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ABSTRACT A series of 13 new homopolymers and three new copolymers along with six previously known 
polymers were synthesized and characterized in the class of conjugated polyquinolines and polyanthrazolines. 
The polymers were designed to systematically vary the *-electron delocalization along the conjugated polymer 
backbone and, thereby, to tune the electronic structure and properties in a controlled fashion. The solid 
polymers, which exhibit a range of light yellow to deep red color in transmitted light, were obtained in high 
yield, with high intrinsic viscosity and high thermal stability. As a result of the rigid-rod nature of the 
polymer chains, lyotropic liquid crystalline phases were observed at high concentrations of the polymers in 
di-m-cresyl phosphatelm-cresol (1:3) solvent. An investigation of the electronic structure of the polymers 
by optical absorption spectroscopy of the polymer thin films revealed that the structural modifications in 
the polymers can vary the optical band gap by about 1.0 eV. For example, compared to the biphenyldiyl 
linked polyquinoline (PBPQ, 2b) which has a band gap (E,) of 2.81 eV, the dithienylvinylene linked 
polyanthrazoline (PBVDA, 3k) exhibited a drastically lower band gap of 2.0 eV. In general, replacement of 
a phenylene linkage by a thiophene linkage in the polyquinoline or polyanthrazoline backbone produced a 
significant red shift of A, by 64-106 nm and a reduction of band gap by 0.3-0.5 eV. The new polymers are 
expected to have improved electronic, photoelectronic, and nonlinear optical properties for applications and 
serve as model systems for investigating structure-property relationships in conjugated polymers. 

Introduction 

The growing interest in the synthesis, processing, and 
investigation of polymers with useful electronic, photo- 
conductive, optoelectronic, nonlinear optical, or photo- 
refractive properties for diverse technological appli- 
cation~'-~ has motivated our studies being reported in this 
series. In part one of the series: the synthesis, processing, 
and characterization of new conjugated rigid-rod benzobis- 
(thiazole) polymers, including poly(benzobis(thiazo1e)- 
vinylene and poly(benzobis(thiazo1e)-trans,trans-buta- 
diene), were reported. Also, we pointed out that the often 
difficult problem of processability of conjugated polymers 
has a natural solution intrinsic to heterocyclic or het- 
eroaromatic polymers through their recently discovered 
organic solvent soluble coordination ~ o m p l p e s . ~ ~ ~  The 
present report will focus on another class of conjugated 
heterocyclic polymers, polyquinolines and polyanthrazo- 
lines. 

Phenylated polyquinolines and polyanthrazolines, first 
synthesized by Stille and c o - ~ o r k e r s , ~ ~ ~ J ~ - ' ~ ~  have proven 
to be mechanically strong and thermally stable polymers. 
These polymers are synthesized by using a condensation 
scheme based on the acid-catalyzed Friedlander reaction7 
Two monomers consisting of bis(amino ketone) (A-A) and 
bidketomethylene) (B-B) functional moieties, respectively, 
are reacted in an acidic medium of di-m-cresyl phosphate 
and m-cresol a t  140 "C under an inert atmosphere to give 
high molecular weight polyquinoline or polyanthrazoline 
in quantitative yield. This reaction scheme provides a 
high degree of flexibility in introducing varied structural 
features to the backbone of a polymer. Many conjugated, 
nonconjugated, and cross-linked polyquinolines were 
synthesized in the past to modify the mechanical, thermal, 
and solution properties of this class of polymers.7** Con- 
jugated rigid-rod polyquinolines were originally synthe- 
sized to achieve highly crystalline and thermally stable 
materiakg Chart I shows the structures of some of the 
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1 = PPQ ref.9 
ta = PPPQ ref.9 3a = PPDA ref. 11 
2b = PBPQ ref. 9,lO 3b = PBDA ref. 11 
k = PBAPQ 3e = PBADA 
M = PSPQ ref. 13 3d = PSDA 
2e I PVPQ 3e I PVDA 
2f = PAPQ 3f = PADA 
2g = PDMPQ 3g = PDMDA 

known conjugated rigid-rod polyquinolines and polyan- 
thrazolines (1, 2a, 2b, 2d, 3a, and 3b). 

Electrical conductivity of many of these polymers has 
been investigated by n-type chemical and electrochemical 
doping.l5Je High conductivities of the order of 1-10 S/cm 
were realized by n-type chemical doping of PPQ (11, PBPQ 
(2b), and PSPQ (2d). However, the doped polymers were 
found to be highly sensitive to ambient atmosphere. Also, 
these polymers were difficult to oxidize or p-type dope. 
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of the thiophene-linked polyanthrazolines PBTDA and 
PBTADA (3i,3j), which showed significantly improved 
intrinsic electronic properties compared to the known 
phenylene-linked polyanthrazoline PBDA (3a), were re- 
cently reported by us in a communication.21 In another 
study,17 we have demonstrated new and improved methods 
of processing polyquinolines and polyanthrazolines into 
uniform thin coatings and free standing films. The linear 
optical properties and third-order nonlinear optical prop- 
erties of polymers 1, 2a-2d, 3a-3d, and 4-6 have been 
studied in detail and are reported elsewhere.l7-l9 A 
detailed investigation of the electrochemical properties of 
the polyquinolines and polyanthrazolines is currently in 
progress, and the results will be reported in a forthcoming 
paper. 

Experimental Section 
Monomerr. The following monomers were synthesized ac- 

cording to the methods reported in the literature: 3,3’-diben- 
zoylbenzidine ( 18),BJo 2,5-dibenzoyl-l,4phenylenediamine (lg),” 
5-a~ety1-2-aminobenzophenone,~~ diacetylstilbene bis- 
(acetylpheny1)acetylene (9) t4 hex-3-ene-2,sdione (13),% hex-3- 
yne-2,5-dione (12),= l,!i-diacetylthiophene 4,4’-Diacetyl- 
1,l’-biphenylene (8) (methanol), l,.t-diacetylbenzene (7) (benzene), 
and bis(4acetylphenyl)methane (1 1) (toluene) were obtained 
commercially and purified by recrystallization. Di-m-cresyl 
phosphate was prepared according to the method of Beever and 
Stille?b 

1,2-Bie(S-acetyl-2-thienyl)ethylene (BATE) (17). To a 
slurry of 1 g of tetrakis(triphenylphosphine)paliadium(O) in 30 
mL of dry toluene was added a solution of 6.6 g (32.2 mmol) of 
2-acetyl-5-bromothiophene in 30 mL of dry toluene under argon. 
The light brown solution so obtained was heated to reflux, To 
this solution was added dropwise a solution of 9.8 g (16.1 mmol) 
of (E)-1,2-bis(tri-n-butylstannyl)ethyleneu in 50 mL of toluene 
(dry) over a period of 1.5 h. Aftar the reaction mixture was 
refluxed for another 5.5 h., it was slowly cooled down to -5 OC, 
and the yellow product was isolated by suction filtration. The 
product was washed with hexane to remove most of the tri-n- 
butyltin bromide and dried before it was recrystallized from 
chloroform. On drying in a vacuum oven at  60 OC for 24 h, a yield 
of 3.23 g (72.6%) was obtained. Mp: 247.6 OC. W/vis, A, 
(nm) (CHCb): 413 (log e = 4-54), 392 (4.66). FT-IR (KBr, cm-l): 
3070,3014,1655,1646,1528,1459,1423,1363,1276,1263,1224, 
1075,1032,983,929,805,747,714,655,612,692,578,500,480. 

7.21 (s,2 HI, 7.60 (d, 2 HI. Anal. Calcd for CISII~SZOZ: C, 60.M 
H, 4.38; N, 0.0. Found C, 60.55; H, 4.22; N, 0.0. 
5,5’-Diacetyl-2f’-bithiophene (15). To a slurry of 1 g of 

tetr~(triphenylphosphine)palladium(0) in 30 mL of dry toluene 
was added a solution of 6.26 g (30.5 mmol) of 2-acetyl-6- 
bromothiophene in 30 mL of dry toluene under argon. The 
reaction was heated to reflux, and to this solution was added 
dropwise a solution of 5 g (15.26 “01) of hexamethylditin (99 5% ) 
in 50 mL of toluene (dry) over a period of 11/2 h. The reaction 
mixture was refluxed for another 6 h and then cooled down to 
-5 O C .  Light yellow crystals of the product were isolated by 
suction filtration and washed with hexane. The product was 
then continuously extracted through Whatman filter paper No. 
42 with dioxane using a Soxhlet apparatus until all of the product 
was dissolved and collected in the boiling flask. Slow cooling of 
the dioxane solution resulted in needle-shaped light yellow 
crystals of the monomer which were separated by suction fdixation 
and dried in vacuum. Yield: 2.56 g (67%). Mp: 235 OC (lit. mp 
233.5-234 OC). UV/vis, A- (nm) (CHCh): 367 (log e = 4.191, 
262 (3.57). FT-IR (KBr, cm-9: 3070, 1797, 1666, 1611, 1611, 
1433,1361,1302,1270,1089,1036,1020,937,897,881,792,745, 
673,611,593,555,463,442. ‘H NMR (CDCh 300 MHz, TMS): 
d 2.58 (e, 6 H), 7.30 (d, 2 H), 7.62 (d, 2 H). Anal. Calcd for 

N, 0.0. 
Improved Syntherir  of lS-Bir(S-acetyl-2-thnyl)a~t- 

ylene (BATA) (16). To a slurry of 1 g of tetralis(triphen- 
ylphosphine)palladium(O) in 30 mL of dry toluene was added 

‘H NMR (CD2C12,300 MHz, TMS): 6 2.53 (8,6 H), 7.15 (d, 2 H), 

C12H1&202: C, 57.58, H, 4.03; N, 0.0. Found: C, 57.48; H, 3.87; 
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2h = PTpQ 
2i = PBTPQ 
2j = PBTAPQ 
2k I PBTVPQ 

3h E PTDA 
3i = PBTDA 
3j = PBTADA 
3k = PBTVDA 

Chart I11 

4 PBPQPSPQ (5050) 

\ b h  Ph’ /x ‘  ’Ph P i  

5 PBPQPBAPQ (5050) 

6 PBAPQPSPQ (5050) 

Theoretical  calculation^^^" of the electronic structure of 
PPQ (1) and ita derivatives showed high ionization 
potential (6.0 eV), large electron affinity (2.8 eV), and 
small band width (0.5-0.7 eV), which supported the 
experimental observations on doping of these polymers. 
Furthermore, our recent s t u d i e ~ ~ ~ - ~ ~  of the optical, pho- 
toelectronic, and nonlinear optical properties of conjugated 
rigid-rod polyquinolines have shown promising results. 
In addition to the promising results on the linear optical, 
photoconductive, electrical conductivity, and nonlinear 
optical properties of the polyquinolines and polyanthra- 
zolines reported to we believe that this class of 
polymers holds promise for further systematic investiga- 
tion and development as electronic, optoelectronic, and 
nonlinear optical materials. One of the reasons is that the 
polyquinolines and polyanthrazolines have the attractive 
combination of excellent mechanical and thermal prop- 
erties, ease of solution processability, and synthetic 
flexibility to generate structurally diverse conjugated 
polymers. Availability of such architecturally diverse 
?r-conjugated structures in high molecular weight polymers 
makes tuning and optimization of solid-state properties 
possible as well as provides a basis to establish structure- 
property relationships. 

In this article, we report the synthesis and character- 
ization of new monomers (16-17) and a systematic series 
of polyquinolines and polyanthrazolines represented by 
the structures in Charta 1-111. The polymers with struc- 
tures 2c, 2g, 3c, 3d, and 3g in Chart I, 2h-2k and 3h-3k 
in Chart 11, and 4-6 in Chart I11 are new materials. Two 
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fi, cm-’): 3028,2966,1733,1590,1572,1492,1453,1415,1349, 
1238,1181,1148,1053,1015,969,894,840,765,699,533. Anal. 
Calcd for (C&&)n: C, 89.74; H, 4.76; N, 5.51. Found: C, 
85.66, H, 4.55; N, 5.32. 

(v) Poly(2,7- (4,4’-diphenylmet hylene)-4,9-diphenyl- 1,6- 
anthraeoline) (PDMDA, 3g). Equimolar amounta (2.21 mmol 
each) of 2,5-dibenzoyl-l,4-phenylenediamine (19) and bis(4- 
acetylpheny1)methane (11) were reacted in a reaction medium 
of 15 g of DPP and 11.5 g of m-cresol with a procedure similar 
to that described in (i). The polymer obtained was worked up 
as usual. [ q ]  = 0.87 dL/g (25 OC, 0.1 mol % DCP/m-cresol). 
FT-IR (free-standing film, cm-I): 3027,1588,1566,1528,1510, 
1490,1451,1433,1412,1363,1344,1276,1234,1180,1147,1110, 
1074,1051,1030,1016,969,893,816,761,697. Anal. Calcd for 

N, 5.40. 
(vi) Poly(2f’-(2f’-bithiopheneyl)-6,6’-bis(4-pheny~quin- 

oline)) (PBTPQ, 2i). Equimolar amounta (1.27 mmol each) of 
3,3’-dibenzoylbenzidine (18) and 5,5’-diacetyL2,2’-bithiophene 
(15) were mixed with 12 g of DCP and 2 g of m-cresol and reacted 
with a procedure similar to that described in (i). The polymer 
obtained was worked up as usual. [VI = 11.5 dL/g (25 OC, 0.1 mol 
% DCP/m-cresol). FT-IR (free-standing f i ,  cm-l): 3063,2967, 
1586,1543,1519,1489,1454,1442,1360,1282,1225,1076,871, 
823,787,767,701,621,590. Anal. Calcd for (C&nN2Sz),: C, 
79.97; H, 3.89; N, 4.91. Found C, 78.27; H, 3.89; N, 4.77. 

(vii ) Poly( 22’- (5- (2-thien-2-ylet hyny1)t hien-2-y1)-6,6’-bis- 
(4-phenylquinoline)) (PBTAPQ, 2j). Equimolar amounta 
(1.27 mmol each) of 3,3’-dibenzoylbenzidine (18) and 1,2-bis(5- 
acetyl-2-thienybacetylene (16) were mixed with 12 g of DCP and 
2 g of m-cresol and reacted with a procedure similar to that 
described in (i). The polymer obtained was worked up as usual. 
A small amount of the polymer received was found to be insoluble 
in any solvent system; therefore, ita intrinsic viscosity could not 
be determined. FT-IR (free-standing film, cm-l): 3059, 2969, 
1740,1590,1544,1489,1465,1359,1304,1243,1149,1069,1030, 
970,874,825,768,701,585. Anal. Calcd for (C&=N&)n: C, 
80.78; H, 3.73; N, 4.71. Found C, 77.04, H, 4.12; N, 4.13. 

(viii) Poly(2~’-(&(2-thien-2-ylethenyl)thien-2-y1)-6,6’-bi8- 
(4-phenylquinoline)) (PBTVPQ, 2k). Equimolar amounta 
(1.27 mmol each) of 3,3’-dibenzoylbenzidine (18) and 1,2-bie(5- 
acetyl-2-thieny1)ethylene (17) were mixed with 12 g of DCP and 
2 g of m-cresol and reacted with a procedure similar to that 
described in (i). The polymer obtained was worked up as usual. 
[VI = 6.2 dL/g (25 OC, 0.1 mol % DCP/m-cresol). FT-IR (free- 
standing f i b ,  cm-’): 3060,2968,1586,1473,1360,1259,1238, 
1066, 1029, 932, 874, 825, 768, 701, 621, 586. Anal. Calcd for 
(C&azS2)n: C, 80.51; H, 4.05; N, 4.69. Found C, 78.02; H, 
4.22; N, 4.71. 

(ix) Poly(2f’-(2,S-thiopheneyl)-6,6’-bis(4-phenylquino- 
line)) (PTPQ, 2h). Equimolar amounta (1.78 mmol each) of 
3,3’-dibenzoylbenzidine (18) and 2,5-diacetylthiophene (14) were 
reacted in 16.5 g of DCP and 2 g of m-cresol with a procedure 
similar to that described in (i). The polymer obtained was worked 
up as usual. [VI = 10.5 dL/g (25 OC, 0.1 mol % DCP/m-cresol). 
FT-IR (free-standing fii, cm-l): 3057,2967,1586,1644,1489, 
1451,1362, 1235,1150,1075,1030,872,846,824,767,701,623, 
570. Anal. Calcd for (C%H&&)n: C, 83.58; H, 4.13; N, 5.73. 
Found C, 81.31; H, 4.02; N, 5.55. 

(x) Poly( 2,7- (2f’-bithiopheneyl)-4,9-diphenyl- 1 ,(-ant hra- 
zoline) (PBTDA, 31) and Poly(2,7-(5-(2-thien-2-yleth- 
ynyl)thien-2-yl)-4,9-diphenyl-1,6-anthrazoline) (PBTADA, 
3j). The synthesis and characterization of these polymers are 
described in ref 21. 

(xi) Poly(2,7-(5-(2-thien-2-ylethenyl)thien-2-yl)-4,9-di- 
phenyl-l,6anthraaoline) (PBTVDA, 3k). Equimolar amounta 
(1.58 mmoleach) of 2,5-dibenzoyl-1,4-phenylenediamine (19) and 
1,2-bie(5-acetyl-2-thienyl)ethylene (17) were reacted in 12 g of 
DCP and 2.5 g of m-cresol with a procedure similar to that 
described in (i). The polymer obtained was worked up as usual. 
[J = 4.4dL/g (25 OC, 0.1 mol % DCP/m-creeol). IR (free-standing 
film, cm-’): 3060,2968,1588,1574,1532,1492,1475,1357,1289, 
1259,1239,1146,1061,1030,959,934,895,796,765,748,702,616, 
646. Anal. Calcd for (CYH~N~S~), , :  C, 78.43; H, 3.87; N, 6.38. 
Found: C, 77.38; H, 3.83; N, 5.09. 

(CnHaN2)n: C, 89.49, H, 4.87; N, 5.64. Found C, 87.34; H, 4.68; 

a solution of 6.6 g (32.2 mmol) of 2-acetyl-5-bromothiophene in 
30 mL of dry toluene under argon. The light brown solution so 
obtained was heated to reflux. To this solution was added 
dropwise a solution of 9.8 g (16.1 mmol) of 1,2-bie(tri-n- 
butylstanny1)acetylene in 50 mL of toluene (dry) over a period 
of 2 h. After the reaction medium was refluxed for another 6 h, 
it was cooled down to -5 “C, and the yellow product was isolated 
by suction filtration. The product was washed with hexane to 
remove most of the tri-n-butyltin bromide. The product was 
then continuously extracted through Whatman fiiter paper No. 
42 with dioxane using a Soxhlet apparatus until all of the product 
was dissolved and collected in the boiling flask. Slow cooling of 
the dioxane solution resulted in needle-shaped light yellow 
crystals of the monomer which were separated by suction fitration 
and dried in vacuum at 60 “C for 24 h. Yield 2.56 g (65%). Mp: 
214 OC. UV/vis, A,, (nm) (CHCB): 387 (log e = 4.25), 362 (4.311, 
2.81 (3.78). IR (Nujol, cm-l): 3070,1670,1390,1295,1260,1045, 

H), 7.33 (d, 2 H), 2.55 (8, 6 H). 
Polymer Synthesis. Polymers 1,2a, 2b, 2d, 3a, and 3b were 

syntheaiz8d according to the literature procedures.8J1J3 However, 
DCP/m-cresol was used as the reaction medium for the synthesis 
of 3a and 3b to obtain polymers with high intrinsic viscosity. 
New polymers were synthesized as described below. 

(i) Poly(2,2’-(p,p’-diphenylacetylene)-6,6’-bis(4-phen- 
ylquinoline)) (PBAPQ, 2c). Equimolar amounta (3.82 mmol 
each) of both 3,3’-dibenzoylbenzidine (18) and bie(acetylpheny1)- 
acetylene (9) were added to a solution of 25 g of di-m-cresyl 
phosphate (DCP) and 9 g of freshly distilled m-cresol in a 
cylindrical-shaped reaction flask (glass) fitted with a mechanical 
stirrer, two gas inlets, and a side arm. The reador was purged 
with argon for 10-15min before the temperature was raised slowly 
to 140-142 “C in 2-3 h. As the viscosity of the reaction mixture 
increased with time, small amounta of m-cresol were added to 
the reaction mixture to facilitate efficient stirring. The reaction 
was maintained at this temperature for 48 h under static argon. 
Thereafter the reaction was quenched by cooling it down to room 
temperature under argon and precipitating it in 500 mL of 10% 
triethylamine/ethanol mixture. The precipitated polymer was 
then chopped in a blender and collected by suction filtration. 
The polymer was purified by continuous extraction in a Soxhlet 
apparatus with 20% triethylamine/ethanol solution for 36 h and 
was dried in vacuum at 80 “C for 24 h. [J = 8.9 dL/g (25 “C, 
0.1 mol % DCP/m-cresol). FT-IR (free-standing f i i ,  cm-9: 
3057,3036,1586,1575,1538,1519,1488,1455,1410,1358,1234, 
1181,1153,1110,1065,1016,874,840,828,786,771,735,701,622, 
588. Anal. Calcd for (CIJI&2).: C, 90.70; H, 4.50, N, 4.84. 
Found C, 88.87; H, 4.49; N, 4.69. 

(ii) Poly(2f’-(4,4’-diphenylmethylene)-6,6’-bis(4-~hen- 
ylquinoline)) (PDMPQ, 2g). It was synthesized using a similar 
procedure as described in (i) using equimolar amounta (1.78 mmol 
each) of 3,3’-dibenzoylbenzidine (18) and bis(4-acetylphenyl)- 
methane (11) as the two monomers. Diphenyl phosphate (15 g) 
with 8 g of m-cresol was used as the reaction medium instead of 
DCP/m-cresol. [q ]  = 9.3 dL/g (25 OC, 0.1 mol % DCP/m-cresol). 
FT-IR (free-standing f i ,  cm-l): 3056,3028,1585,1572,1541, 
1486,1427,1353,1230,1182,1152,1065,1017,910,826,761,700, 
587. Anal. Calcd for (C&&z)n: C, 90.18; H, 4.93; N, 4.89. 
Found C, 85.34; H, 4.51; N, 4.58. 

(iii) Poly(2,7-(p,~-diphenylacetylene)-4,9-diphenyl-1,6- 
anthrazoline) (PBADA, 3c). Equimolar amounta (2.21 mmol 
each) of 2,5-dibenzoyl-l,4-phenylenediamine (19) and bis- 
(acetylpheny1)acetylene (9) were added to a mixture of 15 g of 
DCP and 8 g of m-cresol and reacted with a procedure similar 
to that described in (i). The polymer obtained was worked up 
as usual. 171 = 7.65 dL/g (25 “C, 0.1 mol % DCP/m-cresol). 
FT-IR (free-standing film, cm-I): 3037,2967,1590,1558,1519, 
1492, 1453, 1408, 1351, 1288, 1238, 1181, 1052, 1016,970, 894, 
840, 765,699, 539. Anal. Calcd for (C&nN2),,: C, 90.09; H, 
4.38; N, 5.53. Found: C, 86.92; H, 4.20; N, 5.23. 

(iv) Poly(2,7-(p,d-diphenylethylene)-4,9-diphenyl-l,&an- 
thrazoline) (PSDA,3d). Equimolaramounta (2.21 mmoleach) 
of 2,&dibenzoyl-l,4-phenylenediamine (19) and diacetylstilbene 
(10) were reacted with a procedure similar to that described in 
(iii). The polymer obtained was worked up as usual. [VI = 30.3 
dL/g (25 OC, 0.1 mol % DCP/m-cresol). FT-IR (free-standing 

945,910,820. ‘H NMR (CD&12,300 MHz, TMS): 6 7.60 (d, 2 
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(xii) Poly(2,7-( 2,5-thiopheneyl)-4,9-diphenyl-1,6-anthra- 
zoline) (PTDA, 3h). Equimolar amounts (1.58 mmol each) of 
2,5-dibenzoyl-1,4-phenylenediamine (19) and 2,5-diacetyl- 
thiophene (14) were reacted with a procedure similar to that 
described in (xi). The polymer obtained was worked up as usual. 
[ 9 ]  = 1.2 dL/g (25 “C, 0.1 mol % DCP/m-cresol). FT-IR (free- 
standing film, cm-1): 3056, 3028, 1586, 1571, 1529, 1491, 1432, 
1354, 1234, 1042, 1030,892, 851, 805, 763,698, 616,587. Anal. 
Calcd for (C28H16N2Sl)n: C, 81.53; H, 3.91; N, 6.79. Found: C, 
78.68; H, 3.83; N, 6.29. 

(xiii) PSPQ/PBPQ (4). Diacetylstilbene (10) (1.27 mmol), 
1.27 mmol of diacetylbiphenylene (8), and 2.55 mmol of 3,3’- 
dibenzoylbenzidine (18) were mixed together in a reaction 
medium of 17 g of DCP and 16 g of m-cresol. The reaction was 
carried out as described in (i). The polymer obtained was worked 
up as usual. [9 ]  = 22.6 dL/g (25 OC, 0.1 mol % DCPim-cresol). 
FT-IR (free-standing film, cm-’): 3057,3029, 2960,1586,1574, 
1540,i488,1457,1357,1234,1182,1068,1004,870,827,772,743, 
701, 590. 

(xiv) PBPQIPBAPQ (5). Bis(acetylpheny1)acetylene (9) 
(1.27mmol), 1.27 mmolofdiacetylbiphenylene (8), and2.55mmol 
of 3,3’-dibenzoylbenzidine (18) were mixed together in a reaction 
medium of DCPim-cresol. The reaction was carried out as 
described in (xiii). The polymer obtained was worked up as usual. 
[q] = 25 dL/g (25 OC, 0.1 mol 7% DCP/m-cresol). FT-IR (free- 
standing, cm-’): 3057, 3033, 2960, 1586, 1539, 1488, 1457, 1357, 
1233, 1151, 1068, 1016, 1004, 872,827,771, 701, 623,590. 

(xv) PSPQ/PBAPQ (6). Diacetylstilbene (10) (1.27 mmol), 
1.27 mmol of bis(acetylpheny1)acetylene (9), and 2.55 mmol of 
3,3’-dibenzoylbenzidine (18) were mixed together in a reaction 
medium of 17 g of DPP and 15 g of m-cresol. The reaction was 
carried out as described in (i). The polymer obtained was worked 
up as usual. [ ~ j ]  = 14.3 dL/g (25 OC, 0.1 mol % DCP/m-cresol). 
FT-IR (free-standing film, cm-I): 3057, 3030, 2960, 1586, 1575, 
1539,1488,1460,1357,1235,1181,1065,1015,828,771,701,588. 

Attempted Polymerizations. (xvi) Poly(2,2’-( 1,2-acet- 
ylene)-6,6’-bis(4-phenylquinoline)) (PAPQ, 2f), Poly(2,2’- 
(lf-vinylene)-6,6’-bis( 4-phenylquinoline)) (PVPQ, 2e), Poly- 
(2,7-( 1,2-acetylene)-4,9-diphenyl- 1,6-anthrazoline) (PADA, 
3f), and Poly(2,7-( 1,2-vinylene)-4,9-diphenyl-l,6-anthrazo- 
line) (PVDA, 3e). Equimolar amounts (1.27 mmol each) of 
appropriate bis(amino ketone) and bis(ketomethylene1 monomers 
were dissolved separately in 5 g of m-cresol and added to the 
reaction medium containing 12 g of DCP. The reaction was 
purged with argon and stirred for 15 min at room temperature 
before raising the temperature in steps to 140 OC. Thereafter 
the procedure was followed as described in (i). 

Characterization. Intrinsic viscosity of the polymers was 
measured using dilute solutions in the range 0.05-0.2 g/dL in 0.1 
mol % DCPim-cresol at 25 OC. The FT-IR spectra of the free- 
standing polymer films were recorded on a Nicolet FTIR 
spectrometer. In the case of polymers where good quality free- 
standing films could not be fabricated (Le. polymers with low 
intrinsic viscosity), they were powdered and blended with KBr 
to make compressed pellets which were then used to obtain FT- 
IR spectra. IH NMR spectra were obtained on a GE 300-MHz 
NMR spectrometer. Elemental analyses of the monomers and 
polymers were done by Quantitative Technologies, Inc. (White 
House, NJ). Optical absorption spectra of the polymer thin films 
were obtained from thin coatings of the polymers on fused-silica 
substrate on a Perkin-Elmer UV/vis/near-IR spectrophotometer 
(Model Lambda 9). Similarly, solution spectra of polymers were 
obtained by using dilute solutions of polymers inO.1 mol % DCP/ 
m-cresol solvent. Thermal analyses of pressed polymer powder 
or films were performed on a du Pont Thermal Analyst 2100 
equipped with a 951 thermogravimetric analyzer (TGA). Liquid 
crystalline phases in polymer solutions were determined by 
viewing a thin film of solution sheared between a microscope 
glaw slide and a cover slip under a cross-polarized Olympw optical 
microscope (Model BHS) fitted with a Polaroid camera. Con- 
centrated solutions of polymers (>5 w t  %) in DCPlm-cresol 
(1:3) were obtained by heating the polymer-solvent mixture in 
an oil bath a t  135 O C  for 4-6 h. The solutions were occasionally 
stirred during heating to obtain a homogeneous polymer con- 
centration throughout the solution. 
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Scheme I 

1 7  

Scheme I1 

Br G 8 - C H 3  s + (CH3)3Sn-Sn(CH3)3 

15 

Results and Discussion 
Monomer Synthesis. Thiophene-containing mono- 

mers, 5,5’-diacetyL2,2’-bithiophene (16), 1,2-bis(S-acetyl- 
24hienyl)acetylene (16), and 1,2-bis(5-acetyl-2-thienyl)- 
ethylene (17), were prepared using a coupling chemistry 
based on tetrakis(triphenylphosphine)palladium(O) cat- 

The coupling was carriedout between 2-acetyl- 
5-bromothiophene and an appropriate hexaalkylditin 
compound. In the case of 1,2-bis(5-acetyl-2-thienyl)- 
ethylene (17), 1 mol of bis(tri-n-butyletannyl)vinylene% 
was coupled with 2 mol of 2-acetyl-5-bromothiophene in 
dry toluene (Scheme I). 5,5’-Diacetyl-2,2’-bithiophene (15) 
was synthesized by coupling 2 mol of 2-acetyl-5-bro- 
mothiophene with 1 mol of hexamethylditin (Scheme 11). 
Compared to the reported method in the literature% for 
the preparation of 5,5‘-diacetyl-2,2‘-bithiophene, the cou- 
pling Scheme I1 gave the pure product in higher yield 
(67% versus 55%) in our hands. Also, the product so 
received was much easier to purify to monomer grade than 
the literature method. Synthesis of 1,2-bis(5-acetyl-2- 
thieny1)acetylene (16) has been described earlier.21 How- 
ever, the yield was improved from 22% to 65% by using 
an improved procedure. In this synthesis, toluene was 
used as the reaction medium instead of tetrahydrofuran 
and a solution of bis(tri-n-butylstanny1)acetylene in tol- 
uene was added dropwise to a refluxing reaction mixture 
consisting of a solution of 2-acetyl-5-bromothiophene and 
palladium(0) catalyst in toluene. It was found that a 
reaction time of less than 8 h was sufficient to complete 
the coupling in all of the above reactions. In general, no 
efforts were made to optimize the reaction conditions for 
better yields. 2,5-Diacetylthiophene (14) was synthesized 
using the method of Potta et aLU The product was purified 
to monomer grade using active charcoal treatment followed 
by recrystallization. 

Hex-3-ene-2,5-dione (13) was synthesized using the 
method of Levisalles.22 The crude product was purified 
by treating ita solution in boiling cyclohexane with active 
charcoal followed by recrystallization from cyclohexane. 
Hex-3-yne-2,5-dione (12) was synthesized using the im- 
proved method of Dunn and The product was 
recovered by distillation at 85 *C/lO mmHg from the 
mixture of side products and reactants and was found to 
be highly sensitive to temperature and air. When left at 
room temperature, it changed rapidly from a colorless 
liquid to a thick brown gel. 
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Scheme I11 
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Chart IV 
B F :  

1 H 3 C - C e - C H 3  

Scheme IV 

P F I  
+ H&-C- R-C -CH, 

Q 
DCP/m-cresol 
140 OC, 24-48 h, argon 
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W 
Polymer Synthesis. A reaction scheme similar to the 

one described in the literaturesJ for phenylated polyquin- 
olines and polyanthrazolines was used to synthesize the 
new polymers. This synthetic approach, which is depicted 
by Schemes I11 and IV, allows facile modification of the 
*-conjugated polymer backbone with a proper choice of 
monomers. Since the functional groups ketomethylene 
(B) and aminoketone (A) of the monomers used in the 
polymerization condense to form a quinoline (or an 
anthrazoline) unit, the structural differences from one 
monomer to another appear as the variations in the linking 
groups between the quinoline (or anthrazoline) units in 
the polymer chain. This flexibility facilitates a systematic 
investigation of the structure-property relationships 
within the confinements of a single class of polymer. A 
systematic series of polyquinolines (2) was synthesized 
using Scheme 111, where a series of bis(ketomethy1ene) 
(B-B) monomers (Chart IV) was polymerized one by one 
with 3,3'-dibenmylbenzidine (18) to structurally vary the 
linking group between quinoline units of the polymers. 
Similarly, polyanhamlinea were synthesized using Scheme 
IV where the same set of bis(ketomethy1ene) (B-B) 
monomers (Chart IV) was used to generate another 
systematic series of polyanthrazolines (3). The polymers 
shown in Chart I have been designed to vary the confor- 
mation of the conjugated polymer backbone in acontrolled 
and predictable manner. Due to the expected varying 
degree of planarity of these structures, the *-electron 
delocalization and hence the electronic properties are also 
expected to vary in a predictable way. Results of the 
investigation of the linear optical properties of this series 
of polymers agree well with these intuitive expectations. 
For example, a bathochromic shift of 64 nm in A,, and 
a reduction of -0.35 eV in band gap (Eg) was observed 
while going from PBPQ (2a) to PSDA (3d). A detailed 
description of the linear optical properties of the polymers 
in Chart I has been reported earlier.17 

The polymers in Chart I1 are thiophene-linked polyquin- 
olines and polyanthrazolines. Within the series, structures 

0 ? 
8 H3C-C-E -CH3 

9 H3C-:-C -CH3 
? 0 

9 fl 
C-CH, 1 0  H&-C 

are again designed to produce a varying degree of *-electron 
delocalization. However, the polymers in Chart I1 were 
also synthesized in order to study the effects of thiophene 
linkages (2h-2k, 3h-3k) in comparison to phenylene 
linkages (polymers in Chart I 2a-2d, 3a-3d) in conjugated 
polymer chains. The optical properties of the thiophene- 
linked polymers will be discussed in detail under a separate 
section. 

Random copolymerization provides a unique way of 
modifying the structure, morphology, and properties of a 
polymer system. Three random copolymers (4-6) were 
synthesized by reacting 0.5 mol each of two bis(keto- 
methylene) (B-B) monomers with 1 mol of bis(amino 
ketone) (A-A) monomer. Since all of the polymers were 
obtained in essentially quantitative yield (>95%), the 
molar ratio of the two polymer segments in the copolymers 
is expected to be 1:1, which is the same as the ratio of the 
two bis(ketomethy1ene) (B-B) monomers used in the 
polymerization. 

All the polymers were obtained with high intrinsic 
viscosity except for a few polymers, for example PPQ (l), 
PDMDA (3g), and PTDA (3h). The intrinsic viscosity of 
the polymers in Charta I and I11 was in the range of 0.87- 
31.3 dL/g and that of the polymers in Chart I1 was 1.2- 
11.5 dL/g (Table I). The low intrinsic viscosity of PPQ, 
PDMDA, and PTDA is the result of either low monomer 
purity or unsuitable reaction conditions used in their 
polymerization. Since Mark-Houwink coefficients for 
conjugated rigid-rod polyquinolines or polyanthrazolinee 
are not available, we are unable to provide estimates for 
the molecular weight of these polymers. However, light- 
scattering experiments done on one of the phenylene- 
linked polyquinolines PBPQ (2b) gave a molecular weight 
of 370 OOO for an intrinsic viscosity of 20dL/g.27 Therefore, 
the high intrinsic viscosity values obtained for the 
polyquinolines and polyanthrazolines suggest that the 
polymers are of high molecular weight. The relatively 
lower intrinsic viscosity of thiophene-linked polymers does 
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Table I 
Properties of the Polyquinolines and Polyanthrazolines 

thermal A, E,  A, 
[SI" stabilityb (film) (film) (soln)* 

polymer (dL/g) ("C) (nm) (eV) (nm) loge  
1 PPQ 0.95 580 410 2.65 389 4.16 
2a PPPQ 18.5 590 398 2.78 405 4.63 
2b PBPQ 8.5 600 394 2.81 429 4.83 
2c PBAPQ 8.9 600 399 2.72 436 4.86 
2d PSPQ 31.3 580 408 2.65 467 4.88 
2g PDMPQ 9.3 575 370 3.01 389 4.68 
3a PPDA 3.05 590 443 2.47 442 4.49 
3b PBDA 6.85 600 414 2.56 484 4.67 
3c PBADA 7.65 590 426 2.57 490 4.65 
3d PSDA 30.3 585 448 2.46 547 4.78 
3g PDMDA 0.87 560 404 2.7 431 4.62 
2h PTPQ 10.5 590 441 2.49 493 4.78 
2i PBTPQ 11.5 590 468 2.33 546 5.06 
2j PBTAPQ c 415 469 2.26 567 c 
2k PBTVPQ 6.2 515 484 2.23 578 5.00 
3h PTDA 1.2 565 498 2.17 572 4.49 
3i PBTDA 2.3 600 520 2.07 659 4.90 
3j PBTADA 4.4 415 525 2.0 709 4.72 
3k PBTVDA 4.4 510 532 2.0 694 4.85 

Solutions made in 0.1 mol '% DCP/m-cresol. Decomposition 
temperature determined by TGA at 10 Wmin under Nz. Polymer 
not completely soluble. 

not mean that these polymers are of lower molecular weight 
than the phenylene-linked polymers. Since thiophene 
linkages are expected to be more flexible compared to 
phenylene linkages, high molecular weight thiophene- 
linked polymers may show lower intrinsic viscosity than 
phenylene-linked polymers of similar molecular weight. 

The synthesis of six polymers (1,2a, 2b, 2d, 3a, 3b) in 
Chart I has been previously reported in the literature.9J1J3 
These polymers were also synthesized for the preaent 
study. Most of these polymers were obtained with higher 
intrinsic viscosity than reported earlier.7y9J1J3 The higher 
intrinsic viscosity of these polymers than those reported 
in the literature may be in part due to the higher purity 
of monomers y d  in their polymerization in our hand. 
The synthesis of the polyanthrazolines PPDA and PBDA 
(3a, 3b) was modified by using di-m-cresyl phosphate/ 
m-cresol as the polymerization medium. This modifica- 
tion, which was also suggested but not experimentally 
carried out by Stille,7 resulted in a significant increase in 
the molecular weight of these polyanthrazolines. Com- 
pared to previous results,ll the intrinsic viscosity of PPDA 
and PBDA increased from 0.37 to 3.05 dL/g and 1.24 to 
6.85 dL/g, respectively. In our study, all polyanthrazolines 
synthesized in DCPlm-cresol or DPPlm-cresol, in contrast 
to those reported in the literature, were obtained with 
much higher intrinsic viscosity. 

In some cases, for example the synthesis of PPPQ, 
PPDA, PDMPQ, PDMDA, PSPQ/PBAPQ, and PBTDA, 
diphenyl phosphate (DPP)lm-creaol was used successfully 
in place of di-m-cresyl phosphate (DCP)lm-cresol as the 
polymerization medium. The high yields and high intrinsic 
viscosities obtained for these polymers suggest that 
catalytic activity of DPP is similar to that of DCP. For 
example, polymerization of PPPQ in DPP/m-cresol gave 
an intrinsic viscosity of 18.5 dL/g, which is comparable to 
that reported for PPPQ synthesized in DCPlm-cresol. The 
commercial availability of DPP makes it an attractive 
alternative to DCP as the polymerization medium for the 
synthesis of polyquinolines and polyanthrazolines. Poly- 
mers with phenylene linkages (Charta I and 1111, whether 
synthesized in DPPlm-cresol or DCPlm-cresol, were all 
received with high molecular weight. However, thiophene- 

4 6 8  

'nilromclhme~d) iNM) 

Figure 1. 'H NMR spectrum of PDMPQ (2g) in GaCW 
nitromethane-da. 

linked polymers (Chart 11) were obtained with higher 
intrinsic viscosities when synthesized in DCPlm-cresol 
compared to DPPlm-cresol. 

The new polymers were characterized by Fourier 
transform infrared (FT-Et) spectroecopy, elemental anal- 
ysis, and thermogravimetric analysis. The complete 
disappearance of bands characteristic of the carbonyl 
groups of the monomers and appearance of new strong 
bands between 1400 and 1600 cm-l in the ET-IR spectra 
of the polymers confi ied completion of the cyclization 
reaction forming quinoline or anthrazoline rings. A listing 
of the main IR bands of the new polymers and the resulta 
of the elemental analyw are reported in the Experimental 
Section. The FT-Et spectra were consistent with the 
p r o p o d  polymer structures. The analytical results were 
also consistent with the structure. However, a small 
difference in carbon content was observed in the elemental 
analysis of all samples and is similar to that seen for other 
polyquinolines and polyanthrazolinea reported in the 
literature.s-11J3-15b It is characteristic of thermally stable 
polymers with high carbon content to give lower exper- 
imental values by 2-3 wt  %. 

In order to unambiguously verify the polymer s t r u m  
shown in Charta I-III, diphenylmethane-linked polymers 
PDMPQ and PDMDA were characterized by NMR 
spectroscopy. Figures 1 and 2, respectively, ahow the lH 
NMR spectra of 1-1.3 wt % of PDMPQ and PDMDA in 
GaCWnitromethane-d3 from a 300-MHz spectrometer. 
The 13C NMR spectra chemical shifts of the same polymers 
are presented in Table 11. Surprisingly, excellent proton 
resonances and splittinga and their correct integration 
signals can be observed in the 'H NMR spectra for all the 
p " a  in the polymer repeat units shown in Chart I. 
When an aesignment of signals (Figures 1 and 2 and Table 
11) was made by empirically eetimatingB the values of 
proton and carbon shifte, am excellent agreement wm found 
between the calculated and the observed values which 
further confirmed the proposed structures (Chart I) of 
PDMPQ and PDMDA. The somewhat larger difference 
between some of the calculated and erperimental 'W ahifta 
of PDMDA is becauee of the errors incuned in calculating 
13C shifta of an anthrazoline ring. Since we could not find 
any 13C NMR spectrum of anthrazoline in the literature, 
the 13C shifta of an anthrazoline ring were eatimatad by 
adding the effect of nitrogen to the experimental valuea 
for an anthracene ring, and the effect of nitrogen was 
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lymerization schemes. These monomers were found to be 
unstable in the polymerization medium even at room 
temperature and appeared to undergo self-condeneation. 
Attempted polymerization of these monomers with 3,Y- 
dibenzoylbenzidme (18) or 2,5-dibenzoyl-l,4-phenylene- 
diamine (19) did not give any product on precipitation of 
the polymerization dope in the usual noneolvent mixture. 
Thus, all attempts of obtaining polymers 2e,2f, 3e, and 
3f in Chart I proved unsuccessful. 

Thermal Properties. Polyquinolines and polyanthra- 
zolines are highly thermally stable polymers with thermal 
transitions (glass transition and melting point) occurring 
at temperatures greater than 250 OC.'14' The decompo- 
sition temperature as determined by thermogravimetric 
analysis of the polymers under nitrogen at 10 OC/min was 
found to be generally greater than 550 OC (Table I). 
Surprisingly, the diphenylmethane-linked nonconjugated 
polymers, PDMPQ and PDMDA, were also found to be 
stable above 550 OC. However, a lower thermal stability 
(415-500 OC) was exhibited by polymers containing 
dithienylacetylene or dithienylvinylene linkages. The 
polymers with dithienylvinylene linkage (PBTVPQ and 
PBTVDA) showed an onset of decomposition at about 
510 OC and the polymers with dithienylacetylene linkage 
(PBTAPQ and PBTADA) startad decomposing at about 
415 OC. The lower decomposition temperature of these 
polymers is attributable to the lower thermal stability of 
the dithienylvinylene or dithienylacetylene linkages in 
them. However, their thermal stability is st i l l  sufficiently 
high for their use as thermally stable materials. 

Solubilization and Solution Procerring. Solutions 

easily obtained in organic solvents by using the approach 
of complexation-mediated so lubi l iza t i~n .~~~~ Pure DPP 
(melt), DCP/m-cresol, DPPlm-cresol, GaCUnitmmethane, 
and DPP/nitromethane are some of the solvent systems 
successfully used to obtain solutions with a wide range of 
polymer concentations. Some other combinations of 
complexing agents and organic solvents have also been 
studied and found effective in dissolving many of the 
po1yq~inolines.l~ Polymer concentrations in excess of 15 
wt % could be readily dissolved in 25% (w/w) DCP (or 
DPP)/m-cresol by heating the polymer-solvent mixture 
at 135 OC for 4-5 h and then cool i i  it to room temperature. 
At such high concentrations, most of these conjugated 
polyquinolines and polyanthrazolines exhibit lyotropic 
liquidcryatallinephaeee,and hence arecategorizedasrigid- 
rod polymers. As an example, Figure 3a shows a photo- 
graph of a liquid crystalline phase in a 15 wt % solution 
of PTPQ in DCP/m-cresol (1:3) seen under a cross- 
polarized microscope a t  a magnification of 370X. Another 
photograph in Figure 3b shows the liquid crystalline phase 
in a 14.4 wt % solution of PSDA in DCP/m-cresol (1:3) 
under similar conditions. The liquid crystalline phases 
appeared as opaque regions in thin films of the polymer 
solutions sheared between two glass plates. These me- 
sophase regions disappeared as the thin films of the 
solutions were heated on a hot plate and reappeared when 
cooled down. The photographs were taken only when the 
liquid crystalline regions were found to reappear after a 
thermal treatment, as described above. This procedure 
ensured that the textures (Figure 3) seen under the c m -  
polarizere of an optical microscope were in fact due to 
lyotropic liquid crystalline phases and not because of shear- 
induced polymer chain alignment. Some much weaker 
textures were observed when the polymer chains were 
aligned by shearing. However, such textures dieappeared 
when polymer chains were allowed to relax either by heat- 

of polyquinolines and p o l y ~ t h r ~ l i n e ~  (Charte I-III) 

r 

*nltrometbme.d~ (NM) 

Figure 2. 'H NMR spectrum of PDMPA (3g) in GaCW 
nitromethane-d,. 

Table I1 
Carbon-I3 Shifts for PDMPQ and PDMDA 

13 
PDMDA n 1 2  PDMFQ 

8 7  

R' = 

carbon calcd OM carbon calcd obed 
1 163.8 160.6 1 
2 118.8 122.2 2 
3 149.5 153.9 3 
4 126.4 126.3 4 
5 126.6 126.4 5 
6 139.6 138.2 
7 128.3 129.5 
8 129.8 134.6 
9 147.9 153.8 9 
10 141.6 140.0 10 
11 129.6 131.0 11 
12 128.9 129.9 12 
13 129.7 131.1 13 
14 141.6+ 147.3 14 
15 127.6 129.0 15 
16 126.9 128.9 16 
17 136.8 135.2 17 
18 121.7 18 

163.3 
118.3 
149.8 
127.8 
127.9 

147.6 
141.6 
129.6 
128.9 
129.7 
l41.6+ 
127.6 
126.9 
136.8 

160.3 
123.4 
157.8 
129.6 
129.9 

148.6 
134.4 
131.2 
130.0 
131.2 
136.4 
128.6 
128.1 
131.8 
121.4 

calculated by comparing the experimental I3C shifts for 
a quinoline ring with that of a naphthalene ring. The 
carbon shift for - C H r  in 13C NMR of both polymers has 
been assigned at -121 ppm (Table 11). The solution 
optical absorption spectra of PDMPQ and PDMDA 
suggest that the polymers are quite coplanar in solution 
and have a reasonable degree of *-electron delocalization. 
This delocalization may give single bonds connecting 
- C H r  some degree of double bond character which may 
result in a downfield shift of the carbon resonance. Also, 
unlike the spectra of diphenylmethane, we do not observe 
any signal at around 42.1 ppm. Therefore, the additional 
signal seen at -121 ppm, which corresponds to the 
chemical shifts shown by alkene carbons, is likely to be 
due to the - C H r  carbon. 

The monomers hex-&ene-2,&dione (13) and hex-3-yne- 
2,&dione (12) could not be polymerized with any of the 
bis(amino ketone) (A-A) monomers using the above po- 
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Figure 3. (a) Optical micrograph of the liquid crystalline phase 
in a 15 wt % PTPQ in DCPlm-cresol(1:3) as seen under a croea- 
polarized microscope at a magnification of 370X. (b) Optical 
microeraoh of liouid cmtalline nhase in a 14.4 wt 9% PSDA in 
DCPlh-&esol (1% as seen under a cross-polarized microscope 
at a magnification of 370X. 

ing the solution films or by letting them stand overnight. 
Dilute solutions of polyquinolinea and polyanthmmlinen 

were used to spin coat thin films on substrates or to cast 
free-standing uniform films on a variety of frames. The 
coatings of polymerwmplex solutions were vacuum dried 
and then regenerated to the pure polymer films by 
precipitating them in a mixture of a weak base and a 
nonsolvent (e.g. 10% (v/v) triethylamine-ethanol). The 
methods of preparing polymer solutions and their prc- 
cessing into uniform, good quality films have been 
described in detail elsewhere." The films of the pure 
polymers were shown to be free of compledng agents by 
various spectroscopic techniques, for e.g., UV/vis spec- 
troscopy, FT-IR spectroscopy, and thermcgravimetric 
analysis. 

Optical Properties. The optical absorption spectra 
of thin films of the thiophene-linked polymers (Chart 11) 
are shown in Figures 4-7 in comparison to the phenylene- 
linked polymers. It should be noted that the optical 
properties of the polymers shown in Charta I and 111 have 
been discussed in detail in a recent article." Therefore, 
optical absorption spectra of thin films of only PBPQ and 
PBDA in addition to those of thiophene-linked polymers 
have been included in Figures 4 and 5, respectively, to 
facilitate comparison between phenylene-linked and 
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2. PBTPO 

3. PBTAPO 

4. PBTVPO 
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1. Optical abrption spectra of thin f h  of PBPQ 
TpB (2i). PBTAPQ (Y), and PBTWQ (2k). 
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Fignra 6. Optical absorption spectra of thin f h  of PBDA 
(3b). PBTDA (30, PBTADA (3j). and PBTVDA (3k). 
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Figure 6. Optical abrption spectra of thin f h  of PPPQ 
(Za) and PTPQ (2h). 

thiophene-linked polymers. However, some of the im- 
portant optical properties of all the homopolymers are 
compiled in Table I for easy comparison. As can be seen 
from Figures 4 and 5, replacement of the biphenyldiyl 
linkage with bithiopbene linkage has resulted in a sig- 
nificant red shift of the absorption spectra (A,) of the 
polymers. The A,, has increased by about 74 nm from 
PBPQ to PBTPQ. Similarly, a red shift of about 106 nm 
in A,, can be observed in PBTDA compared to PBDA. 
In both cases, when the biphenyldiyl linkage is replaced 
by the bithiophene linkage, the band gap is reduced by 
about 0.5 eV (Table I). Compared to the phenylene-liked 
polymers PPPQ and PPDA, the single thiophene-linked 
polymers PTPQ and PTDA have higher A,, values by 
about 45 nm and smaller band gaps by -0.3 eV (Figures 
6 and 7), respectively. Another difference between the 
optical absorption spectra of the two types of polymer 
seriesistheratioofoscillatorstrengthofthelowest energy 
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Figure 7. Optical absorption spectra of thin films of PPDA (3a) 
and PTDA (3h). 

transition to that of the higher energy transitions. In 
thiophene-linked polymers, this ratio is significantly higher 
compared to that seen in phenylene-linked polymers. 
These results clearly demonstrate that by reducing steric 
hindrance, the thiophene linkage provides a very planar- 
conjugated backbone in the polymers. Also, the possible 
delocalization of the lone pair electrons of the sulfur atom 
in a thiophene ring might contribute to a higher r-electron 
density in the thiophene-linked conjugated polymers of 
chart 11. 

Similar to the case of biphenyldiyl linked polymers17 
(Chart I), the introduction of an acetylene or vinylene 
group between the two thiophene units of a dithiophene- 
linked polymer was expected to facilitate further the 
a-electron delocalization. As can be seen from Figures 4 
and 5 and Table I, the value of A, is in the order PBTPQ 
< PBTAPQ < PBTVPQ < PBTDA < PBTADA < 
PBTVDA and the band gap is in the order PBTPQ > 
PBTAPQ > PBTVPQ > PBTDA > PBTADA > PBTVDA 
in support of the above expectations. Another noteworthy 
point is the effect of the anthrazoline unit in polyanthra- 
zolines versus the bis(quinoline) unit in polyquinolines. 
Steric hindrance provided by the ortho hydrogens adjacent 
to the single bond connecting the two quinoline rings in 
a bis(quino1ine) unit forces the polymer segments to be 
noncoplanar, thereby significantly reducing ?r-electron 
delocalization along the conjugated backbone. However, 
due to the three fused ring structure of anthrazoline, the 
steric hindrance in this region is eliminated in the 
polyanthrazolines. Therefore, compared to the polyquin- 
olines (PQ series), polyanthrazolines (DA series) with the 
same linking group show higher Am, and smaller band 
gap. 

If thiophene-linked polyquinolines are considered as 
alternating copolymers of the basic polyquinoline PPQ 
(1) and poly(2,5-thiophenediyl) (PT), the optical properties 
of the thiophene-linked polyquinolines may be expected 
to be the molar average of the properties of the constituent 
homopolymers PPQ and poly(2,Mhiophenediyl). One test 
of this hypothesis is that the Am, (or optical band gap) 
should scale linearly (or inversely) with the mole fraction 
of thiophene moieties in the r-conjugated repeat unit of 
the polymers. For example, Am, should increase linearly 
from PPQ through PTPQ and PBTPQ to the pure poly- 
(2,5-thio~henediyl)~~ (Am= - 480 nm). However, the plot 
in Figure 8 suggests otherwise. The Am, values for PTPQ 
and PBTPQ deviate significantly from the straight line 
joining the Am, of the constituent homopolymers PPQ 
and PT. This observation suggests that the electronic 
properties of a block copolymer such as PTPQ, PBTPQ, 
and others in Charta I and I1 cannot be estimated by a 
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Figure 8. Plot of Am= versua the fraction of double bonds present 
as thiophene units in a polymer repeat unit of PPQ (l), PTPQ 
(Zh), PBTPQ (Zi), and poly(thiophene-2,5-diyl) (PT). 
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Figure 9. Solution optical absorption spectra of PBPQ (Zb), 
PBTPQ (Zi), PBTAPQ (Zj), and PBTVPQ (Zk) in 0.1 mol 7% 
DCP/m-cresol. 

simple mathematical interpolation of the properties of 
the constituent homopolymers. The main reason for this 
is that chain microstructure such as shown in a block 
copolymer can completely alter the electronic structure of 
the materials from those of ita constituent homopolymers. 
The results of the Am, and band gap values of the 
thiophene-linked polyanthrazolines (Table I) also show 
that the optical properties of the block copolymers can be 
as good or better than those of the best homopolymers, in 
this case polythiophene. It has been suggested from 
theoretical calculations on periodic conjugated block 
copolymers that the band gap and electronic states of such 
copolymers are controlled more by the contributions from 
the moieties of the lower band gap homopolymer than the 
one with the higher band gap.30 Our experimental results 
seem to support such a theoretical argument. 

The solution optical absorption spectra of the polyquin- 
olines and polyanthrazolines in 0.1 mol % DCPim-cresol 
are presented in Figures 9 and 10. Again, compared to the 
phenylene-linked polymers (PBPQ, PBDA, PPPQ, and 
PPDA), the thiophene-linked polymers (PBTPQ, PBTDA, 
PTPQ, and PTDA) exhibit a dramatic red shift of the 
Am=. For the same set of polymers, these bathochromic 
shifts are stronger in solutions than in solid-state films. 
Also, compared to the thin films of the polymers, their 
solutions in DCPlm-cresol show a much higher Am=. The 
explanation lies in the fact that in solution, the nitrogen 
atom of the heterocyclic ring forms an acid-base complex 
with di-m-cresyl phosphate, i.e. by protonation, giving a 
more planar polymer backbone c~nformation.~~Jl These 
solution optical spectra also confirm the systematic trends 
seen in the variation of thin film optical spectra with 
molecular structure. 



904 Agrawal and Jenekhe 

- 3. PBTADA 
-- 4. PBTVDA 

Macromolecules, Vol. 26, No. 6, 1993 

of new electronic materials which deserve further inves- 
tigation and development for electronic, optoelectronic, 
and nonlinear optical applications. This series of conju- 
gated polyquinolines and polyanthrazolines ale0 constitute 
excellent model systems for investigating structure 
property relationships with respect to the electronic, 

photoconductive,m and nonlinear op- 
t icaP properties of conjugated polymers. 
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Figure 10. Solution optical abaorption spectra of PBDA (3b), 
PBTDA (31), PBTADA (3j), and PBTVDA (3k) in 0.1 mol '?6 
DCP/m-cresol. 

Conclusions 

A series of new conjugated rigid-rod polyquinolines and 
polyanthrazolines have been synthesized by using a 
synthetic scheme based on the acid-catalyzed Friedlander 
reaction. Of particular significance is the result that, 
compared to the literature method, the polymerization of 
polyanthrazolines in diary1 phosphatslm-cml gave poly- 
mers with significantly higher intrinsic viscosity. Also, it 
was found that the commercially available diphenyl 
phosphate (DPP) can be used as the polymerization 
medium for the synthesis of conjugated polyquinolines 
and polyanthrazolines instead of di-m-cresyl phosphate 
(DCP) which was difficult to synthesize and purify. All 
of the polymers were obtained with high intrinsic viscosity 
and high thermal stability and were easily processable to 
free-standing films and coatings by using the approach of 
reversible complexation-mediated solubilization in organic 
solventa. The polymers could be dissolved in high enough 
concentrations (>15 wt  7%) to exhibit lyotropic liquid 
crystdine phases. By careful manipulation of the struc- 
tures of the monomers used in the polymerization reaction, 
a systematic variation in the polymer backbone structure 
was obtained. These structural variations, achieved 
through incorporation of different linking groups between 
bis(quinoline) or anthrazoline rings in the polymer repeat 
unit, translated into a varying degree of planar confor- 
mation of the polymers, m evidenced by the varying degree 
of r-electron delocalization, In order to establish and 
compare the effects of thiophe versus phenylene moieties 
on the electronic structure of conjugated rigid-rod poly- 
mers, both phenylene- and thiophene-linked polymers were 
synthesized. 

A comparative study of the optical absorption spectra 
of the thiophene-linked polymers (Chart 11) and the 
phenylene-linked polymers (Chart I) showed that the 
thiophene moieties can, by inducing changes in the chain 
conformation and density of delocalized r-electrons, 
significantly improve the r-electron delocalization along 
the polymer backbone. Thus, by replacment of a phen- 
ylene linkage with a thiophene linkage of a similar 
molecular design, a dramatic red shift of the optical band 
gap by about 0.3-0.5 eV was observed. The present 
approach of molecular engineering has therefore allowed 
us to systematically tune the electronic structure and 
optical properties of the polyquinolines and polyanthra- 
Zolinea, producing mate- with semiconductor band gaps 
as small as 2.0 eV. The combination of ease of process- 
ability, good mechanical and thermal properties, and 
improved intrinsic electronic properties now qualifies the 
polyquinolinea and polyant~azolinea as an attractive class 

Acknowledgment. This research was supported by 
the National Science Foundation (Grant CHE-912-0001) 
and the Amoco Foundation. 

References and Notes 
Jenekhe, S. A., Ed. Macromolecular Host-Guest Complexes: 
Optical, Optoelectronic, and Photorefractiw Properties and 
Applications; Materials Research Society Proceedings, Mate- 
rials Research Society: Pittsburgh, PA, 1992; Vol. 277. 
(a) Bredas, J. L., Chance, R. R., Ede. Conjugated Polymeric 
Materiale: Opportunities in Electronics, Optoelectronics,and 
Molecular Electronics; Kluwer Academic Pubbhers: Dor- 
drecht, Holland, 1990. (b) Marder, S. R., Sob, J. E., Stucky, 
G. D., Eds. Materials for Nonlinear Optics: Chemical Per- 
spectives, American Chemical Society Waehington, DC, 1991. 
(a) Burroughes, J. H.; Bradley, D. D. C.; Brown, A. R.; Mark, 
R. N.; Mackay, K.; Friend, R. H.; Burne, P. L.; Holmes, A. B. 
Nature 1990,347,539. (b) Burn, P. L.; Holmes, A B.; Kraft, 
A.; Bradley, D. D. C.; Brown, A. R.; Friend, R. H.; Gymer, R. 
W. Nature 1992,356,47. 
Osaheni, J. A.; Jenekhe, S. A. Chem. Mater. 1992,4,1282-1290. 
(a) Jenekhe, S. A.; Johnson, P. 0.; Agrawal, A. K. Macromol- 
ecules 1989,22,3216-3222. (b) Jenekhe, S. A; Johnson, P. 0. 
Macromolecules 1990, 23, 4419-4429. (c) Roberta, M. F.; 
Jenekhe, S. A. Polym. Commun. 1990,31,215-217. 
(a) Stille, J. K.; Johneon, E. F.; Wolfe, J.; Winegardner, M. F.; 
Wratten, S. Org. Coat. Plast. Chem. 1973, 33, 127-131. (b) 
Beever, W. H.; Stille, J. K. J. Polym. Sci., Polym. Symp. 1978, 

Stille, J. K. Macromolecules 1981,14,870-880. 
(a) Wraeidlo, W.; Norris, S. 0.; Wolfe, J. F.; Katto, T.; Stille, 
J. K. Macromolecules 1976,9,512-516. (b) Wrasidlo, W.; Stille, 
J. K. Macromolecules 1976,9,505-511. (c) Norris, S. 0.; Stille, 
J. K. Macromolecules 1976,9,496-505. (d) Recca,A.; Garapon. 
J.; Stille, J. K. Macromolecules 1977,10,1344-1350. (e) Beever, 
W. H.; Stille, J. K. Macromolecules 1979,12, 1035-1038. (f) 
Upshaw, T. A,; Stille, J. K.; Droeke, J. P. Macromolecules 1991, 
24, 2143-2150. 
Sybert, P. D.; Beever, W. H.; Stille, J. K. Macromolecules 1981, 
14,493-502. 
Pelter, M. W.; Stille, J. K. Macromolecules 1990, 23, 2418- 
2422. 
I d ,  Y.; Johnson, E. F.; Katta, T.; Kurihara, M.; S u e ,  J. K. 
J. Polvm. Sci.. Polvm. Chem. Ed. 1976.13. 2233-2249. 

65,41-53. 

Ning,k. Y.; Mad&, P. B.; Sternbach; L.'H. J. Heterocycl. 
Chem. 1974,11, 107-111. 
Zimmerman, E. K.; Stille, J. K. Macromolecules 1986,18,321- 
327. 
Sutherlin, D. M.; Stille, J. K.; Alston, W. B. Macromolecules 
1986,19,257-266. 
(a) Tunney, S. E.; Suenaga, J.; Stille, J. K. Macromolecules 
1989,16,1398-1399. (b) Tunney, S. E.; Suenaga, J.; Stille, J. 
K. Macromolecules 1987,20,258-264. (c) Themans, B.; Andre, 
J. M.; Bredas, J. L. Solid State Commun. 1984,50,1047-1oM). 
Deniscvich, P.; Papir, Y. S.; Kurkov, V. P.; Current, S. P.; 
Schroeder, A. H.; Suzuki, S. Polym. Prepr. (Am. Chem. SOC., 
Diu. Polym. Chem.) 1983,24,33(3331. 
Agrawal, A. K.; Jenekhe, S. A. Chem. Mater. 1992,4,96104. 
(a) Otomo, A.; Mittler-Neher, S.; S eman, G. I.; Mehta, R; 
Lee,C.Y.-C.;Agrawal,A.K.;Jenekh$.A.FhaentedatCLEO, 
1992. (b) Mittler-Neher, S.; Otomo, A.; Stegeman, G. I.; Lee, 
C. Y.-C.; Mehta, R.; Agrawal, A. K.; Jenekhe, 5. A. Appl. Phys. 
Lett. 1993, 62, 116117. 
(a) Agrawal, A. K.; Jenekhe, S. A.; Vanherzeele, H.; Meth, J. S. 
Chem. Mater. 1991,3,766768. (b) Agrawal, A. K.; Jenekhe, 
S. A.; Vanheneele, H.; Meth, J. S. Polym. Prepr. (Am. Chem. 
SOC., Diu. Polym. Chem.) 1991.32 (3),124-126. (c) & a d ,  A. 
K.; Jenekhe, S. A.; Vanherzeele, H.; Meth, J. S. J. Phys. Chem. 



Macromolecules, Vol. 26, No. 5, 1993 

1992, S6, 2837-2843. (d) Agrawal, A. K.; Jenekhe, S. A,; 
Vanheneele, H.; Meth, J. S. Mater. Res. Soc. Proc. 1992,247, 
253-258. 

(20) Abkowitz, M. A.; Stolka, M.; Antoniadis, H.; Agrawal, A. K.; 
Jenekhe, S. A. Solid State Commun. 1992,83,937%41. 

(21) Agrawal, A. K.; Jenekhe, S. A. Macromolecules 1992,24,6806- 
8808. 

(22) Levisallea, J. Bull. SOC. Chim. Fr. 1967,997-1003. 
(23) Dunn, P. J.; Rees, C. W. J. Chem. SOC., Perkin Trans. 1 1987, 

1 K7Q-1 FiFId -"." 
(24) Potta, K. T.; Cipullo, M. J.; M i ,  P.; Theodoridis, G. J. Org. 

Chem. 1982,47,3027-3038. 
(25) Nesmeyanov, A. N.; Bohov, A. E. Dokl. Akad. Nauk SSSR 

1967, 174, 96. A catalytic amount of azobis(isobutyronitri1e) 
(AIBN) was added totheneat mixture of tri-n-butylth acetylide 
and tri-n-butyltin hydride. 

(26) Wynberg, H.; Logothetis, A. J. Am. Chem. SOC. 1966,78,1958- 
1961. 

(27) Stille, J. K.; Parker, A.; Tsang, J.; Berry, G. C.; Featherstone, 
M.; Uhlmann, D. R.; Subramoney, S.; Wu, W.-L. In Contem- 

Rigid-Rod Polyquinolinea and Polyanthrazolinee 901 

porary Topics in Polymer Science: Multiphaee Macromolecular 
Systems; Culbertaon, B. M., Ed.; Plenum Press: New York, 
198% Vol. 6, pp 43-60. 

(28) (a) Levy, G. C.; Lichter, R. L.; Neleon, G. L. Carbon-13Nuclear 
Magnetic Resonance Spectroscopy; John Wiley & Sone hc.: 
New York, 1980. (b) Jeffreys, J. A. D. J. Chem. Educ. 1979,56, 
806-809. 

(29) (a) Krieche, B.; Zagorska, M. Synth. Met. 1989,28, C2574262. 
(b) Tourillon, G. In Handbook of Conducting Polymers; 
Skotheim, T. A., Ed.: Marcel Dekker. Inc.: New York. 1986: 
Vol. 1, pp.293-360. (c) Chung, T.-C.; Kaufman, J. H.; He&&; 
A. J.; Wudl, F. Phys. Rev. B 1984,30,702-710. 

(30) Bakhshi, A. K.; Liegener, C.-M.; Ladik, J. Synth. Met. 1989,30, 

(31) (a) Yang, C.-J.; Jenekhe, S. A. Chem. Mater. 1991,3,878-887. 

(32) Agrawal, A. K.; Jenekhe, S. A. J. Phys. Chem., submitted for 

79-85. 

(b) Yang, C.-J.; Jenekhe, S. A. In ref 1, pp 189-196. 

publication. 


