 Hz, 12H), 1.43-1.22 (m, 98H), 0.88-0.84
(m, 18H). '*C (CDCl,, 75 MHz) § 154.91, 140.98, 107.15,
69.68,32.00,29.75,29.72,29.49, 29.46, 28.85, 26.15, 22.78,
14.22 ppm. MALDI-TOF MS (M+H): m/z 1492.3, calcd for
CosH, 5sNOg, 1492.3. Anal. Caled. for CogH,5NgOg: C,
77.37;H,10.55; N, 5.64. Found: C, 76.88; H, 10.72; N, 5.67.
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@) O
SH,0 +
(@) (@]
(@]
CeH 16014
Mol. Wt.: 312.18
SM4
i 0 Gt
acid
Abs.
LN 0C 12Has ethanol
C30HssN20;
Mol. Wt.: 476.78
BK3_1
OC x5
OC2Has
CpH,50 N
OCHas

OC2Hs

CosH156N60s
Mol. Wt.: 1490.30
BK3_3

9,14-Bis-[N'-(3,4,5-tris-octyloxy-benzoyl)-hydrazinocar-
bonyl]-5,6,11,12,17,18-hexaazatrinaphthylene-2-carboxylic
acid N'-(3,4,5-tris-octyloxy-benzoyl)-hydrazide [BK2 77].
The title compound was synthesized according to a modified
literature procedure. It should be noted that a mixture of the
2,8,14 and 2,8,15 isomers are formed. BK2 43 (3.00 g, 5.43
mmol) was dissolved in 80 ml dry THF and placed ina 500 ml
three neck round bottom flask. 3,4,5-Tris-octyloxy-benzoic
acid hydrazide SM21 (8.47 g, 16.3 mmol), dissolved in 150
ml THF, was placed in a dropping funnel. The setup was
placed in an ice-bath (ice+H,O). The setup was degassed with
argon. At a steady rate, SM21 solution was added slowly
dropwise. The reaction mixture was stirred at 0° C. for 5
hours, after which 15 ml of pyridine were added and the
solution was further stirred at room temperature overnight.
Water (500 ml) was added to the reaction mixture upon,
which a green solid formed (9.80 g, 92%). This solid was
filtered and dried. This compound was used with no further
purification.
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COCl

CgH,70,
CloC O
CgH 70 —_—
+ Cghys THF
NHNH,
CgH,70
COCL
Cy7HoCl3N6O;5 C31HsgN>O4
Mol. Wt.: 571.76 Mol. Wt.: 520.79
BK2_43 SM21
OCgH\7
C8H170\§/0C8H17
(@) NH
CgH,70
CgH,70 0
O
CeH, 10 HN
\N
H

Oé NH
/N
\N
ﬁon
N O
\NH

CgH,70 OCgH,y;

OCgH)7

Cis56H246N 12015
Mol. Wt.: 2529.69
BK2_77
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2,8,15-Tris-[5-(3.,4,5-tris-octyloxyl-phenyl)-[ 1,3,4 ]oxa-
diazol-2-y1]-5,6,11,12,17,18-hexaazatrinaphthylene [BK2__
83]. The title compound was synthesized according to a
modified literature procedure.?® It should be noted that a
mixture of the 2,8,14 and 2,8,15 isomers are formed. BK2_
77 (9.80 g, 8.84 mmol) was refluxed in 150 ml of POCI, at
110° C. for 12 hours. The excess POCI; (100 ml) was distilled
off. The remaining solution was added to 600 ml of water and
ice, upon which a brown solid forms. This latter was filtered
and dried. The dark brown solid was passed through a column
of'silica using hexanes as eluent. The solvent was evaporated
toyield 5.49 g of black shining crystals, which were dissolved
in minimum amount of CHCl; and were precipitated with 200

CgH,70

CgH,70 0

CgH 70

10

82
ml of methanol. The brown solid was filtered off and was then
recrystallized from toluene/ethanol to yield 2.82 g (30%) of
brown solid. "H (300 MHz, CDCl,) § 9.41-9.40 (m, 1H), 9.34
(d, =1.2 Hz, 1H), 9.32-9.31 (d, J=1.5 Hz, 1H), 8.87-8.76 (m,
6H), 7.40-7.39 (m, 6H), 4.18-4.07 (m, 18H), 1.98-1.87 (pen-
tet, J=6.3 Hz, 12H), 1.85-1.76 (pentet, J=7.5 Hz, 6H), 1.62-
1.49 (m, 18H), 1.48-1.15 (m, 72H), 0.98-0.85 (m, 27H). '*C
(CDCl,, 75 MHz) 6 153.59, 144.03, 143.18, 141.59, 127.42,
117.68, 105.26, 73.68, 69.43, 32.01, 31.95, 31.92, 30.49,
29.64, 29.52, 29.43, 26.27, 26.20, 22.81, 22.77, 14.24 ppm.
MALDI-TOF MS (MH+H): m/z 1972.4, caled for
C50H,70N 50,5, 1972.7. Anal. Calcd. for C,,0H, N, 5,0 5:
C,73.14;H, 8.59; N, 8.53. Found: C, 72.28; H, 8.63; N, 8.53.

OCgH,;
CgHy70 OCgHy7
(@) NH
@) NH
POCI;
—_—
O
HN P
SNi
OCgH,;
CgH,70 OCgH,;

Ci20H 74N 12015
Mol. Wt.: 2024.74

BK2_77
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-continued

CsH;70, OCgH ;7

CgH,70

CgHy70

OCgH\7
OCgHy7
N="
O
N
N
Z
\
OCsHy7
CsH;70 OCgHy7

Ci20H16sN 12012
Mol. Wt.:1970.69
BK2_83

9,14-Bis-[N'-(3,4,5-tris-hexyloxy-benzoyl)-hydrazinocar-
bonyl]-5,6,11,12,17,18-hexaaza-trinaphthylene-2-carboxy-
lic acid N'-(3,4,5-tris-hexyloxy-benzoyl)-hydrazide [BK2-
87]. The title compound was synthesized according to a
modified literature procedure, which is incorporated herein
by reference. It should be noted that a mixture of the 2,8,14
and 2,8,15 isomers are formed. BK2-43 (3.00 g, 5.25 mmol)
was dissolved in 100 m1 dry THF and placed in a 500 ml three
neck round bottom flask. 3,4,5-Tris-hexyloxybenzoic acid
hydrazide SM35 (7.10 g, 16.3 mmol), dissolved in 150 ml

40

45

CoCl

ClOoC

Cy7HoCl3NgO3
Mol. Wt.: 571.76
BK2_43

THEF, was placed in a dropping funnel. The setup was placed
in an ice-bath (ice+H,0). The setup was degassed with argon.
At a steady rate, SM35 solution was slowly added dropwise.
The reaction mixture was stirred at 0° C. for 7.5 hours, after
which 15 ml of pyridine were added and the solution was
further stirred at room temperature overnight. Water (1 L) was
added to the reaction mixture upon which a green solid
formed (9.1 g, 98%). This solid was filtered and dried. This
compound was used with no further purification.

CeH 130,

O
+ C5H13O —>THF

NHNH,

Cel 130

COClL
Cy5HaqN04
Mol. Wt.: 436.63

SM35
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-continued

CelH ;30

CeH 130

CeH 30 0

CeH 30 HN

Cio2H138N 1205
Mol. Wt.: 1772.26
BK2_87

2,8,15-Tris-[5-(3,4,5-tris-hexyloxyl-phenyl)-[ 1,3.4]oxa-

diazol-2-y1]-5,6,11,12,17,18-hexaazatrinaphthylene [BK2-
91]. The title compound was synthesized according to a
modified literature procedure.?® It should be noted that a
mixture of the 2,8,14 and 2,8,15 isomers are formed. BK2_
77 (9.10 g, 5.14 mmol) was refluxed in 150 ml of POCI; at
120° C. for 24 hours. The excess POCl; (ca. 120 ml) was
distilled off. The remaining solution was added to 1 L of water
and ice, upon which a brown solid forms. This solid was
filtered and dried. The dark brown solid was passed through a
column of silica using hexanes as eluent. The solvent was
evaporated to yield 1.09 g (12%) of black shining crystals.
Recrystallization from toluene/ethanol led to 640 mg (7%) of
brown powder. MALDI-TOF MS (MH+H): m/z 1720.2,
caled for C,,,H;5.N;,0,,, 1720.2. Anal. Calcd. for
Ci0oH,3.N,0,,: C, 71.30; H, 7.74; N, 9.78. Found: C,
70.15; H, 7.78; N, 9.79.

OCgH,3
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OCgH,3
CeH 30 OCgH 3
(@) NH
@) NH
CeH 130
CeH 30 0
(@)
CeH O HN
~N
H

POC;
—_—

O
HN P
SNi
OCgH3
CeH 30 OCgH,3

C102H138N 1205
Mol. Wt.: 1772.26
BK2_87
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-continued

CsH 30, OCsH )3

CeH 30

Ci02H13N 12012

CelH ;30

OCgH 3

N&=

N

Mol. Wt.:1718.21

N2, N® N**-Tris[3,4,5-tris(dodecyloxy)benzoyl]diquinox-
alino[2,3-a:2',3'-c]phenazine-2,8,14-tricarbohydrazide
[BK1__17]. The title compound was synthesized according to
a modified literature procedure.>® It should be noted that a
mixture of the 2,8,14 and 2,8,15 isomers are formed. 5,6,11,
12,17,18-Hexaazatrinaphthylene 2,8,14-tricarbonyl trichlo-
ride BK1_17(2.28 g,3.99 mmol) was dissolved in 80 ml dry
THF and placed in a 100 ml three neck round bottom flask.
3,4,5-Tris(dodecanyloxy)benzoichydrazide SM6 (9.07 g,
13.2 mmol), dissolved in 200 ml THF, was placed in a drop-
ping funnel. The apparatus was placed in a dewar flask (ice+
H,0). The apparatus was degassed with argon. At a steady
rate, SM6 solution was slowly added dropwise. The reaction
mixture was stirred at 0° C. for two hours, after which 3 ml of
pyridine were added and the solution was further stirred at
room temperature overnight. Water (200 ml) was added to the
reaction mixture upon which a dark solid formed. This solid
(10.0 g, 99%) was filtered and dried. This compound was used

with no further purification.

BK2_91
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COClL
C1oHas0,
cloc o
4+ CiHxs0 E,
NHNH,
CpHs0
Cy3HgoN>0y
Mol. Wt.: 689.11
SM6
COCL
Cy7HoCL3NgO3
Mol. Wt.: 571.76
BK1_17
OC x5
C12H250\©/OC12H25
o)\ NH
@) NH
OCpHs
C2Hs50
O
C2Hp50 0 N
HN N N
\N A S
H
=
N | Ny
N
O
.
\NH
OC2Has
Cp2Hs50 OC o5

Cis56H246N 12015
Mol. Wt.: 2529.69

BK1_19

2,8,14-Tris{5-[3,4,5-tris(dodecyloxy)phenyl]-1,3,4-0xa-
diazol-2-yl}diquinoxalino[2,3-a:2",3'-c]phenazine  [BK1__
21]. The title compound was synthesized according to a
modified literature procedure. It should be noted that a mix-
ture of the 2,8,14 and 2,8,15 isomers are formed. N N® N*4-
Tris[3,4,5-tris(dodecyloxy)benzoyl|diquino-xalino[2,3-a:2',
3'-c]phenazine-2,8,14-tricarbohydrazide BK1_19 (10.0 g,
3.95 mmol) was heated in 120 ml of POCI; at 120° C. for 10

60

hours. The excess POCl; was distilled off. Water (200 ml) was
added and repetitive extraction from CH,Cl, (3x100 ml) was
performed. The extract solutions were combined, dried over
MgSO,, and the solvent was then evaporated. The product
was then dissolved in minimum amount of CH,Cl, and pre-
cipitated in 600 ml MeOH to yield 6.04 g (61.7%) of yellow-
brown solid. A small sample of the solid was further purified
by column chromatography on silica, using hexanes as elu-
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ent. "HNMR (CDCL,, 300 MHz) 8 9.45-9.37 (m, 3H), 8.91-
8.81 (m, 6H), 7.42 (s, 6H), 4.17-4.07 (m, 18H), 1.96-1.49 (m,
18H), 1.59-1.24 (m, 162H), 0.89-0.84 (m, 27H). '3C NMR
(CDCl,, 75 MHz) 8 165.74, 163.01, 153.71, 144.54, 144.14,
143.28, 141.77, 130.01, 128.61, 127.48, 117.75, 105.23,

94
73.65,69.38,31.94,30.43,29.80,29.71,29.53, 29.43,29.39,
26.19, 26.14, 22.69, 14.12. MALDI-TOF MS (MH+H): m/z
2477.34, caled for C, s;H,, N ,,0,,,2477.67. Anal. Calcd for
Ci56Hu0N 150,50 C, 75.68; H, 9.77; N, 6.79. Found: C,
75.34; H, 9.78; N, 6.72.

OC2Has
CpHs0 OCpHys
(@) Il\TH
NH
OCpHs
C2Hs50
O
CpH,50 O
AN POCI;
N —_—
H
O
'
NI
OC2Has
CioHp50 OCpHps
Cis6H4eN120)5
Mol. Wt.: 2529.69
BK1_19
OCpHs
C2Hs50 OCpHys
N&=
| 0
N
Cy2H50,
/N\ N N
CpHs0
0 N P N
CioHp50
P
N | Ny
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96

OCpHys

Cp2Hs50 OC o5

Cys6H249N 12012
Mol. Wt.: 2475.65

BK1_21

Patch: BK1_47D

8,14-Bis-(N'-{4-[5-(3,4,5-tris(dodecyloxy))-phenyl)-[1,3,
4]oxadiazol-2-yl]-benzoyl}-hydrazinocarbonyl)-5,6,11,12,
17,18-hexaaza-trinaphthylene-2-carboxylic acid N'-{4-[5-
(3,4,5-tris(dodecyloxy))-phenyl)-[ 1,3,4|oxadiazol-2-y1]-
benzoyl}-hydrazide [BK1_29]. The title compound was
synthesized according to a modified literature procedure. It
should be noted that a mixture of the 2,8,14 and 2,8,15 iso-
mers are formed. 5,6,11,12,17,18-Hexaazatrinaphthylene
2,8,14-tricarbonyl trichloride BK1_ 17 (2.00 g, 3.50 mmol)
was dissolved in 50 ml dry THF and placed in a 500 ml three

COoCl

ClOC

COCl

Cy7HoCl3NgO3
Mol. Wt.: 571.76
BKI1_17

lTHF

20

25

C2Hs0,

(0]

C2Has0

neck round bottom flask. 3',4',5'-tris-dodecyloxy-biphenyl-4-
carboxylic acid hydrazide SM9 (8.74 g, 11.4 mmol), dis-
solved in 150 ml THF, was placed in a dropping funnel. The
setup was placed in a dewar flask (ice+H,0O). The setup was
degassed with argon. At a steady rate, SM9 solution was
dropped slowly. The reaction mixture was stirred at 0° C. for
2.5 hours, after which 5 ml of pyridine were added and the
solution was further stirred at room temperature overnight.
Water (300 ml) was added to the reaction mixture upon which
a green solid formed. This solid was filtered and dried. This
compound was used with no further purification.

NH—NH,

CyoHgaN>Oy
Mol. Wt.: 765.20
SM9
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Cp2Ha50
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J OC 25
N\ .
N
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OC o5

Cig0HasgN 5018
Mol. Wt.: 2962.09
BK1_29

50

2,8,14-Tris-(5-{4-[5-(3,4,5-tris(dodecyloxy))-phenyl)-[1,
3,4]oxadiazol-2-y1]-phenyl}-[1,3,4]oxadiazol-2-y1)-5,6,11,
12,17,18-hexaaza-trinaphthylene [BK1_ 31]. The title com-
pound was synthesized according to a modified literature 55
procedure.® It should be noted that a mixture of the 2,8,14
and 2,8,15 isomers are formed. BK1_ 29 (9.56 g, 3.23 mmol)
was heated in 150 ml of POCI; at 120° C. for 24 hours. The
excess POCI, was distilled off. Water (200 ml) was added and
repetitive extraction from CHCI, was performed. The extract
solutions were combined, and the solvent was then evapo-
rated. The solid formed was dissolved in minimum amount of
CHCI, and precipitated in 600 ml of MeOH to yield 6.13 g
(65.3%) of green solid. MALDI-TOF MS (MH+H): m/z
2909.49, caled for C,30H,55N, 50, 5, 2908.97.
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CioHp50
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Mol. Wt.: 2962.09
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OC2Hs

C 12H25\?/OC 12Has

N
\

CipHp50

C2Has0
OCpHys

CigoH252N15015
Mol. Wt.: 2908.04

BK1_31

3,6-Bis-[2-(3,4-bis-dodecyloxy-phenyl)-vinyl]-11,12-

dinitro-dibenzo[a,c]phenazine [BRK_III_63A; BRK_III__
71A]. This compound was synthesized according to a modi-
fied literature procedure.*® 4,5-Dinitro-1,2-
phenylenediamine SM29 (689 mg, 3.48 mmol), 3,6-bis-[2-
(3,4-bis-dodecyloxy-phenyl)-vinyl]-phenanthrene-9,10-
dione JYC_III__067-A (4.00 g, 3.48 mmol) were refluxed in
200 ml of glacial acetic acid/absolute ethanol (1:1) in a 500 ml
round bottom flask at 130° C. for 24 hours. The solution was
then cooled down to room temperature and was then filtered
toyield 4.31 g (94%) ofred powder. This compound was used
for next step with no further purification. *H (300 MHz,
CDCl,) 0 8.92-8.90 (d, J=8.7 Hz, 2H), 8.52 (s, 2H), 8.81 (s,
2H), 7.74-7.71 (d, J=8.7 Hz, 2H), 7.22-7.17 (d, J=16.2 Hz,
2H), 7.13 (s, 2H), 7.10-7.07 (d, J=8.4 Hz, 2H), 7.03-6.98 (d,
J=16.2 Hz, 2H), 6.91-6.88 (d, J=8.4 Hz, 2H), 4.14-4.09 (t,
J=6.6 Hz, 4H), 4.08-4.04 (t, J=6.6 Hz, 4H), 1.96-1.84 (sextet,
8H), 1.60-1.48 (m, 8H), 1.47-1.20 (m, 72H), 0.92-0.86 (two
overlapped triplets, 12H). '*C (CDCl,, 75 MHz) & 149.98,
149.18, 144.91, 141.39, 141.15, 140.98, 132.42, 131.64,
129.20, 126.79, 125.09, 124.80, 120.73, 113.23, 111.59,
69.46, 69.18,32.03,29.84,29.79,29.69,29.61,29.57,29.49,
29.43,26.29, 26.20, 22.81, 14.24 ppm.
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0,N

0-N

CeHgN404
Mol. Wt.: 198.14
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NH,

NH,

OC2Hs

CysH11606
Mol. Wt.: 1149.75
JYC_III_036-A
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0N

0:N

OC2Hys
CgyH|15N4Og
Mol. Wt.: 1311.86
BRK_IIT_63A
BRK_IIT_ 71A

3,6-Bis-[2-(3,4-bis-dodecyloxy-phenyl)-vinyl]-dibenzo

[a,c]phenazine-11,12-diamine [BRK_III 67A]. This com-
pound was synthesized according to a modified literature
procedure.>? A Schlenk tube was charged with 3,6-Bis-[2-(3,
4-bis-dodecyloxy-phenyl)-vinyl]-11,12-dinitro-dibenzol[a,
c]-phenazine BRK_III 63A (564 mg, 0.43 mmol) and (970
mg, 430 mmol) of SnCl,.2H,O and was subjected to
vacuum. Under N,, 30 ml of O,-free ethanol was transferred
to the reaction mixture, which was heated at 70° C. The color
of'the reaction mixture did not change after one hour and TL.C
did not show the conversion of the starting material. Addi-
tional 50 ml of O,-free ethanol was added and the mixture
was refluxed for 23 hours. The reaction was allowed to cool
down to room temperature and was then dropped over ice.
The solution was extracted with 3x150 ml of ether. The ether
extracts were combined and were dried over MgSO,, and was
filtered. The solvent (solution is blue fluorescent) was evapo-
rated under vacuum to yield 122 mg (23% yield) of brown
solid. HRMS-MALDI-TOF (M+H): m/z 1251.9535; calcd
for Cg,H,,3N,0,, 1251.9539.

0N

0N

OCpHys

CagyH1gN4Og
Mol. Wt.: 1311.86
BRK_IIT_63A
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Absolute

SnCl,e2H,0  _cthanol

CLI,0,8n
Mol. Wt.: 225.65
SM41

LN

H,N

OC2Has

CygaH22N404
Mol. Wt.: 1251.89
BRK_IIT 67A

5,6,11,12,17,18-Hexaazatrinaphthylene 2,8,14-tricar-
boxylic acid [BK1_5; BK1_ 11]. The title compound was
synthesized according to a literature procedure.* It should be
noted that a mixture of the 2,8,14 and 2,8,15 isomers are
formed. Hexaketocyclohexane octahydrate (5.00 g, 16.0
mmol) and 3,4-diaminobenzoic acid (18.0 g, 118 mmol) were
refluxed in 600 ml of glacial acetic acid at 150° C. for 5 hours.
The reaction mixture was then filtered and washed with 5x60
ml of hot glacial acid. The solid was then refluxed with 100 ml
0130% nitric acid for 3 hours at 120° C. (this step was done
for BK1_11 but not BK1_5). The yellow solid (6.07 g,
73.4%) was filtered and dried under vacuum (the solid BK1__
11 turns green after 3 days storage in a vial; BK1_5 was
originally green). Mp>390° C. This compound was used with
no further purification. *H NMR (DMSO-d,, 300 MHz) &
8.76 (s, 2H), 8.67 (s, 1H), 8.48-8.32 (m, 6H). MALDI-TOF
MS (M+H): m/z 518.175, caled for C,,H,;NOq, 517.428.

O
@) O
SH,0 +
(@) (@]
(@]
CeH 16014
Mol. Wt.: 312.18

SM4
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glacial
acetic

N coon x4

HN
C7HgN>O,
Mol. Wt.: 152.15
SM5
COOH
HOOC

COOH

Ca7H15NgOs
Mol. Wt.: 516.42
BK1_5

5,6,11,12,17,18-Hexaazatrinaphthylene  2,8,14-tricarbo-
nyl trichloride [BK1_9; BK1__17]. The title compound was
synthesized according to a literature procedure.*® It should be
noted that a mixture of the 2,8,14 and 2,8,15 isomers are
formed. 5,6,11,12,17,18-Hexaazatrinaphthylene 2,8,14-tri-
carboxylic acid BK1_ 5 (1.7 g, 3.29 mmoles) was refluxed in
30 ml SOCI, at 115° C. for 24 hours. Excess SOCI, was
evaporated to yield 1.76 g (93.6%) of brownish powder.
Mp>390° C. This compound was used with no further puri-
fication. '"H NMR (CDCl;, 200 MHz), 9.52-9.49 (m, 3H),
8.74-8.73 (d, J=1.6 Hz, 1H), 8.71-8.70 (d, J=1.4 Hz, 2H),
8.63-8.56 (m, 3H). MALDI-TOF MS: m/z 570.898, calcd for
C,,H,CI3N O, 571.76.

COOH

HOOC
soCL
—_—

COOH

Ca7H2NgOs
Mol. Wt.: 516.42
BK1_5
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COClL

HOOC

COCl

Cy7HoCl3NgO3
Mol. Wt.: 571.76
BK1_9

5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricar-

boxylic acid triethyl ester [DD1_39]. The title compound
was synthesized according to a literature procedure® It
should be noted that a mixture of the 2,8,14 and 2,8,15 iso-
mers are formed. 5,6,11,12,17,18-Hexaaza-trinaphthylene-2,
8,14-tricarbonyl trichloride DD1_21 (1.00 g, 1.75 mmol)
was suspended in 15 ml of ethanol. Pyridine (15.0 ml) was
slowly added to the reaction mixture, which was stirred at
room temperature for 24 hours. Dichloromethane was then
added and the resulting solution was passed through a short
silica column using dichloromethane as eluent. The solvent
was evaporated and the yellow solid was boiled in ethanol and
filtered. The yellow solid was further purified by column
chromatography using dichloromethane:ethyl acetate (1:1)
as the eluent mixture. The obtained yellow solid was dis-
solved in the minimum amount of dichloromethane and pre-
cipitated with 30 ml of ethanol to yield 60 mg (5.7% yield) of
yellow solid. 'H NMR (CDCl,, 300 MHz) 8 9.36-9.35 (d,
J=1.80 Hz, 3H), 8.69-8.66 (d, J=9.00 Hz, 3H), 8.61-8.58 (dd,
J,=8.59 Hz, J,=1.50 Hz, 1H), 4.59-4.52 (quartet, J=7.2 Hz,
6H), 1.56-1.51 (t, J=6.9 Hz, 9H). '*C NMR (CDCl,, 75 MHz)
8 165.33, 145.24, 144.61, 143.94, 142.96, 133.99, 133.30,
132.03, 130.91, 62.23, 14.56. MALDI-TOF MS (M+H): m/z
601.22, caled for C4,H, N O, 601.59.

cocl
NZ |
cioc N N
| +
Ny Z N

COCl

Cy7HoCl13NgO3
Mol. Wt.: 571.76
DD1_21
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RT.
~ox

pyridin 15 ml
CyHO
Mol. Wt.: 46.07
SM9

CO,C,H;s
N |
CoH50,C N N
x

N Z N

C0,C,Hs
C33H24NeOs
Mol. Wt.: 600.58
DD1_39

5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricar-

boxylic acid tridodecyl ester [DD1_43, DD1_ 53]. The title
compound was synthesized according to a modified literature
procedure.>® It should be noted that a mixture of the 2,8,14
and 2,8,15 isomers are formed. 5,6,11,12,17,18-Hexaaza-
trinaphthylene-2,8,14-tricarbonyl trichloride DD1_ 21 (2.00
g, 3.50 mmol) was suspended in 15 ml of THF and 1-dode-
canol SM 10 (15.0 g, 80.5 mmol) was added. Pyridine (15.0
ml) was slowly added to the reaction mixture, which was
stirred at 50° C. for 72 hours. Dichloromethane was added to
the suspension and the resulting solution was passed through
a short silica column using dichloromethane as eluent. The
solvent was evaporated and the green solid was dissolved in
the minimum amount of dichloromethane and precipitated
with 40 ml of ethanol. The resulting green solid was further
purified by column chromatography using dichloromethane:
ethyl acetate (1:1) as eluent mixture. The obtained green solid
was dissolved in the minimum amount of dichloromethane
and precipitated with 60 ml of ethanol to yield 1.58 g (44%
yield) of green solid. "HNMR (CDCl,, 300 MHz) 8 9.36-9.34
(m, 3H), 8.70-8.67 (d, J=9.3 Hz, 1H), 8.68-8.65 (d, J=9.3 Hz,
2H), 8.62-8.56 (m, 3H), 4.51-4.45 (1, J=6.9 Hz, 6H), 1.92-
1.82 (m, 6H), 1.88-1.16 (m, 45H), 0.90-0.84 (m, 9H). °C
NMR (CDCl,, 75 MHz) 165.83, 145.11, 145.06, 144.45,
144.40, 144.27, 144.23, 143.98, 143.94, 143.74, 143.7,
142.75, 142.80, 142.86, 142.89, 134.04, 134.00, 133.99,
133.90, 133.14, 133.06, 132.00, 131.91, 130.91, 130.85,
66.41, 32.12, 29.90, 29.88 (m), 29.83, 29.61, 29.57, 29.00,
26.36, 22.89, 14.32. MALDI-TOF MS (M+H): m/z 1022.75,
caled for CgHg;NOy, 1022.37. Anal. Caled for
Ce3HguNOq: C, 74.08; H, 8.29; N, 8.23; O, 9.40. Found: C,
74.01; H, 8.28; N, 8.26, O, 9.45.
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COCl

N/ i
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N
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CloC N
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N /
N\Q\
COClL
Cy7HoClI3NgO3
Mol. Wt.: 571.76
DD1_21
CHy(CIL) o0 1HE30°C.
pyridine
CppHs60
Mol. Wt.: 186.33
SM10
CO,C a5
N i
CpH,50,C N

/N| N
Ny ~

N

—Z

COCpoHys
Cg3Hg4NgOg
Mol. Wt.: 1021.38

DD1_43
DD1_53

5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricar-

boxylic acid tris-(2,2,3,3,4,4,4-heptafluoro-butyl) ester
[DD1_45]. The compound was synthesized according to a
literature procedure.* It should be noted that a mixture of the
28,14 and 2,8,15 isomers are formed. 5,6,11,12,17,18-
Hexaaza-trinaphthylene-2,8,14-tricarbonyl trichloride
DD1_21 (2.00 g, 3.50 mmol) was suspended in 15 ml of
2,2,3.3.4,4.4-heptafluoro-butan-1-ol SM 11. Pyridine (15.0
ml) was slowly added to the reaction mixture, which was
stirred at room temperature for 72 hours. Dichloromethane
was added to the suspension and the resulting solution was
passed through a short silica column using dichloromethane
as eluent. The resulting solution was evaporated and the yel-
low-green solid was boiled in ethanol and filtered. The result-
ing yellow-green solid was further purified by column chro-
matography using dichloromethane:ethyl acetate (1:1) as an
eluent mixture. The obtained yellow-green solid was dis-
solved in a minimum amount of dichloromethane and was
precipitated with 50 ml of ethanol to yield 120 mg (yield 3%)
of yellow green solid. "H NMR (CDCl,, 300 MHz) & 9.461-
9.431 (m, 3H), 8.79-8.76 (d, J=8.7 Hz, 1H), 8.77-8.74 (d,
J=8.7 Hz, 2H), 8.65-8.61 (m, 3H), 5.09-4.95 (t, J=13.2 Hz,
6H). MALDI-TOF MS (MH+H): nv/z 1064.44, caled for
C3oH, ,F5 NgOg, 1064.56.
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COCl
Mol. Wt.: 571.76
DD1_21

CF3CF,CF,CH,0H _ &1

ridine
C4H3F;0 Py
Mol. Wt.: 200.05
SM11

COOCH,(CF,),CF3

F3C(F2C)H,CO0C N
109
N

COOCH,(CF,),CF;

C39H5F21N6Og
Mol. Wt.: 1062.54
DD1_45

ClOC

\

Cy7HoCl3NgO3
Mol. Wt.: 571.76
DD1_21

10

15

20

25

30

35

110
5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricar-
boxylic acid tripentafiuoro-phenylmethyl ester [DD1_47].
The title compound was synthesized according to a modified
literature procedure.*° It should be noted that a mixture of the
28,14 and 2,8,15 isomers are formed. 5,6,11,12,17,18-
Hexaaza-trinaphthylene-2,8,14-tricarbonyl
DD1_ 21 (2.00 g, 3.5 mmol) was suspended in 15 ml of THF
and pentafluorophenyl-methanol (15.0 g, 75.7 mmol) SM 12

trichloride

was added. Pyridine (15.0 ml) was slowly added to the reac-
tion mixture, which was stirred at 50° C. for 72 hours. Dichlo-
romethane was added to the suspension and the resulting
solution was passed through a short silica column using
dichloromethane:ethyl acetate (1:1) as eluent. The solvent
was evaporated and the green solid was dissolved in the
minimum amount of chloroform and precipitated with 30 ml
of ethanol. The resulting green-solid was further purified by
column chromatography using dichloromethane:ethyl
acetate (1:1) as eluent. The obtained green solid was dis-
solved in the minimum amount of dichloromethane and was
precipitated with 60 ml of ethanol to yield 1.29 g of green
solid (vield 35%). "H NMR (CDCl,, 300 MHz) 8 9.29-9.27
(m, 3H), 8.67-8.64 (d, J=9.30 Hz, 3H), 8.58-8.55 (m, 3H),
5.60 (s, 6H). >C NMR (CDCl,, 75 MHz) 8 164.53, 147.75
(m), 145.29, 144.66, 144.46, 144.08, 143.89, 142.76, 139.64
(m), 136.23 (m), 133.70, 133.55, 132.86, 132.82, 132.76,
132.70, 131.87, 131.74, 131.20, 131.14, 119.28, 109.21 (m),
54.90. "°F NMR (CDCl,, 282 MHz) § (-142.32)-(-142.49)
(m, 6F), (-152.37)-(-152.62) (quartet, J=27.4 Hz, 3F),
(-161.74)-(-161.98) (m, 6F). MALDI-TOF MS (MH+H):
m/z 1058.22, caled for C,H,,F ,sNcO4 1058.67. Anal.
caled. for C,H,sF,\NOg: C, 54.56; H, 1.43; F, 26.97; N,
7.95. Found: C, 54.28; H, 1.43; F, 26.92; N, 7.95.

cocl
N | CH,OH
~ N F F
. THF, 50° C.
_— -
pyridine
N F F
N | F
cocl
CyH;Fs0
Mol. Wt.: 198.09
SM12
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CygH5F sNeOs
Mol. Wt.: 1056.65
DD1_47
BRK_III_59
BRK_III_71

5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricar-
boxylic acid tripentathuoro-phenylmethyl ester [BRK_IIT__
78]. Modified Procedure. The title compound was synthe-
sized according to a modified literature procedure.>® It should
be noted that a mixture of the 2,8,14 and 2,8,15 isomers are
formed. 5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,14-tri-
carbonyl trichloride BRK_III__ 56D (11.6 g, 20.2 mmol) was
suspended in 100 ml of THF and pentafluorophenyl-metha-
nol (75.0 g, 379 mmol) SM12 was added. Pyridine (20.0 ml)
was slowly added to the reaction mixture, which was stirred at
50° C. for 72 hours. Solvent was evaporated. Dichlo-
romethane:ethyl:acetate (1:1) was added to the suspension
and the resulting solution was passed through a short alumina
column using dichloromethane:ethyl acetate (1:1) as eluent.
The solvent was evaporated and the green solid was dissolved
in the minimum amount of chloroform and precipitated with
300 ml of ethanol. The resulting green solid was further
purified by column chromatography using dichloromethane:
ethyl acetate (1:1) as eluent. The obtained green solid was
dissolved in the minimum amount of dichloromethane and
was precipitated with 300 ml of ethanol to yield 4.76 g of
green solid (yield 22% over two steps). The compound was
then recrystallized from CHCI,/EtOH. To separate the 2,8,
14- and 2,8,15-isomers, the compound was run through a
column of silica using DCM:ethyl acetate (9:1). Amounts of
45 mg of the 2,8,14-isomer, BRK_III__78E1,2.417 gof 2.8,
15-isomer, BRK_II1_ 78E4, 534 mg and 1.246 g of mixture
of isomers, BRK_IIT78E2 and BRK_III_78E3, respec-
tively, were isolated. BRK_II1 78E4 was run again through
a column of silica using DCM:ethyl acetate (9:1). After sol-
vent evaporation, the compound was dissolved in 10 ml of
CHCI, and was then reprecipitated in 300 ml MeOH. An
amount of 2.389 g of BRK_III_ 78F2 was isolated.

[BRK_III_78F2]. 'H NMR (500 MHz, CDCI;) § 9.23-
9.21 (two quasi-doublets, J=1.5 Hz, 3H), 8.60 & 8.59 (two br
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singlets, 3H), 8.53-8.48 (m, 3H), 5.59 & 5.58 (two br singlets,
6H). >C NMR (CDCl,, 125 MHz) 8 164.32, 146.88 (m),
145.17, 144.87 (m), 144.54, 144.37, 144.35, 143.99, 143.80,
143.09 (m), 142.67, 142.62, 141.15 (m), 138.69 (m), 136.71
(m), 136.57, 133.55, 133.51, 132.68, 132.64, 132.52, 131.71,
131.59, 131.02, 130.96, 109.09, 108.96, 54.68 ppm. '°F
NMR (CDCl;, 376 MHz) § (-141.86)-(-142.01) (m, 6F),
(-152.02)-(-152.18) (quartet, J=19.6 Hz, 3F), (-161.41)-(-
161.59) (m, 6F). **F NMR Chemical shifts are relative to
trifluoromethylbenzene which was used as an external stan-
dard. MALDI-TOF MS (M+H): m/z 1057.0983, calcd for
C,sH, 6F sNgOq, 1057.0886.  Anal. caled. for
C,H, sF, N Og: C, 54.56; H, 1.43; F,26.97; N, 7.95. Found:
C, 53.81; H, 1.46; F, 26.83; N, 7.73.

[BRK_III__78E1]. '"H NMR (500 MHz, CDCl,) & 9.42-
9.41 (m, 3H), 8.78 & 8.76 (two br singlets, 3H), 8.66-8.65
(quartet, J=2 Hz, 2H), 8.64-8.63 (quartet, J=1.5 Hz, 1H), 5.59
& 5.58 (two br singlets, 6H). '°F NMR (CDCl,, 376 MHz) §
(-141.86)-(-141.93) (dd, J,=21.4 Hz, J,=6 Hz, 6F),
(-151.95)-(-152.06) (t,J=21.4 Hz, 3F), (-161.37)-(-161.48)
(sextet, J=9.0 Hz, 6F). *°F NMR Chemical shifts are relative
to trifluvoromethylbenzene which was used as an external
standard. MALDI-TOF MS (M+H): m/z 1057.0643, caled for
C,sH, 6F sNgOq, 1057.0886.  Anal. caled. for
C,sH, sFsNgOg: C, 54.56; H, 1.43; N, 7.95. Found: C, 53.65;
H, 1.48; F,N, 7.77.

[BRK_III_78E3]. '"H NMR (500 MHz, CDCl,) (9.272-
9.269 (d, J=1.5 Hz, 1.5H), 9.259-9.262 (d, J=1.5 Hz, 1.5H),
8.65 & 8.63 (two br singlets, 3H), 8.56-8.52 (m, 3H), 5.59 &
5.58 (two br singlets, 6H). 1*C NMR (CDCl,, 125 MHz) §
164.37, 146.87 (m), 145.26, 145.23, 144.87 (m), 144.65,
144.62, 144.46, 144.43, 144.08, 143.89, 142.74 (m), 142.69,
138.71 (m), 136.67 (m), 133.57, 133.71, 132.68, 132.60,
132.57,131.75,131.63,131.05,131.01, 108.97, 58.45, 54.69
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ppm. "°F NMR (CDCl,, 376 MHz) 8 (-141.78)-(-141.93)
(m, 6F), (-151.89)-(-152.10) (m, 3F), (-161.31)-(-161.52)
(m, 6F). "’F NMR Chemical shifts are relative to trifluorom-

114
ethylbenzene which was used as an external standard.
MALDI-TOF MS (M+H): m/z 1057.0850, caled for
C,sH, 6F15NgOg, 1057.0886.
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-continued

2,8,15-isomer + 2,8,24-isomer +
BRK _III_78E2;

F (6]

5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricar-

boxylic acid tris-(2-methyl-butyl) ester [DD1_ 49]. The title
compound was synthesized according to a literature proce-
dure.?® Tt should be noted that a mixture of the 2,8,14 and
28,15 isomers are formed. 5,6,11,12,17,18-Hexaaza-tri-
naphthylene-2,8,14-tricarbonyl trichloride DD1_ 21 (2.00 g,
3.50 mmol) was suspended in 15 ml of 2-Methyl-butan-1-ol
SM 13. Pyridine (15.0 ml) was slowly added to the reaction
mixture, which was at room temperature for 72 hours. Dichlo-
romethane was added to the suspension and the resulting
solution was passed through a short silica column using
dichloromethane:ethyl acetate (1:1) as eluent mixture. The
solvent was evaporated and the yellow-green solid was dis-
solved in the minimum amount of dichloromethane and pre-
cipitated with 30 ml of ethanol. The resulting yellow-green
solid was further purified by column chromatography using
dichloromethane:ethyl acetate 1:1 (as eluent mixture). The
obtained yellow-green solid was dissolved in the minimum
amount of dichloromethane and precipitated with 50 ml of
ethanol to yield 407 mg (yield 16%) of yellow green solid. 'H
NMR (CDCl;, 300 MHz) & 9.36-9.35 (m, 3H), 8.72-8.69 (d,
J=8.7 Hz, 1H), 8.70-8.67 (d, J=8.9 Hz, 2H), 8.62-8.56 (m,
3H), 8.64-8.60 (dd, J,=8.70 Hz, J,=2.1 Hz, 1H), 4.42-4.36
(dd, J,=10.8 Hz, J1,=6.3 Hz, 3H), 4.33-4.28 (dd, J,=10.8 Hz,
1,=6.9 Hz, 3H), 2.03-1.96 (sextet, ]=6.9 Hz, 3H), 1.72-1.64
(m, 3H), 1.46-1.36 (m, 3H), 1.16-1.03 (m, 18H). *C NMR
(CDCl,, 75 MHz) 6 165.26, 133.99, 133.96, 133.91, 133.88,
132.98, 132.95, 131.98, 131.91, 130.82, 130.5, 145.01,
144.98, 144.33, 144.27, 144.19, 144.13, 143.88, 143.83,
143.73, 143.69, 141.90, 142.02, 142.79, 142.50, 70.81,
34.51, 26.35,16.75, 11.53 ppm. MALDI-TOF MS (MH+H):
m/z 728.46, caled for C,,H,,NOg, 728.84.

N

2,8,14-isomer
BRK _III_78E1
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BRK_III_78E3 F N N

F
F F
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F
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Mol. Wt.: 571.76
DD1_21

RT.
—_—
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/ﬁ/\OH

GCsH 0
Mol. Wt.: 88.15
SM12
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C42H4NgOg
Mol. Wt.: 726.82
DD1_49

5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricar-

boxylic acid tris-(2-naphthalen-1-yl-ethyl) ester [DD1_ 51].
The title compound was synthesized according to a modified
literature procedure.* It should be noted that a mixture of the
28,14 and 2,8,15 isomers are formed. 5,6,11,12,17,18-
Hexaaza-trinaphthylene-2,8,14-tricarbonyl trichloride
DD1_21 (2.00 g, 3.50 mmol) was suspended in 15 ml of
THEF. 2-Naphthalen-1-yl-ethanol (15.0 g, 87.1 mmol) SM 14
was added. Pyridine (15.0 ml) was slowly added to the reac-
tion mixture, which was stirred at 75° C. for 24 hours. Dichlo-
romethane was added to the suspension and the resulting
solution was passed through a short silica column using
dichloromethane:ethyl acetate (1:10) as eluent. The solvent
was evaporated and the dark green solid was dissolved in the
minimum amount of chloroform and was precipitated with 30
ml of ethanol. The resulting green solid was further purified
by column chromatography using dichloromethane-ethyl
acetate 1:1 as eluent. The obtained dark green solid was
dissolved in the minimum amount of dichloromethane and
was precipitated with 40 ml of ethanol. Yield 14%. NMR
(CDCl;, 300 MHz) 8 9.30-9.35 (m, 3H), 8.64-8.61 (d, J=8.7
Hz, 1H), 8.62-8.59 (d, J=8.7 Hz, 2H), 8.53-8.49 (m, 3H),
8.20-8.17 (d, J=8.1 Hz, 3H), 7.88-7.85 (d, J=7.8 Hz, 3H),
7.79-7.76 (d,J=7.8 Hz, 3H), 7.61-7.42 (m, 12H), 4.82-4.78 (1,
J=7.5 Hz, 6H), 3.66-3.61 (t; J=7.5 Hz, 6H). *C NMR
(CDCl,, 75 MHz) 6 165.33, 145.30, 144.70, 144.01, 142.95,
142.98, 134.13, 133.89, 133.80, 133.51, 133.4, 132.24,
132.04, 131.00, 129.15, 127.90, 127.28, 126.61, 126.00,
125.82,123.71, 66.11,32.49. MALDI-TOF MS (M+H): m/z
980.52, caled for Cg3H,3NOg, 980.05.
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COCl

ClOoC

N \
COcCl
Mol. Wt.: 571.76
DD1_21
CH,CH,0OH
THF, 70° C.
B —
pyridine
CppH0
Mol. Wt.: 172.22
SM14

OO

Ce3HaaNgOs
Mol. Wt.: 979.04
DD1_51

5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricar-
boxylic acid tribenzyl ester [DD1__57]. The title compound
was synthesized according to a literature procedure.®® It
should be noted that a mixture of the 2,8,14 and 2,8,15 iso-
mers are formed. 5,6,11,12,17,18-Hexaaza-trinaphthylene-2,
8,14-tricarbonyl trichloride DD1_21 (2.00 g, 3.50 mmol)
was suspended in 15 ml of phenyl-methanol SM 16. Pyridine
(15.0 ml) was slowly added to the reaction mixture, which
was stirred at room temperature for 24 hours. Dichlo-
romethane was added to the suspension and the resulting
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solution was passed through a short silica column using
dichloromethane:ethyl acetate (1:1) as eluent. The solvent
was evaporated and the green solid was dissolved in the
minimum amount of dichloromethane and precipitated with
30 ml ofethanol. The resulting yellow-green solid was further
purified by column chromatography using dichloromethane:
ethyl acetate (1:1). The obtained green solid was dissolved in
the minimum amount of dichloromethane and was precipi-
tated in 50 ml of ethanol. Only traces of product were recov-
ered. 'H NMR (CDCl,, 300 MHz) & 9.38-9.40 (m, 3H),
8.70-8.67 (d,J=8.7 Hz, 3H), 7.57-7.41 (m, 15H), 5.51 (s, 6H).

MALDI-TOF MS (M+H): m/z 787.28, caled for
C,sH5,NOg, 787.80 (other peaks were present).
COCl
N Z |
CICO. N N
= N
| +
X
N N
N\ij\
COCl
Mol. Wt.: 571.76
DD1_21
CH,0H
R.T.
—_—
pyridine
C-HO
Mol. Wt.: 108.14
SM15
O O
0 NZ |
N N
O/\o 7 | ~
\
N Z N
Na |
O
O
C4gH30NgOg
Mol. Wt.: 786.79
DD1_57
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Benzo[i]bisbenzo[ 6,7]quinoxalino[2,3-a:2',3'-c|phena-

zine [BK1_49]. The title compound was synthesized accord-
ing to a literature procedure.>® Hexaketocyclohexane octahy-
drate (534 mg, 1.71 mmoles) and 2,3-diaminonaphthalene
SM13 (1.00 g, 5.65 mmoles) were refluxed in 200 ml of
glacial acetic acid at 140° C. overnight. The reaction mixture
was then filtered and washed with 6x50 ml of hot glacial
acetic acid. The solid was then refluxed with 200 ml of 30%
nitric acid for 3 hours at 120° C. The dark brown solid (1.55
g, theoretical yield is 915 mg; therefore, impurities present)
was filtered and dried under vacuum. This compound is
insoluble in most organic solvents. MALDI-TOF MS (M+H):
m/z 535.16, caled for Cy; H, N, 535.58.

O
O O
SO +
(@) @]
(@]
CeH 6014
Mol.Wt.: 312.18
SM4
NI, glacial acetic
acid
NH,
CeHCLN,
Mol. Wt.: 177.03
SM13
NZ |
/N \ N
g
N 7 |N
N \
C36H1sNg
Mol. Wt.: 534.57
BK1_57

4-Bromomethyl-benzoic acid N'-(3,4,5-tris-octyloxy-ben-
zoyl)-hydrazide [BK1_77]. In an atoms bag, SM21 (2.04 g,
7.34 mmol) was transferred into a 100 ml round bottom flask
and was dissolved in 30 ml freshly dried THF. SM21 solution
was transferred with a double tipped needle under argon to a
three neck round bottom flask equipped with a dropping
funnel filled with SM19 (3.47 g, 6.67 mmol), dissolved in 125
ml THF. The setup is placed into an ice-water bath. SM 19
solution was dropped at a steady rate under argon. The reac-
tion mixture was stirred at 0° C. for 6 hours and then at room
temperature overnight. The solvent was evaporated and the
compound (white solid) was used for next step with no further
purification.
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O
CgH,70 +
NHNH,
CgH 70
C31HsgNyO4
Mol. Wt.: 520.79
SM19
(@)
THF
—_—
Br Br
CeHeBr,O
Mol. Wt.: 277.94
SM21
CsH 70,
O O
CgH -0 >—©—\
HN—NH Br

CgH 70

C3oHg 1 BrNO5
Mol. Wt.: 717.82
BK1_77

2-(4-Bromomethyl-phenyl)-5-(3,4,5-tris-octyloxy-phe-
nyl)-[1,3.4]oxadiazole [BK1_79]. BK1 77 was refluxed in
125 m1 POCI, at 130° C. for 24 hours. The excess POCI; (100
ml) was distilled off. The remaining solution was added to
600 ml of water and ice, upon which a white-brown oily solid
forms. The solid was run through a column of silica using
hexanes:ethyl acetate (10:1) as eluent to yield 2.08 g (45%) of

10

15

30

white solid. *H NMR (CDCl, 300 MHz) & 8.065-8.038 (d, >

2H, 1,=8.1 Hz), 7.491-7.463 (d, 2H, J=8.4 Hz), 7.25 (s, 2H),
4.57 (s, 2H), 4.04-3.97 (m, 6H), 1.85-1.68 (m, 6H), 1.56-1.43
(m, 6H), 1.40-1.05 (m, 24H), 0.86-0.82 (t, J=6.6 Hz, 9H). 1*C
NMR (CDCl,, 75 MHz) & 164.71, 163.78, 153.49, 14135,

140.84, 129.03, 127.09, 123.80, 118.26, 105.31, 77.42,
76.99,76.57,73.50, 69.26,45.28,31.80,31.73,30.25,29.42,
29.27,29.19, 25.99, 22.57, 13.99.
CsH;70,
O O
POCI3
CeH 1,0 >—®—\ s
HN—NH Br
CeH o0
C3oHg 1 BrN2Os
Mol. Wt.: 717.82
BK1_77
CgH,70, Br
O
CgH 70 |
\N/N
CeH O
C3oH350BrN>O4
Mol. Wt.: 699.80
BK1_79

2-(4-Hydroxymethyl-phenyl)-5-(3,4,5-tris-octyloxy-phe-
nyl)-[1,3,4]oxadiazole [BK1__81]. This reaction was done on
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a preparatory scale. BK1 79 (45 mg, 64.1x10~> mmol) was
stirred in 20 ml of water at room temperature for 96 hours.
The reaction mixture was extracted in 3x30 ml of CHCI, and
the combined solvent was dried over MgSO, and was then
filtered. The solvent was evaporated to yield a yellowish
solid. "H NMR (CDCl,, 300 MHz) 8 8.15-8.11 (d, J=8.4 Hz,
2H), 7.58-7.55 (d, J=8.4 Hz, 2H), 7.32 (s, 2H), 4.65 (s, 2H),
4.11-4.03 (m, 6H), 1.90-1.73 (m, 6H), 1.62 (s, 1H), 1.56-1.48
(m, 6H), 1.41-1.32 (m, 24H), 1.30-0.87 (t, J=6.6 Hz, 9H).

CgHy70, Br

O
CgHy70 |
\ A

CgHy70

H,0

—_—

C3oH350BrN>O4
Mol. Wt.: 699.80
BK1_79

CgH 70 OH
O
CgH {70 |
\ N
N

CsH;70

C39HgoN2Os
Mol. Wt.: 636.90
BK1_81
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Synthesis of 2,3,8,9,14,15-Hexafluoro-5,6,11,12,17,
18-hexaaza-trinaphthylene [(HATNA)F ]

4,5-Diftuoro-2-nitro-phenylamine is a known compound.®
It was reduced with tin (II) chloride dihydrate in ethanol to
give the 4,5-difluoro-benzene-1,2-diamine. The diamine was
reacted with hexaketocyclohexane octahydrate to give
[(HATNA)F]. The product was purified by train purification
(sublimation). The compound is yellow needle like crystal. It
is slightly soluble in chloroform. It is very soluble in chloro-
form/TFA (3:1) mixture.

Synthesis of 2,3,8,9,14,15-Hexafluoro-5,6,11,12,17,
18-hexaaza-trinaphthylene [(HATNA)(CF;);]

2-Nitro-4-trifluoromethyl-phenylamine was purchased
from Aldrich. It was reduced with tin (11) chloride dihydrate
in ethanol to give 4-triffuoromethyl-benzene-1,2-diamine
(Scheme 3). The diamine was reacted with hexaketocyclo-
hexane octahydrate to give [(HATNA)(CF;);]. The product
contains two isomers (from HPLC). The product is a yellow
solid. It is soluble in common organic solvent including
dichloromethane, THF and hot methanol. It was purified by
flash chromatography on silica gel eluting with dichlo-
romethane.

Synthesis of 2,3,8,9,14,15-Hexaiodo-5,6,11,12,17,
18-hexaaza-trinaphthylene [(HATNA)IL]

1,2-di-iodo-4,5-dinitrobenzene was prepared by the litera-
ture procedure.” It was reduced with tin (II) chloride dihy-
drate in ethanol to give 4,5-Diiodo-benzene-1,2-diamine. The
diamine was reacted with hexaketocyclohexane octahydrate
to give [(HATNA)I;]. The compound is a green solid. The
structure was confirmed by MALDI-TOF MS and NMR.



US 7,994,423 B2

125

Synthesis of [(HATNA)L;]2,8,14 and 2,8,15 isomer
mixture

4-lodo-benzene-1,2-diamine was prepared by the litera-
ture procedure.'® The diamine was reacted with hexaketocy-
clohexane octahydrate to give [(HATNA)I;]. The compound
is a green colored solid. It is slightly soluble in a mixture of
chloroform/TFA. The structure was confirmed by MALDI-
TOF MS.

Synthesis of Hexaazatriisothianaphthene Compound
A

2,5-Bis-(3,5-bis-trifluoromethyl-phenyl)-3,4-dinitro-

thiophene was made by Stille coupling reaction of 2,5-di-
bromo-3,4-dinitro-thiophene and 3,5-bis-trifluoromethyl-
phenyl-tributyl-stannane. It was reduced with tin (II) chloride
dihydrate in ethanol to give 2,5-bis-(3,5-bis-trifluoromethyl-
phenyl)-thiophene-3,4-diamine. The diamine was reacted
with hexaketocyclohexane octahydrate to give compound A.
The product is a red-brown solid. It is soluble in common
organic solvents such as dichloromethane and THF. It was
purified by flash chromatography on silica gel and crystalli-
zation in ethanol. The purified product had elemental analysis
data consistent with the formula for the desired compound.

szdbag,
AsPh3
* BusSn
F;C CF;  SnCLH,O,
/ \ etha.nol
NaOH
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-continued
R

Synthesis of 2,3,8,9,14,15-Hexakis-decylsulfanyl-5,
6,11,12,17,18-hexaaza-trinaphthylene [(HATNA)
(SC 1 OH2 1 )6]

2,3,8,9,14,15-hexakis-decylsulfanyl-5,6,11,12,17,18-
hexaazatrinaphthylene HATNA(SC,,H,,)s can be synthe-
sized analogously to other related compounds.’* We teach
that these kinds compounds could be purified easily by wash-
ing them in a Soxhlet extraction apparatus with acetone for 12
hrs. In general the compounds are soluble in hexane but not in
acetone.

Z\ /Z

2,3,8,9,14,15-[HATNA]IL,, A mixture of hexaketocyclo-
hexane octahydrate (2.17 g, 6.95 mmol) and 4,5-Diiodo-
benzene-1,2-diamine (7.50 g, 20.84 mmol) was added to a
degassed acetic acid (175 mL). The mixture was heated to 99°
C. for 12 hrs under nitrogen. After cooled to room tempera-
ture, the solid was collected by filtration and was washed with
acetic acid to give a green solid (7.39 g, 93% yield). *H (300
MHz, CD,CI/CF,COQOD) § 9.11 (s, 6H). HRMS MALDI-
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TOF (with CHCA as matrix), 1140.5066; calcd. For
C, H NI, (M+H), 1140.4995.

N

N,
x
+
F
N 1
1
i \N
N N, 1
I I S
F
N N
/N

[HATNA]IL;, 2,8,14 and 2,8.15 isomer mixture. A mixture
of'hexaketocyclohexane octahydrate (2.21 g, 7.08 mmol) and
4-lodo-benzene-1,2-diamine (4.97 g, 21.24 mmol) was added
to adegassed acetic acid (140 mL). The mixture was heated to
110° C. for 3 hrs under nitrogen. After cooled to room tem-
perature, the solid was collected by filtration and was washed
with acetic acid to give a green solid (5.35 g, 99% yield).'H
(300 MHz, CD,Cl/CF,COO0D) 8 9.11 (br, 3H), 8.54 (br, 3H),
8.32 (br, 3H). HRMS E1: m/z caled for C, ,H I;N 761.8023.
Found 761.8087.

Z,

=N

I

CFs

CFs3

FsC
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-continued
CF,

CF;

Z\ /Z

FsC

HATNA(CF,);, mixture of 2,8,14 and 2,8,15 isomers. A
mixture of hexaketocyclohexane octahydrate (1.39 g, 8.90
mmol) and 3,4-Diaminobenzotrifluoride (4.70 g, 26.71
mmol) was added to a degassed acetic acid (250 mL). The
mixture was refluxed for 15 hrs under nitrogen. After the
mixture cooled down to room temperature, solvent was
removed under reduced pressure. The solid was purified by
flash chromatography on silica gel eluting with dichlo-
romethane to give a yellow solid (3.66 g, 70% yield). The
product was washed with hexane in Soxhlet for 3 hrs before
sending for elemental analysis. 'H (300 MHz, CD,Cl)  8.95
(d, J=0.82 Hz, 3H), 8.72 (dd, 9.0, 0.82 Hz, 3H), 8.19 (m,
3H); '*C NMR (75 MHz, CD,CL,): 144.45, 144.32, 144.13,
143.99, 143.85, 142.43, 142.39, 134.92, 134.50, 134.43,
134.03, 133.99, 133.58, 131.90, 128.74, 128.68, 128.32,
125.13, 121.52, 117.91. '*F NMR (376.3 MHz, CDCl,):
8-89.18. HRMS El: m/z caled for C,,HsF N, 588.0745.
Found 588.0734. Anal. Calcd. For C,,H F N: C, 55.11; H,
1.54; N, 14.28. Found: C, 54.92; H, 1.49; N, 14.09.

2,3,8,9,14,15-Hexakis-decylsulfanyl-5,6,11,12,17,18-
hexaazatrinaphthylene. A mixture of 2,3,8,9,14,15-
hexachloro-5,6,11,12,17,18-hexaazatrinaphthylene (3.00 g,
5.08 mmol), 1-decanethiol (13.74 mL., 66.75 mmol) and
K,CO, (25.55 g, 185.00 mmol) in DMF (250 mL) was stirred
at80° C. for 72 hrs under nitrogen. After cooled down to room
temperature, solvent was removed in vacuo. To the solid
residue, water and dichloromethane was added. The organic
layer was separated and the aqueous layer was extracted with
dichloromethane (100 mL) twice. The combined organic
layer was dried over magnesium sulfate and filtered. Solvent
was evaporated under reduced pressure to give a yellow solid.
The yellow solid was purified by flash chromatography on
silica gel eluting with hexane:dichloromethane (1:1) to give a
solid (4.00 g, 56% yield). The yellow product was washed
with hot acetone in a Soxhlet extractor for 12 hrs before
sending for elemental analysis. *H (300 MHz, CD,Cl,) 8 7.49
(s, 6H), 2.81 (t, J=6.8 Hz, 12H), 1.55 (p, J=6.6 Hz, 12H),
1.50-1.25 (m, 84H), 0.93 (t, I=6.3 Hz, 18H). '*C NMR (75
MHz, CD,Cl,): 143.36, 141.84, 140.42, 122.26, 33.22,
32.36, 30.14, 30.07, 29.91, 29.82, 28.24, 23.13, 14.32.
HRMS MALDI-TOF (with CHCA as matrix), 1417.8975;
caled. For Cg,H, 53N¢Ss (M+H), 1417.8911. Anal. Caled. For
Cg,H, 5,NS,: C,71.13; H,9.38; N, 5.93. Found: C, 70.92; H,
9.38; N, 5.90.

1,2,3,4,7,8,9,10,13,14,15,16-Dodecafluoro-5,6,11,12,17,
18-hexaaza-trinaphthylene. A mixture of hexaketocyclohex-
ane octahydrate (2.50 g, 9.25 mmol) and 3,4,5,6-Tetrafluoro-
benzene-1,2-diamine (5.00 g, 27.76 mmol) was added to a
degassed acetic acid (150 mL). The mixture was refluxed for
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12 hrs under nitrogen. After cooled down to room tempera-
ture, the solid was collected by filtration and was washed with
acetic acid to give a yellow solid (4.05 g, 73% yield). '°F
NMR (376.3 MHz, CDCl,): 8-123.53, -138.35. HRMS E1:
ny/z caled for C,,F,,Ng: 599.9993. Found 599.9981. Anal.
Caled. C,,F,Ng: C, 48.02; H, 14.00. Found: C, 48.03; H,
14.10.
2,3,8,9,14,15-Hexafluoro-5,6,11,12,17,18-hexaaza-tri-

naphthylene. A mixture of hexaketocyclohexane octahydrate
(2.78 g, 8.90 mmol) and 4,5-Difluoro-benzene-1,2-diamine
(3.85g,26.71 mmol) was added to a degassed acetic acid (250
mL). The mixture was refluxed for 16 hrs. The solid was
collected by filtration and was washed with acetic acid to give
a yellow solid (2.88 g, 58% yield).'H (300 MHz, CDC,) §
8.42 (t, I=8.5 Hz, 6H). 'F NMR (376.3 MHz, CDCl,):
8-121.26 (t, J=8.5 Hz). HRMS E1: m/z calcd for C, , H;F N
492.0558. Found 492.0585. Anal. Calcd. For C,,H,F Ng: C,
58.55;H, 1.23; N, 17.07; F, 22.34. Found: C, 56.98; H, 1.39;
N, 16.81; F, 22.36.

0:N

/S\

CF;

NO,

e CFs3

F5C

Compound B. A mixture of 2,5-dibromo-3,4-dinitro-
thiophene (6.00 g, 18.08 mmol), (3,5-Bis-trifluoromethyl-
phenyl)-tributyl-stannane (16.52 g, 36.15 mmol), tris(diben-
zylideneacetone) dipalladium (0.66 g, 0.72 mmol) and
triphenylarsine in toluene (100 mL.) was heated to 80° C. for
12 hrs under nitrogen. The mixture was cooled down to room
temperature, and then a solution of potassium fluoride (30
ml, 2.0 M) was added. The mixture was stirred for one hour.
The organic layer was collected and aqueous layer was
extracted with ether. The combined organic layer was dried
over magnesium sulfate and filtered. Solvent was removed
under reduced pressure. The residue was crystallized in
methanol to give a yellow solid (7.25 g, 67% yield).'H (300
MHz, CDCls) 8 8.08 (br, 2H), 8.01 (br, 4H). '*C NMR (75
MHz, CD,Cl,): 138.41, 133.90, 133.45, 132.99, 132.54,
129.91, 129.64, 128.09, 125.21, 125.16, 124.48, 120.87.
HRMS E1: nv/z caled for C, HF,,N,0,S 597.9857. Found
597.9843. Anal. Caled. For C,oHgF,,N,O,S, C, 40.15; H,
1.01; N, 4.68. Found: C, 39.95; H, 0.88; N, 4.72.

e
[y~

CF3

e CFs3

FsC

Compound C. A mixture of 2,5-bis-(3,5-bis-trifluorom-
ethyl-phenyl)-3,4-dinitro-thiophene (2.22 g, 5.00 mmol) and
tin (II) chloride dihydrate (11.28 g, 50.00 mmol) in ethanol
(50 mL) was heated to reflux for 30 min under nitrogen
atmosphere. After the mixture cooled down to room tempera-
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ture, it was poured onto ice. The pH of the solution was made
slight basic by addition of 5% of sodium hydroxide solution.
The solution was extracted with ethyl acetate 3x. The com-
bined organic layer was dried over magnesium sulfate. Sol-
vent was removed under reduced pressure to give a solid. The
solid was purified by flash chromatography on silica gel elut-
ing with hexane:ethyl acetate (10:1) to give 1.60 g of product
in 59% yield. 'H (300 MHz, benzene-dy) 8 7.72 (brs, 4H),
7.59 (brs, 2H), 7.12 (brs, 4H), 2.62 (brs, 4H). 1>*C NMR (75
MHz, CD,Cl,): 136.61, 135.01, 133.19, 132.75, 132.31,
131.87, 129.00, 127.03, 127.06, 125.39, 121.78, 120.12,
120.08, 120.02, 118.16, 114.52. HRMS EI: m/z calcd for
C,oH, oF,N,S 538.0373 Found 538.0379.

Compound A

R=CF3

Compound A. A mixture of hexaketocyclohexane octahy-
drate (0.296 g, 0.95 mmol) and 2,5-bis-(3,5-bis-trifluorom-
ethyl-phenyl)-thiophene-3,4-diamine (1.58 g, 2.85 mmol)
was added to a degassed acetic acid (50 mL). The mixture was
heated to 99° C. for 12 hrs under nitrogen atmosphere. After
cooled down to room temperature, the solid was collected by
filtration and was washed with acetic acid to give the product.
The product was purified by flash chromatography on silica
gel eluting with hexane:ethyl acetate (10:2) to give 1.00 g of
purified product in 63% yield. *H (300 MHz, CD,Cl,) & 8.81
(br, 12H), 7.96 (br, 6H). HRMS MALDI-TOF (with CHCA as
matrix): 1674.0167; calcd. For C, H, F3,NS;, 1674.0180.
Anal. Caled. For C4H, gF5cNgS5: C,47.32; H, 1.08; N, 5.02.
Found: C, 47.35; H, 0.99; N, 5.14.

2.,3,8,9,14,15-Hexabromo-5,6,11,12,17,18-hexaaza-tri-
naphthylene. QZ-IB-51. A mixture of hexaketocyclohexane
octahydrate (1.00 g, 3.20 mmol) and 4,5-dibromo-benzene-
1,2-diamine (2.56 g, 9.61 mmol) was added to a degassed
acetic acid (50 mL). The mixture was heated to 140° C. for 12
hrs under nitrogen atmosphere. After cooled down to room
temperature, the solid was collected by filtration and was
washed with acetic acid to give a green product (2.09 g, 76%
yield).

3.,4,5,6-Tetrafluoro-benzene-1,2-diamine®. A mixture of
2,3,4,5-tetrafluoro-6-nitro-phenylamine  (9.72 g, 46.26
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mmol) and tin(Il) chloride dihydrate (52.00 g, 231.30 mmol)
in ethanol (100 mL) was heated to reflux under nitrogen
atmosphere for 30 min. After mixture was cooled down to
room temperature, it was poured into a K,COj solution. The
solution was extracted with ethyl acetate. The combined
organic layer was dried over magnesium sulfate. Solvent was
removed under reduced pressure and the residue was crystal-

lized in hexane to give a white solid (5.20 g, 62%). 'H (300

MHz, CD,Cl,) 8 3.12 (s, 4H). **C NMR (75 MHz, CD,CL,):

139.55, 136.30, 133.02, 120.71, 100.12. HRMS EIl: m/z

caled for C;H,FLN, 180.0311 Found 180.0318.
2,3,4,5-Tetrafluoro-6-nitro-phenylamine.” Dry ammonia

gas was passed slowly through a diethyl ether (500 mL.)

solution of 1,2,3,4,5-pentafluoro-6-nitro-benzene (25.00 g,

117.33 mmol) at room temperature for 3 hrs. The reaction was

stirred for another 18 hrs. The mixture was filtered to remove

white solid ammonia fluoride. Solvent was removed under
reduced pressure. Residue was purified by flash chromatog-
raphy on silica gel eluting with hexane: diethyl ether (10:1) to
give 16.00 g of orange solid in 65% yield. 'H (300 MHz,

CD;Cl) 6 5.80 (s, 2H). [A yellow solid was also isolated as

2,3,5,6,-tetrafluoro-4-nitroaniline. ]

4,5-Difluoro-benzene-1,2-diamine, QZ-IIIB-94. A mix-
ture of 4,5-difluoro-2-nitro-phenylamine (10.00 g, 57.46
mmol) and tin(Il) chloride dihydrate (64.83 g, 287.32 mmol)
in ethanol (100 mL) was heated to reflux under nitrogen
atmosphere for 30 min. After mixture was cooled down to
room temperature, the pH of the solution was made basic (10
to 12) by addition of 5% of sodium hydroxide solution. The
solution was extracted with ethyl acetate. The combined
organic layer was dried over magnesium sulfate. Solvent was
removed under reduced pressure and the residue was crystal-
lized in hexane to give a white solid (6.05 g, 62%). "H NMR
(300 MHz, CDCl,): d 6.53 (t, J=8.5 Hz, 2H), 3.38 (br, 4H).
HRMS: Caled. For C,HF,N, 144.0499. Found 144.0500.

4,5-Difluoro-2-nitro-phenylamine. 4,5-Difluoro-2-nitro-

phenylacetamide (51.00 g, 235.96 mmol) was added to a

solution of hydrochloric acid (100 mL) in ethanol (300 mL.).

The mixture was refluxed for 2 hrs. After the mixture was

cooled down to room temperature, it was poured onto ice

(1000 g). The precipitate was filtered and was washed with

cold water to give a solid. 'H NMR (300 MHz, CDCL,): §

8.02-7.96 (m, 1H), 6.70-6.64 (m, 1H), 6.15 (br, 2H).

4,5-Difluoro-2-nitro-phenylacetamide. Nitric acid (56
ml) was added dropwise to a solution of N-(3,4-difluoro-
phenyl)-acetamide (48.00 g, 282.28 mmol) in sulfuric acid in
ice bath. The temperature of the solution was controlled at 1
to 3° C. After the addition, the mixture was stirred for 1.5 hrs
at0to 16° C., and was poured onto ice (1000 g). The precipi-
tate was filtered and washed with cold water to give a solid
(51.00 g, 84% yield).

N-(3,4-Difluoro-phenyl)-acetamide.!  Acetyl chloride
(82.61 mL, 774.50 mmol) was added slowly to a solution of
3,4-Difluoro-phenylamine (100 g, 774.50 mmol) in pyridine
(250 mL) in ice bath. The mixture was stirred at 0° C. for 45
min then was kept at room temperature for 3 hrs. Solvent was
removed under reduced pressure. The residue was crystal-
lized in acetone/water to give a solid. "H NMR (300 MHz,
CDCl,): 9 7.86 (br, 1H), 7.62-7.55 (m, 1H), 7.07 (m, 2H),
2.16 (s, 3H).

The following references are all incorporated herein by
reference.
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Example 2

The HATNA and/or DATAN charge-transport materials
can be used in organic electronic devices, including, but not
limited to, organic light-emitting diodes, lasers, photovoltaic
cells, photodetectors, active and passive electronic devices,
and memories. Active electronic devices include, but are not
limited to, diodes and transistors. Passive electronic devices
include, but are not limited to, resistors, capacitors, and
inductors. Active and passive electronic devices can be com-
bined to form electrical circuits with properties tailored to the
need of specific applications. For example, transistors can be
combined to form inverters and ring oscillators. Likewise,
passive elements can be combined to form resonant circuits
and various filters. Electronic devices and circuits are the
foundation of modern electronics and are well known in the
art. Examples of applications can be found for instance in P.
Horowitz and W. Hill, The Art of Electronics, Cambridge
University Press, Cambridge, 1989.

Organic electronic devices typically include one or several
organic semiconductors that can conduct electrical charge. In
devices, such as organic light-emitting diodes, transistors and
memories, charges are injected into the organic semiconduc-
tor through electrical contacts formed with conductive elec-
trodes such as metals and conductive oxides. In photovoltaic
cells and photodetectors, electrical charges are produced by
the optical absorption of light. These charges are then col-
lected through electrical contacts formed with conductive
electrodes such as metals and conductive oxides. In some
devices and circuits it is important to combine two different
organic semiconductors, one of which conducts electrons,
and the other of which conducts holes. Preferably, the two
semiconductors should have hole and electron mobilities that
are comparable. Interfaces formed between such semicon-
ductors are often called heterojunctions.

In an embodiment, the HATNA and/or DATAN charge-
transport materials are used as electron-transport materials in
organic light-emitting devices. An example of a geometry
structure for such a device is shown in FIG. 56. In this device
a hole transport organic semiconductor 20 and an electron
transport organic semiconductor 30 are sandwiched between
an anode 10 and a cathode 40. When a voltage is applied by a
power supply 50 with positive electrode applied to anode 10
and negative electrode applied to cathode 40, holes get
injected into hole transport semiconductor 20 and electrons
get injected into electron transport semiconductor 30. Holes
and electrons form excited states at the heterojunction 60, the
recombination of which leads to emission of light through at
least one of the electrodes (10 or 40) that is semitransparent.
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The hole transport semiconductor 20 can be a triphenyl-
diamine (TPD) derivative thin film or other hole transport
materials known in the art, the anode 10 can be indium tin
oxide (ITO), the electron-transport semiconductor 30 can
include of one or more of the HATNA and/or DATAN charge-
transport materials described herein, and the cathode 40 can
be a metal including, but limited to, Ca, Ag, Mg, Al, Au, or
mixtures thereof.

In another embodiment, the HATNA and/or DATAN
charge-transport materials are used as electron transport
materials in photovoltaic cells. In an embodiment, a possible
geometry for such a device is shown in FIG. 57. In this device
a hole-transport organic semiconductor 200 and an electron-
transport organic semiconductor 300 are sandwiched
between a first electrode 100 and a second electrode 400.
When the device is exposed to light, optical absorption in the
organic semiconductors 200 and 300 leads to the formation of
excited states that diffuse to the heterojunction 600 where
they separate into electron-hole pairs. Holes are transported
in the semiconductor layer 200 and get collected by the elec-
trode 100. Electrons are transported in the layer 300 and are
collected by the electrode 400. The transport of the charges
created optically leads to a current that can be measured by an
ampmeter 500.

The hole transport semiconductor 200 can be a thin film of
triphenyldiamine (TPD), a phthalocyanine, an oligoacene, an
oligothiophene or any other organic hole transport material
with high hole mobility known in the art. The electrode 100
can be indium tin oxide (ITO) or any other conducting oxide
known in the art, the electron transport semiconductor 300
can be comprised of one or more of the HATNA and/or
DATAN charge-transport materials described herein. The
second electrode 400 can be a metal including, but limited to,
Ca, Ag, Mg, Al, Au, or mixtures thereof. In some cases, an
additional layer can be added between 300 and 400 to prevent
the dissociation of excited states (also referred to as excitons)
near the electrode 400. This layer may be called an exciton
blocking layer.

In another embodiment, the HATNA and/or DATAN
charge-transport materials are used as electron transport
materials in organic field-effect transistors. In an embodi-
ment, a possible structure for such a device is shown in FIG.
58. The organic electron-transport semiconductor 16 is
deposited on top of a structure that is comprised of a conduc-
tive substrate 11 such as highly doped silicon, an insulator
layer 13 such as a thermally grown silicon oxide layer, a gate
electrode 12, asource electrode 15 and a drain electrode 14. A
positive voltage applied to the gate electrode changes the
density of electrons in the organic semiconductor 16 and will
influence the current voltage characteristics measured
between the source electrode 15 and the drain electrode 14.
The typical electrical output characteristic of a field-effect
transistor is shown in FIG. 59. When a low voltage is applied
between the source electrode 15 and the drain electrode 14 a
small current is measured, as shown by curve 21. In contrast,
when a larger gate voltage is applied between the source
electrode 15 and the drain electrode 14, a large current is
measured, as shown by curve 22. For a given gate voltage, the
electrical characteristics 21 and 22 have a linear regime 23
and a saturation regime 24. These electrical characteristics
are similar to those measured for MOSFET transistors includ-
ing inorganic semiconductors including silicon and germa-
nium.

Atlow drain voltage where the response is linear (as shown
by region 23 in FIG. 59), the current-voltage response is given
by:
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Where W is the channel width, L the distance between source
and drain electrodes (channel length), C . is the capacitance
per unit area of the insulator, V , is the threshold voltage and
u is the “effective” field-effect mobility, which can be calcu-
lated in this regime from the transconductance g, defined by:

alp WC,,
8m = m Vp=const. =~

@

H“Vp

For large drain voltages (as shown by region 24 in FIG. 59),
the saturated drain current I, is given by the so-called
“square-law’:

WC,et 3

— 2 (Vg - Vp)?
2L(G 7)

Ipsar =

In this regime, mobility can be extracted from the slope of
the plot of the square root of the drain current versus gate
voltage. Such a curve is called a transfer curve.

Another geometry for an organic field-effect transistor is
shown in FIG. 60. The organic electron-transport semicon-
ductor 36 is deposited on top of a structure that includes a
conductive substrate 31 such as highly doped silicon, an
insulator layer 33 such as a thermally grown silicon oxide
layer, and a gate electrode 32. In this geometry, source elec-
trode 35 and a drain electrode 34 are deposited on top of the
semiconductor layer 36.

Another geometry for an organic field-effect transistor is
shown in FIGS. 61A and 61B. In this geometry, an additional
layer is introduced between the gate insulator 43 and the
organic semiconductor 46. This layer modifies the properties
of the surface of the gate insulator and improves its compat-
ibility with the organic semiconductors. The surface modifier
47 can be a self-assembled monolayer leading to a thin layer.
It can be deposited on top of the gate insulator 43 after the
deposition of the source and drain electrodes, 45 and 44,
respectively, and before the deposition of the organic semi-
conductor 46, as shown in FIG. 61A. Alternatively, layer 47
can be deposited on top of the gate insulator 43 before depo-
sition of the organic semiconductor 46, as shown in FIG. 61B.

An example of the performance of an organic field-effect
transistor in which the organic electron transport semicon-
ductor was a HATNA compound is shown in FIG. 62A. The
chemical structure of the HATNA molecule used in this
device is shown in FIG. 62A. The geometry of this device is
similar to that described in FIG. 61A. The HATNA compound
was purified by thermal gradient zone sublimation prior to
device fabrication. Following the device structure of FIG.
61A, the substrate 41 was doped silicon and the gate insulator
43 was a 200 nm-thick thermally grown SiO, layer. The back
gate electrode 42 was formed by evaporating a thin layer of
titanium followed by gold on the back side of the silicon
substrate that was previously etched to remove the thermal
oxide. The source and drain electrodes, 45 and 44 were
formed by depositing a thin layer of titanium followed by
gold on top of the gate insulator 43. The width W of the
electrodes and the length L of the channel formed between the
source and drain electrodes was 500 um and 50 pm, respec-
tively. These electrodes were defined by standard photoli-
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thography after the deposition of gold. The surface modifier
47 used was diphenyldimethoxysilane (DPMS). This mate-
rial was processed into a film by implementing the following
steps: first, the hydroxyl derivative of the silane compound
was formed by dispersing 0.1 wt. % of DPMS into an acidic
solution of 1:1 EtOH H,O (pH=4 to 5); then, the Si0O, dielec-
tric surface was activated using an atmospheric plasma treat-
ment (60 s, 750 W) to produce hydroxyl groups at the inter-
face; finally, the wafer was dipped into the solution and upon
heating (120° C., 20 min) the silane compound reacted with
the hydroxyl groups of the surface and formed a thin layer that
covered the surface of the gate insulator 43. The HATNA
derivative (HATNA-Cl, shown in FIG. 62A) was deposited
by physical vapor deposition under a vacuum below 1077
Torr. The thickness of the HATNA semiconductor film was
controlled by crystal quartz monitors and evaluated to be 40
nm. The electrical output characteristics and the transfer
curves of these devices are shown in FIGS. 62B and 62C,
respectively. From the transfer curve shown in FIG. 62C, a
field-effect mobility of 5.85x10~* cm*/V's can be extracted.

Another example of a HATNA compound that can be used
in an organic field-effect transistor is shown in FIG. 63A: The
geometry of this device is similar to that of the device
described in FI1G. 62A, except that the organic semiconductor
(46 in FIG. 61A) includes HATNA-F |, (see FIG. 63A). The
device fabrication procedures are identical to those used in
the fabrication of the device described in the example above.
The electrical output characteristics and the transfer curves of
these devices are shown in FIGS. 63B and 63C, respectively.
From the transfer curve shown in FIG. 63C, a field-effect
mobility of 2.7x1072 cm?/V's can be extracted.

Example 3

5,6,11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricar-
boxylic acid tripentafluoro-phenylmethyl ester (1a) and 5,6,
11,12,17,18-Hexaaza-trinaphthylene-2,8,15-tricarboxylic
acid tripentafiuoro-phenylmethyl ester (1b) 5,6,11,12,17,18-
Hexaaza-trinaphthylene-2,8,14-tricarbonyl trichloride 3 (2.0
g, 3.5 mmol) was suspended in 15 ml of THF and pentafluo-
rophenyl-methanol (15.0 g, 75.7 mmol) was added. Pyridine
(15.0 ml) was slowly added to the reaction mixture, which
was stirred at 50° C. for 72 hours. Solvent was evaporated.
The clued solid was passed through a short column chroma-
tography by used dichloromethane as eluent. The solvent was
evaporated and the resulting solid was further purified by
column chromatography using dichloromethane: ethyl
acetate (9:1) as eluent, and then solvent was evaporated com-
pletely. To isolate the 2,8,14-isomers from the crude product,
recrystallizations were carried out three times by using
dichloromethane and cooling the sample in a freezer to yield
the yellow solid 1a. The filtrate of the first recrystallization
was evaporated, and then the solid that was obtained was
dissolved in the minimum amount of chloroform and was
precipitated with 300 m[. of MeOH to yield the yellow solid
(1a/b). An amount of 0.7 g of 1a, 0.9 g of 1a/b were obtained.

To obtain pure 1b', column chromatography was per-
formed on the crude product of another reaction prepared
according the procedure above batch using dichloromethane:
ethyl acetate (9:1) as eluent by using the crude product of
another reaction batch. After solvent evaporation, the com-
pound was dissolved in 10 ml of CHCl; and was then repre-
cipitated in 300 ml MeOH. In this manner the 2,8,15-isomer,
late fraction 1b', was isolated from the crude product.
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[1a]. "H NMR (300 MHz, CDCl,) § 9.38-9.40 (two quasi-
doublets, J=1.5 Hz, 3H), 8.73 & 8.76 (two br singlets, 3H),
8.59-8.62 (m, 3H), 5.61-5.63 (two br singlets, 6H). *C NMR
(CDCl;, 125 MHz) 6 164.35, 146.89 (m), 145.17, 14487 (m),
144.54, 14437, 144.35, 143.99, 143.80, 143.09 (m), 142.67,
142.62, 141.15 (m), 138.69 (m), 136.71 (m), 136.57, 133.55,
133.51, 132.68, 132.64, 132.52, 131.61, 131.49, 131.11,
130.89, 109.15, 108.94, 54.65 ppm. **F NMR (CDCl,, 376
MHz) d (-141.71)-(-141.90) (dd, J=21.4 Hz, J,=6 Hz, 6F),
(-151.86)-(-152.02) (t,J=21.4 Hz, 3F), (-161.26)-(-161.44)
(sextet, J=9.0 Hz, 6F). *°F NMR Chemical shifts are relative
to trifluoromethylbenzene, which was used as an external
standard. MALDI-TOF MS (M+H): m/z 1058.1.

[1a/b]. "H NMR (300 MHz, CDCl,) (9.42-9.41 (m, 3H),
8.78 & 8.76 (two br singlets, 3H), 8.66-8.65 (quartet, J=2 Hz,
2H), 8.64-8.63 (quartet, J=1.5 Hz, 1H), 5.59 & 5.58 (two br
singlets, 6H). '°F NMR (CDCl,, 376 MHz) & (-141.72)~(-
141.92) (m, 6F), (-151.82)~(~152.12) (m, 3F), (-161.22)-(-
161.50) (m, 6F). **F NMR Chemical shifts are relative to
trifluoromethylbenzene, which was used as an external stan-
dard. MALDI-TOF MS (M+H): m/z 1057.1, calcd for
C,oH, F,sNOq, 1057.0886.

[1b']. "H NMR (500 MHz, CDCl,) 8 9.23-9.21 (two quasi-
doublets, each J=1.5 Hz, 3H), 8.60 & 8.59 (two br singlets,
3H), 8.53-8.48 (m, 3H), 5.59 & 5.58 (two br singlets, 6H). 1*C
NMR (CDCl;, 125 MHz) & 164.32, 146.88 (m), 145.17,
144.87 (m), 144.54, 14437, 144.35, 143.99, 143.80, 143.09
(m), 142.67, 142.62, 141.15 (m), 138.69 (m), 136.71 (m),
136.57, 133.55, 133.51, 132.68, 132.64, 132.52, 131.71,
131.59, 131.02, 130.96, 109.09, 108.96, 54.68 ppm. °F
NMR (CDCl;, 376 MHz) § (-141.70)-(-141.92) (m, 6F),
(-151.70)-(-152.10) (quartet, J=19.6 Hz, 3F), (-161.20)-(-
161.52) (m, 6F). **F NMR Chemical shifts are relative to
trifluoromethylbenzene which was used as an external stan-
dard. MALDI-TOF MS (M+H): m/z 1057.0, calcd for
C,sH, 6F sNgOq, 1057.0886.  Anal. caled. for
C,sH, sFsNgOg: C, 54.56; H, 1.43; F,26.97; N, 7.95. Found:
C, 53.81; H, 1.46; F, 26.83; N, 7.73.

Thus, a mixture of 2,8,14-isomer and 2,8,15-isomer of 1
can be separated to the individual isomers by using the recrys-
tallization with dichloromethane. This method utilizes the
differential solubility between two isomers toward dichlo-
romethane; the solubility of the planer symmetrical 2,8,14-
isomer is lower than that of the asymmetrical 2,8,15-isomer.
The recrystallization with dichloromethane can yield pure
2,8,14-isomer (la). Consequently, the filtered solution after
the recrystallization should contain the 2,8,15-isomer (1b") or
mixture (1a/b). FIG. 64 shows the HPLC traces of 1a sepa-
rated by the recrystallization with dichloromethane, and 1a/b
precipitated from the filtered solution. Also the 2,8,15-isomer
can be further purified by column chromatography and HPL.C
trace of 1b' is shown. A cyano normal phase column and
HPLC grade CH,Cl, and hexane; the initial % flow of CH,Cl,
was 20% until 2 min; at 15 min CH,Cl, was 100%, were used
for HPLC analysis. Both isomer peaks had indistinguishable
UV-vis spectra.

F.-NMR (CDCl,, 376 MHz) of 1a, la/b, and 1b' are
shown in FIG. 65. In the 2,8,14-isomer, la, the F,’s appear as
triplets because they are coupled to two F,, whilst F , appear as
doubletof doublets. In the 2,8,15-isomer, 1b', the F,, appear as
two overlapped triplets of approximate ratio 2:1 correspond-
ing to two different set of fluorinated aromatic rings.
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TABLE 1
Summary of carrier mobility characteristics at room temperature.
Mobility determinations of samples by SCLC method.
Film d WE =0) Y E,.ox Wy
Material Component morphology (um)  (ecm?Vs) (em/V)2 (V/em) (em?/Vs)
1a/b®®  2.8.14-isomer  amorphous 5 0.0124  1.72x 1073 3.08x 10* 0.017
2,8,15-isomer
1a/6®  2.8.14-isomer amorphous 5 00175  1.13x107% 2.80x 10* 0.021
2,8,15-isomer
1b®  2,8,15-isomer  polycrystalline 20 0.056 2.54%x 1073 0.75x 10*  0.071
16®  2,8,15-isomer  polycrystalline 5 0.045 242%x 1073 0.60x 10*  0.054
1®  28.15-isomer  spherulites 5 0.0096  5.65x 1073 0.50x 10* 0.0014
1a® 2,8,14-isomer  polycrystalline 5 — — —
Mthe product from first reaction batch
@the product from second reaction batch
Gthe product from third reaction batch
Therefore the following is claimed: —(CH,)g—(OCH,CH,),Aryl; —(CFy)g—
1. A charge-transport material comprising, 20 (OCH,CH,) Aryl; —(OCH,CH,),—(CF ) Aryl;
a hexaazatrinaphthylene (HATNA)-[X], monomer having —(OCH,CH,)—(CH,)gAryl; —O(CH,)gAryl; and
a structure: —O(CF,)gAryl; and combinations thereof;
wherein R,;, R,, and R_; can each be independently
selected from, the following groups: H; linear or
X 25 branched, alkyl groups with up to 25 carbons; a func-
X, tional group derived from amino acids, nucleic acids,
biotin, ferrocene, ruthenocene, cyanuric chloride, meth-
acryloyl chloride, and derivatives thereof; wherein sub-
N X script o is an integer number from 0 to 25, wherein
| 30 subscript §§ is an integer number from 0 to 25; and
Xs N\ N with the proviso that X, X,, X5, X,,, X5 and X ; are each not
| an alkoxy group, —OR, where R—C H,,, , ,, where n=6,
P 8, 10, or 12; an alkylthio, —SR, where R—C H, .,
p& N N where n=6, 8, 10, or 12; H; CI; or a methyl (—CH,)
| ¥ group;
N A further comprising wherein one or more of the X, X,, X,
X, X5, and X each are independently selected from an
aryl group, wherein the aryl group is selected from:
X3 aromatic ring systems having 20 carbons in the aromatic
40 ring framework not including carbons on the substitu-
X4 . : .
ents; and aryls represented by the following structures:
wherein X, X,, X5, X,, X5, and X each are independently
selected from: CN; NO,; CHO; linear or branched, alkyl a5 Ra Rai
groups with from 2 to 25 carbons; linear or branched, Ch
perfluoronated alkyl groups with up to 25 carbons; fused R « Ry -
aromatic rings; donor groups; acceptor groups; aryl - \ / o
groups; polymerizable groups; —(CH,CH,0),— i’
(CH2)BORa 15 —(CH,CH,0),—(CH,) BNRa2Ra3 550 Rya Rus
—(CH,CH,0),—(CH,) BCONRa2Ra3 5 Ch Ch
—(CH,CH,0),, 7(CH2)|3CN; *(CH2CH20)Y Ra7 ;
—(CH),F; —(CH,CH,0),(CH,),NO,; \ / \ /
—(CH,CH,0),—(CH,)Cl; —(CH,CH,0) ,—(CH,), -
Br; —(CH,CH,0), —(CH,)gl; —(CH,CH,0),— 55 !
(CH,)-Phenyl; —(CH,)g—(OCH,CH,)R
—(CH,)g—(OCH,CH,),NR ;R 55 —(CH,)g— wherein Ch is selected from: Se, S, O, and combinations
(OCH,CH,),CONR ;R .35 —(CH,)p—(OCH,CH,),, thereof; whereinR |, R ;5, R 5, R 4, R s, R, and R -,
CN; —(CH,)g—(OCH,CH,),F; —(CH,)g— can each be independently selected from: H; a linear or
(OCH,CH,) NO,; —(CH,)s—(OCH,CH,),Cl; 60 branched alkyl group with up to 25 carbons;
—(CH,)p—(OCH,CH,),,Br; —(CH,)p—(OCH, —(CH,CH,0),—(CH,);OCHj; —(CH,CH,0),—
CH,) [, —(CIL,)y—(OCH,CH,) Phenyl; —(CF,), (CH,),N(CHL).; ~(CH,CH,0),—(CH,),CON
OR,;; —(CF,)gCHNR ,R 3 —(CF,)gCFs; (CH,),; —(CH,CH,0),—(CH,),CN; —(CH,CH,0),
—O(CF,),  OR,:  —OCH,CH,(CF,),0R,: —(CH,)F; —(CH,CH,0),—(CH,),NO;
—OCH,CH,(CF,)gCH,NR ,,R 5 —O(CF,)g 65 —(CH,CH,0),~—(CH,)5Cl; —(CH,CH,0),—(CH,);
CH,NR ;R ,3; —OCH,CH,(CF,)pCF;; —(CH,)p— Br; —(CH,CH,0),—(CH,)sl; —(CH,CH,0),
(OCH,CH,),Phenyl; —(CF,)s—(OCH,CH,)Phenyl; —(CH,)s-Phenyl; —(CH,)s—(OCH,CH,),CH,;
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—(CH,)s—(OCH,CH,),N(CH,); —(CH,)y— (CE,)pAryl; —(OCH,CH,),—(CH,)pAryl;
(OCH,CH,),C(O)N(CHs),; —(CH,)s—(OCH, —O(CH,)pAryl; and —O(CF,)gAryl; and combina-
CH,),CN; —(CH,)s—(OCH,CH,),F; —(CH,)s— tions thereof;

(OCH,CH,) NO,; —(CH,)s—(OCH,CH,),Cl; wherein R,;, R,,, and R,; can each be independently

—(CH,)s—(OCH,CH,),Br; —(CH,)s—(OCH,, 3 selected from, the following groups: H; linear or

CH,),I; —(CH,)s—(OCH,CH,),Phenyl; —(CF,), branched, alkyl groups with up to 25 carbons; a func-

OCH;;  —(CF,)gOCH;;  —(CF,)CH,N(CH; )5 tional group derived from amino acids, nucleic acids,

—(CF,)pCF5; —O(CF,)gOCH;; —OCH,CH,(CF,)g biotin, ferrocene, ruthenocene, cyanuric chloride, meth-

OCH,;; —OCH,CH,(CF,);CH,N(CH;),; —O(CF,) acryloyl chloride, and derivatives thereof; wherein sub-

&} B 10

CH,N(CH;),; —OCH,CH,(CF,)gCF5; —(CH,)g— script o is an integer number from 0 to 25, wherein
(OCH,CH,),Phenyl; —(CF,),—(OCH,CH,),Phenyl; subscript §§ is an integer number from 0 to 25; and

and —(CF,)g—(OCH,CH,),Phenyl; wherein subscript with the proviso that X, X,, X3, X,, X5, and X, are each

y is an integer number from O to 25, wherein subscript & not an alkoxy group, —OR, where R—C, H,,, ., where

is an integer number from 0 to 25; wherein subscript r is 15 n=6, 8, 10, or 12; an alkylthio, —SR, where R—

an integer number from 0 to 6; wherein subscript s is an C H,,,,,, where n=6, 8, 10, or 12; H; CI; or a methyl

integer number from 0 to 3. (—CH,) group;

2. A charge-transport material comprising, further comprising wherein one or more of the X, X,, X,

a hexaazatrinaphthylene (HATNA)-[X], monomer having X, X5, and X each are independently selected from an

a structure: 20 polymerizable group, wherein the polymerizable group

is selected from: vinyl; allyl; 4-styryl; acroyl; epoxide;

oxetane; cyclic-carbonate; methacroyl; acrylonitrile;

X isocyanate; isothiocyanate; epoxides; strained ring ole-

X fins; (—.CHz)nSiCI3; (—.CHz)T]Si(OCH2CH3)3;

25 (—CH,), Si(OCHj;);, where m is an integer number

from 0to 25; and compounds having the following struc-

N x tures:

X N | N
| = 30 Q
Z E \ < >
Xs N | N —0 \ o—>
N.
Z o) o)

35 ., Y
—0
X3 — o>_\_®
X4

(@)

40

wherein X, X, X5, X,, X5, and X, each are independently >_©70_H2C ’
selected from: CN; NO,; CHO; linear or branched, alkyl —

(@]

groups with from 2 to 25 carbons; linear or branched, >\ O\\
(6]

perfluoronated alkyl groups with up to 25 carbons; fused
aromatic rings; donor groups; acceptor groups; aryl
groups; polymerizable groups, —(CH,CH,O),—
(CH,)OR,;;  —(CH,CH,0),—(CH,)pNR R ,5:

—(CH,CH,0),—(CH,)sCONR ,R 5;
—(CH,CH,0),  —(CH)CN;  —(CH,CH,0), /
—(CH)F; —(CH,CH,0), (CH,),NO,; —o o—oci,,
—(CH,CH,0),—(CH,)sCl; —(CILCIL0),

—(CH,) |3Br 5 7(CH2CH20)0(,7(CH2)|31;

O,
—(CH,CH,0),—(CH,)g-Phenyl; —(CH,)g—
(OCH,CH)oR,1; —(CH,)p—(OCH,CH,)oNR ;R 35 55 \
—(CH,) B*(OCH2CH2)aCONRa2Ra3 5 —(CH,) B —0 ’
(OCH,CH,),CN; —(CH,)y—(OCH,CH,),F: o

*(CHz)B*(OCH2CH2)aN02; *(CHz)B*
(OCH,CH,) Cl; —(CH,)s—(OCH,CH,),Br; / )
—(CH,)s—(OCH,CH,),[; —(CH,)p—(OCH, 60 d \ A -
CH,)Phenyl; —(CFz)BORal; —(CFZ)BCHzNRazRa3;
—(CF,)pCF3; —O(CF,)g0R,;; —OCH,CH,

O,
(CF,)E0R,, ;5 —OCH,CH,(CF,),CH,NR ;R 3
—O(CF,)gCH,NR R 5 —OCH,CH,(CF,),CF3; \ / \
—(CH,)s—(OCH,CH,)Phenyl; —(CF,)g— 65 —0 and
(6)

(OCH,CH,),Phenyl; —(CH,)p—(OCH,CH,) Aryl;
—(CF,)p—(OCH,CH,) Aryl; —(OCHCH,)o—

45




US 7,994,423 B2

141

-continued
(@)

4 4\

3. A polymer comprising a monomer selected from one of:
the HATNA-[X], monomer of claim 1, or 2 and a combina-
tion thereof.

4. A homopolymer comprising a monomer selected from
one of: the HATNA-[X], monomer of claim 1, or 2.

5. A copolymer comprising a monomer selected from one
of: the HATNA-[X], monomer of claim 1, or 2, and a com-
bination thereof.

6. A device, comprising:

a polymer including a compound selected from one of:
HATNA-[X]s of claim 1, or 2, and a combination
thereof.

7. The device of claim 6, wherein the polymer is included
in a structure selected from: electroluminescent (EL) devices,
photovoltaic cells, light-emitting diodes, field-effect transis-
tors, phototransistors, radio-frequency ID tags, semiconduc-
tor devices, photoconductive diodes, metal-semiconductor
junctions, p-n junction diodes, p-n-p-n switching devices,
photodetectors, optical sensors, phototransducers, bipolar
junction transistors (BJTs), heterojunction bipolar transla-
tors, switching transistors, charge transfer devices, thin film
transistors, organic radiation detectors, infra-red emitters,
tunable microcavities for variable output wavelength, tele-
communications devices and applications, optical computing
devices, optical memory devices, chemical detectors, and
combinations thereof.

8. A polymer layer, comprising:

a plurality of layers, wherein each layer includes a mono-
mer having a central aromatic core, wherein the central
aromatic cores in the layers are stacked substantially
over one another to form a one-dimensional charge
transport column along the stacked central aromatic
cores, wherein the monomer includes a compound
selected from: HATNA-[X]s of claim 1, or 2, and a
combination thereof.

9. A material, comprising:

a mixture of components comprising a monomer, a poly-
mer including the monomer, a co-polymer including the
monomer, a homopolymer including the monomer, and
combinations thereof; wherein the monomer is selected
from: the HATNA-[X]; monomer of claim 1, or 2, and a
combination thereof; wherein an amount of each mono-
mer present in the mixture is selected to control at least
one property of the mixture; wherein the property is
selected from one of: volatility, solubility, crystallinity,
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melting point, phase transitions, shelf life, charge trans-
port ability, and combinations thereof.

10. A material, comprising:

a mixture of components comprising a compound selected
from: HATNA-[X], of claim 1, or 2, and a combination
thereof; wherein an amount of each compound present
in the mixture is selected to control at least one property
of the mixture; wherein the property is selected from one
of: wvolatility, solubility, crystallinity, melting point,
phase transitions, shelf life, charge transport ability, and
combinations thereof.

11. A device, comprising:

a first electrode;

a hole-transport layer disposed adjacent the first elec-
trode;

an electron-transport layer disposed adjacent the hole-
transport layer, and wherein the electron-transport
material is selected from: HATNA-[X] of claim 1, or
2, combination thereof, and

a second electrode disposed adjacent the electron-transport
layer.

12. Thedevice of claim 11, wherein the device is an organic

light-emitting diode.

13. Thedevice of claim 11, wherein the device is an organic

photovoltaic cell.

14. An organic photovoltaic cell comprised of:

a first electrode;

a hole-transport layer disposed adjacent the first elec-
trode;

an electron-transport layer disposed adjacent the hole-
transport layer, and wherein the electron-transport
material is selected from: HATNA-[X] of claim 1, or
2, and a combination thereof;,

an exciton blocking layer disposed adjacent the elec-
tron-transport layer; and

a second electrode disposed adjacent the exciton blocking
layer.

15. An organic field-effect transistor comprised of:

a substrate;

a gate electrode disposed on a first side of the substrate;

a gate insulator disposed on a second side of the substrate;

a source electrode disposed on a first portion of the gate
insulator;

a drain electrode disposed on a second portion of the gate
insulator; and

an electron-transport layer disposed on a third portion of
the gate insulator, the source electrode, and the drain
electrode, and wherein the electron-transport material is
selected from: HATNA-[X], of claim 1, or 2, and a
combination thereof.



