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 Substituent Effects in the Electropolymerization of Aromatic Heterocyclic Compounds Robert J. Waltman,* A. F. Diaz, and Joachim Bargon IBM Research Laboratory, San Jose, California 95193 (Received: January 23, 1984)
 
 The electrooxidation of indole, substituted indoles, and thianaphthene yield semiconducting polymers with conductivities 10"2 ohm"1 cm"1. Substituents determine whether electropolymerization occurs or whether soluble products are formed. The relative importance of these pathways is dependent on the stability of the intermediate radical cation. The electronic effects induced by substituents are investigated by INDO molecular orbital calculations.
 
 of
 
 Introduction
 
 TABLE I: Cyclic Voltammetric Data of 0.5-2.0 µ
 
 The electrochemical synthesis of electrically conducting organic polymers, first described with polypyrrole,1,2 has proven important in allowing development of new polymeric materials with similar electrochemical and/or electrical properties. According to this approach, semiconducting polymers have been obtained from a wide variety of monomers which include thiophene,3"6 furan,5 carbazole,7,8 indole,5 azulene,8"11 and polyaromatic monomers such as pyrene and fluoranthene.12 The availability of these various polymers presents a unique opportunity to investigate the effect of substituents on the overall properties of these materials. In particular, as has been shown in a few isolated cases already, simple substituents placed strategically on the monomer moiety have allowed variations in the properties of various polymer films. For example, polypyrrole films which are substituted with alkyl groups in the 1-position of the monomer units electrooxidize anodic of polypyrrole by ca. 800 mV. As a result, these films are more oxygen stable.13 However, 1-alkyl-substituted films are less electrically conducting than the parent polypyrrole, an effect attributed to steric constraints imparted by the bulky substituents. For example, while polypyrrole has an electrical conductivity of ca. 100 ohm"1 cm"1, 1-methyl, 1-ethyl, or l-/z-propyl polypyrroles have conductivities of only 10"3 ohm"1 cm"1.13 Whereas these 1-substituents reduce the electrical conductivity of polypyrrole dramatically,13 electron donor or acceptor substituents can improve the overall conductivity of other polymer films. For example, substitution of thiophene monomers with appropriate 3-substituents induce a “push-pull” effect on the -electrons of their respective polymers and change the electrical conductivity of the polymer.4 Thus, the electrical conductivity of poly(3-methylthiophene) is 100 times greater than that of polythiophene. In this series, only thiophene and 3-methylthiophene yielded self-supporting, semiconducting films. The 3-bromo- and 3-iodothiophene instead yielded granular deposits, and 3-thiophenecarboxylic acid, 3-cyano-, and 3-nitrothiophene produced only soluble products. In addition, it was observed that,
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 TABLE II: Elemental Composition and Electrical Conductivity (k) of Pressed Films of Polyindole and Polythianaphthene K,
 
 ohm'1
 
 compd
 
 indole indole-5-carboxylic acid 5-cyanoindole thianaphthene
 
 elemental composition
 
 cm"1
 
 C,.0H6.,3N0-9,(ClO4)0.34
 
 0.020 0.024 0.014 0.008
 
 C9 0H6-60NU02(C104)0,2S
 
 C9.ohs.2iNU94(C104)„é23 C8.oH5.35So.99(cl04)o.i6
 
 for a variety of 3-substituted thiophene monomers, the peak oxidation potentials correlated linearly with the redox potentials for
 
 (1) A. Dall’Olio, Y. Dascola, V. Varacca, and V. Bocchi, C. R. Acad. Sci., Paris, Ser. C, 267, 433 (1968). (2) A. F. Diaz, K. K. Kanazawa, and G. P. Gardini, J. Chem. Soc., Chem. Commun., 635 (1979). (3) A. F. Diaz, Chem. Ser., 17, 145 (1981). (4) R. J. Waltman, J. Bargon, and A. F. Diaz, J. Phys. Chem., 87, 1459 (1983). (5) (a) G. Tourillon and F. Gamier, J. Electroanal. Chem. Interfacial Electrochem., 135, 173 (1982); (b) F. Gamier, G. Tourillon, M. Gazard, and J. C. DuBois, Ibid., 148, 299 (1983). (6) S. Hotta, T. Hosaka, and W. Shimotsuma, Synth. Met., 6, 69 (1983). (7) J. F. Ambrose and R. F. Nelson, J. Electrochem. Soc., 115, 1159 (1968). (8) J. Bargon, S. Mohmand, and R. J. Waltman, IBM J. Res. Dev., 27, 330 (1983). (9) J. Bargon, S. Mohmand, and R. J. Waltman, Mol. Cryst. Liq. Cryst., 93, 279 (1983). (10) R. J. Waltman, A. F. Diaz, and J. Bargon, J. Electrochem. Soc., 131, 1452 (1984). (11) J. Bargon, S. Mohmand, and R. J. Waltman, to be submitted for publication. (12) R. J. Waltman and J. Bargon, to be submitted for publication. (13) A. F. Diaz, J. Castillo, K. K. Kanazawa, J. A. Logan, M. Salmon, and O. Fajardo, J. Electroanal. Chem. Interfacial Electrochem., 133, 233 (1982).
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 cm"3
 
 Indoles, Thianaphthene, and Benzofuran Monomers in 0.1 M TBAPC/Acetonitrile vs. SSCE
 
 the corresponding polymer.10 These data have been discussed before.10 However, it is important to point out that these substitutents decidely influence the anodic oxidation pathway of these
 
 monomers, and thus affect the overall properties of the polymer films. We have also found a similar substituent effect with indole derivatives, and in this study we report the effects of sustituents on the polymers derived thereof.
 
 Experimental Section
 
 All compounds were obtained from commercial sources. Electrochemical measurements of indole monomers were achieved in a three-electrode, single-, or two-compartment cell using platinum, gold, and a saturated sodium chloride calomel (SSCE) as the working electrode, counterelectrode, and reference electrode, respectively. All measurements were performed on an IBM EC225 voltammetric analyzer. The solutions typically contained 10"3-10"2 indole in 0.1 M tetrabutylammonium perchlorate (TBAPC)/acetonitrile solution. The acetonitrile (Burdick and
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 Jackson, spectrometric grade) was used as obtained without further ©
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 purification. The ESCA measurements were obtained with Hewlett-Packard 595ÓB ESCA spectrometer.
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 Results and Discussion
 
 Electrochemistry of Indole and Its Derivatives. Electrochemical data for indole and some substituted indole monomers derived from cyclic voltammetry are summarized in Table I. The n value for the oxidation reaction was estimated from the Nicholson and Shain treatment14·15 for a totally irreversible electron-transfer process, where D and a were assumed equal to 2 X 10~5 cm2 s"1 and 0.5, respectively. In general, the reaction of those monomers which produce polymers has an n value of about 2. These values are consistent with the n values obtained from elemental analysis (Table II) and constant-potential electrolysis, which are discussed below. The agreement is quite good considering that the peaks in the voltammograms are wider than the theoretical curves based on Nicholson and Sham’s equation.14 For example, for indole, the experimental curve is cathodic of the theoretical curve by ca. 100 mV at the foot of the peak and by 40 mV at half-height but coincides at the maximum. The cyclic voltammograms of all of the monomers show irreversible oxidation peaks, and many give rise to colored solutions on electrooxidation. Constant-potential electrooxidation of indole itself produces a light green solution, and at the anode surface, a green-black deposit is collected, as previously found by Nielsen et al.16 Of the substituted indoles investigated, 5-cyanoindole and indole-5-carboxylic acid yield the best films. These are blue to blue-black in color, and the electrooxidation proceeds cleanly with no coloration of the electrolyte solution. Yields of 0.87,0.77, and 0.46 mg/C, which correspond to 0.6, 0.5, and 0.4 mol/F, are obtained for indole-5-carboxylic acid, 5-cyanoindole, and indole, respectively. These data correspond to n values of 1.7, 2.0, and 2.5, respectively. These values are similar to those calculated from the Nicholson and Shain equation,14 as shown in Table I. Thus, the n value for indole is consistent with those of other monomers which undergo electropolymerization e.g., pyrrole ( = 2.3) or carbazole ( = 2.5), indicating that in all of the these systems the reaction involves approximately two electrons per monomer unit. The excess charge above = 2.0 is assumed to be involved in the partial oxidation of the polymer films. The lower n values obtained for 5-cyanoindole and indole-5-carboxylic acid are not consistent with the elemental analysis results which reveal that these polymers also contain counteranions and thus a fractional charge of ca. 0.25 (Table II). The polymeric deposits produced from all of the other indole derivatives are brittle like the parent polyindole, at least when obtained under these conditions. The electrical conductivities of pressed films of indole and some indole derivatives are shown in Table II. The electrical conductivity of the parent polyindole is considerably lower than that of polythiophene or of polypyrrole; however, it is similar to the value obtained for polyindole by Tourillon and Gamier.5 The polymers derived from 5-cyanoindole and indole-5-carboxylic acid exhibit conductivity values similar to that of the parent polyindole. The electrooxidation reactions of other heterocyclic compounds were also investigated. Thus, the sulfur analogue of indole, thianaphthene, electropolymerizes to yield a brittle, polymeric deposit. However, no polymer has been obtained from benzofuran, under any conditions tried thus far (Table II). Elemental Composition of Poly indoles. The elemental analyses indicate that the basic monomer unit and substituents are preserved in the polymer and that the polymers are oxidized to the extent of 0.16-0.34 per ring (Table II). The elemental analyses of the surface region of the films from 5-cyanoindole and thianaphthene were also obtained by ESCA analysis. The elemental ratios of (14) R. S. Nicholson and 1. Shain, Anal. Chem., 36, 706 (1964). (15) R. N. Adams, “Electrochemistry at Solid Electrodes”, Marcel Dekker, New York, 1964. (16) C. J. Nielsen, R. Stotz, G. T. Cheek, and R. F. Nelson, J. Electroanal. Chem. Interfacial Electrochem., 90, 127 (1978). (17) P. Zuman, “Substituent Effects in Organic Polarography”, Plenum Press, New York, 1967.
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 Figure 1. Electrochemical peak oxidation potential of substitued indole and thiophene monomers vs. their respective Hammett substituent constants. The monomers which electropolymerize are enclosed within the squares.
 
 C:N(or S):C1 agree well with the results from elemental analyses of the bulk material. However, ESCA results do reveal the presence of oxygen uptake at the surface, which is ca. 20-30% higher than that calculated from the elemental analysis data. Substituent Effects and Electropolymerization Aptitude. Indole, by a simple approach, can be considered as a hybrid between aniline and pyrrole. Since these two monomers both electropolymerize readily,2·18 it is not surprising that indole should behave similarly. However, its lack of symmetry makes extrapolation
 
 of its polymer structure difficult. If one compares indole with aniline, which polymerizes primarily via its, 1,4-positions, polyindole could be expected by analogy to be made up of monomer units with corresponding linkage sites, i.e., poly (1,5-indole).
 
 poly( 1,5-indole)
 
 poly (2,6-indole)
 
 poly(carbazole)
 
 Indeed, the analogous heterocyclic polymer obtained previously from carbazole shows such a “para” amino linkage site.7 Conversely, if indole is regarded as a modified pyrrole, then the typical reactivity pattern of pyrrole would be expected to result in a 2,4or 2,6-linkage pattern. In order to differentiate between these possibilities and in an attempt to identify the reactive sites of indole, a series of substituted indoles were investigated. We have found that polymers can be obtained from the electrooxidation of some indoles which have substituents present on the benzene ring. These include indoles with bulky substituents such as 5-chloro- or 5-bromoindole. However, when a methyl, cyano, or carboxylic acid group is on the five-membered ring, the indole derivatives do not electropolymerize (Table I). It is known that a strongly electron-withdrawing substituent such as a -COOR or -CN group at the 3-position of the five-membered ring can direct electrophilic substitution into the adjacent benzene ring.19 However, we have not been able to obtain any polymer, upon electrooxidation of 3-cyanoindole, under any of the conditions tried so far. Thus, the data obtained so far for indole suggest that the linkage sites occur (18) A. F. Diaz and J. A. Logan, J. Electroanal. Chem. Interfacial Electrochem., Ill, 111 (1980). (19) . H. Palmer, “The Structure and Reactions of Heterocyclic Compounds”, St. Martin’s Press, New York, 1967.
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 Open-Shell INDO Molecular Orbital Calculations of the Spin Densities of 5-Substituted Indole Monomer Radical Cations6
 
 Position3
 
 X=
 
 nh2
 
 OH
 
 ch3
 
 F
 
 H
 
 CN
 
 no2
 
 1
 
 0.0074
 
 0.0331
 
 0.0353
 
 0.0357
 
 0.0351
 
 0.0352
 
 0.0349
 
 2
 
 -0.0039
 
 -0.0123
 
 -0.0130
 
 -0.0132
 
 -0.0129
 
 -0.0130
 
 -0.0130
 
 3
 
 4
 
 0.0035 0.0097
 
 5
 
 0.0161 0.0053 0.0030
 
 0.0159 0.0049 0.0034
 
 0.0172 0.0053 0.0012
 
 0.0169 0.0051 0.0020
 
 0.0161 0.0052 0.0030
 
 -0.0022
 
 0.0138 0.0062 0.0042
 
 6
 
 0.0030
 
 -0.0055
 
 -0.0031
 
 -0.0039
 
 -0.0009
 
 -0.0018
 
 -0.0035
 
 7 8 9
 
 -0.0022
 
 0.0081
 
 0.0078
 
 0.0076
 
 0.0068
 
 0.0071
 
 0.0075
 
 (X)
 
 -0.0067 -0.0070 -0.0057 -0.0069 -0.0051 -0.0031 -0.0037 -0.0033 -0.0046 0.0004(F) 0.0299(N) 0.0024(0) -0.0018(C) 0.0049
 
 -0.0062 -0.0069 -0.0042 -0.0036 -0.0019(C) -0.0002(N) 0.0008(N)
 
 (a)
 
 6
 
 The geometry of indole
 
 was
 
 taken from Takigawa et al.23
 
 Standard bond lengths and bond angles
 
 were
 
 used for all substituents according
 
 to Pople and Gordon.24
 
 Figure 2. A possible structure of polyindole.
 
 away from the benzene ring, namely at the five-membered ring. Therefore, substituents on the benzene ring should only have an electronic but not a steric influence on the reactive radical cation. Hammett Correlation. In Figure 1, the peak oxidation potentials £pa of some 5-substituted indoles against their respective Hammett substituent constants20 are shown. While half-wave potentials or E° should be used in this treatment, only the £pa values are available for these irreversible reactions. However, the £pa values must be linearly related to E° for this series of closely related compounds. As with thiophenes,10 a linear correlation is obtained. Thus, electrooxidation of substituted indoles removes a -electron from the indole moiety, resulting in the formation of a delocalized cation. The linear correlation also suggests that steric effects in the electrooxidation step are not important. The positive slope indicates that as the substituents take on more electrophilic character, the substituted indoles become more difficult to electrooxidize. The slope obtained for the indole series (m = 0.56) is smaller than the slopes obtained for the thiophene series (m = 0.80), as shown in Figure 1, and for the aniline series, where m = 0.70.21 These data indicate a less pronounced substituent effect for the indoles, which can be attributed to its larger ir-structure as well as to the fact that the substituents are further removed from the the reactive center, i.e., on an adjacent benzene ring. (20) C. D. Ritchie, and W. F. Sager in “Progress in Physical Organic Chemistry”, Vol. 2, S. G. Cohen, A. Streitwieser, and R. W. Taft, Eds., Interscience, New York, 1964. (21) This slope was calculated with E° values taken from Tech. Chem. (MK), 5, 807 (1975).
 
 Considering the 5-substituted indoles, we observed electropolymerization with electron-withdrawing groups but not with the electron-donating groups, under the experimental conditions attempted thus far (Figure 1). The exceptions are the strongly destabilizing nitro substituent, which does not allow electropolymerization, and the weakly donating fluorine substituent, which allows electropolymerization. One explanation for this behavior is that, with more strongly electron-donating substituents such as a methyl or methoxy group, the indole radical cation intermediate becomes sufficiently stabilized to diffuse away from the electrode during its increased lifetime. The previously postulated tendency of the radical cations to undergo coupling reactions8 would thus become reduced in favor of reactions whereby the radical cation intermediates would be captured by nucleophiles or the solvent outside of the electrode surface region. Conversely, electron-withdrawing substituents such as a carboxylic acid or a cyano group allow indole to electropolymerize. This behavior is opposite to that observed for the thiophenes, whereby electropolymerization is suppressed by electron-withdrawing groups but proceeds if a donating methyl substituent is present. In the latter case, the conductivity of the polymer film is even improved 100-fold over polythiophene.4 Thus, the electropolymerization of indole and thiophene respond differently to substituents. Spin Density/Reactivity Correlation. In order to qualitatively investigate the “push-pull” effect of substituents on the indole radical cation with respect to stabilization effects, open-shell INDO molecular orbital calculations were performed.22 The results are summarized in Table III. The indole radical cation is characterized by high spin density at the 1- and 3-positions in the five-membered ring. The spin densities in the adjacent benzene ring are comparatively low. Delocalization of the unpaired spin into the benzo moiety of indole does not seem to be attractive, possibly because such resonance structures would require a loss (22) (a) J. A. Pople and D. L. Beveridge, “Approximate Molecular Orbital Theory,” McGraw-Hill, New York, 1970; (b) QCPE, No. 141 (1968). (23) T. Takigawa, T. Ashida, Y. Sasada, and M. Kakudo, Bull. Chem. Soc. Jpn., 39, 2369 (1969). (24) J. A. Pople and M. Gordon, J. Am. Chem. Soc., 89, 4253 (1967).
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 Radical cation diffuses away from electrode
 
 Nucleophilic substitution product
 
 indole, thianaphthene, thiophene, and pyrrole, we
 
 see
 
 that there
 
 is an optimum voltage range for the £pa values of the monomers that lead to polymer formation. These data are summarized in
 
 In particular, the monomers of Figure 3 which have in the range of ca. 1.2-2.1 V do generate polymer films under these conditions. Such a behavior can be explained in terms of the stability or reactivity of the radical cation intermediate in the region of the electrode surface. As shown in Scheme I, the fate of the radical cation intermediate (R+·) at steady state is either to react with the polymer electrode (kp), to diffuse away from the electrode (kd), or to react with solvent (SOH) or anions (X“) in the vicinity of the electrode surface (ks). Therefore, the fraction /p of the radical cation intermediate that gives rise to polymers is given by Figure
 
 Figure 3. The electrochemical potential range of 1-substituted pyrroles, 3-substituted thiophenes, 5-substituted indoles, and thianaphthene which give rise to polymers.
 
 of aromaticity of the six-membered ring. The indole radical cation accordingly be represented via the resonance structures
 
 can
 
 The high spin density at the 1- and 3-positions indentifies these as the reactive sites and thus also suggests that the monomer linkages in the polymer do occur in these same positions. When an electron-withdrawing group such as cyano is placed on the 5-position of the indole radical cation, the spin density remains essentially unchanged (Table III). 5-Cyanoindole would be, therefore, expected to electropolymerize just like the parent and does indeed. With a fluoro substituent, the spin density at the reactive 3-position is decreased, but it remains still high enough to allow electropolymerization. A weakly electron-donating group such as methyl does not alter the spin density of the indole radical cation appreciably from the fluoro substituent and, therefore, could be expected to allow electropolymerization. However, experimentally, semiconducting films are no longer obtained for methyl, methoxy, hydroxy, or amino substituents, under these conditions (Figure 1). Therefore, the lack of polymer film formation from 5-methylindole is somewhat surprising since the INDO calculations suggest otherwise. Possibly, the radical cation of 5-methylindole loses a proton from its methyl group and undergoes free radical reactions. On the other hand, with strongly electron-donating substituents such as hydroxy, the spin density at the 3-position is dramatically reduced and becomes almost equal in magnitude to the spin density of the adjacent 2-position. Simultaneously, the spin density on the nitrogen atom is also reduced, and delocalization of unpaired spin density into the benzo moiety is increased, leading to improved stabilization of the radical cation. The enhanced stability renders electropolymerization less likely, consistent with experimental observations. With an amino substituent, the spin density resides largely on the 5-amino substituent, with little spin density in the five-membered pyrrole ring. Electropolymerization via the pyrrole ring of indole would, therefore, not be expected, again consistent with experimental findings. Thus, these data indicate that substituents, even when removed from the reactive position such that steric effects are unimportant, nevertheless can suppress the electropolymerization reaction via electronic effects. Competitive Kinetics. Finally, by combining the electropolymerization results for the aromatic heterocyclic compounds
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 Spa values
 
 f
 
 =---
 
 P
 
 kp + kd +
 
 £s([SOH] + [X-])
 
 (
 
 From eq 1 we see that electropolymerization will occur when the stability of the radical cation intermediate is such that kp » kd + fcs([SOH] + [X-]). The cathodic cutoff in Figure 3 occurs when the stability of the radical cation is enhanced, either intrinsically or via a substituent such that kd becomes greater than kp + Zcs ([SOH] + [X-]). Under these conditions, the radical cation intermediate will diffuse away from the electrode to produce soluble products. The tendency of the radical cation to undergo coupling reactions becomes reduced and is captured by nucleophiles or solvent. The anodic cutoff is reached when fcs([SOH] + [X"]) » {kp + kd) and probably results from two conditions. First, the radical cation intermediate becomes sufficiently unstable such that it reacts indiscriminately with either the solvent or anions at the electrode surface. Second, the concentration of anions is greater at these higher voltages. Thus, the cutoff voltages for these monomers occur at ca. 1.2 V on the cathodic side and ca. 2.1 V on the anodic side. Within these two boundaries, optimum conditions for electropolymerization of the monomers shown in Figure 3 exist. These findings suggest that aromatic or heterocyclic compounds, which do not undergo electropolymerization in unsubstituted form, may very well do so upon appropriate substitution. This hypothesis is currently under further investigation. Registry No. Indole, 120-72-9; l-methylindole, 603-76-9; 2-methylindole, 95-20-5; 3-methylindole, 83-34-1; 4-methylindole, 16096-32-5; 5-methylindole, 614-96-0; 6-methylindole, 3420-02-8; 7-methylindole, 933-67-5; indole-2-carboxylic acid, 1477-50-5; 3-cyanoindole, 5457-28-3; 5-aminoindole, 5192-03-0; 5-hydroxyindole, 1953-54-4; 5-methoxyindole, 1006-94-6; 5-bromoindole, 10075-50-0; 5-chloroindole, 17422-32-1; 5fluoroindole, 399-52-0; indole-5-carboxylic acid, 1670-81-1; 5-cyanoindole, 15861-24-2; 5-nitroindole, 6146-52-7; thianaphthene, 95-15-8; benzofuran, 271-89-6; polyindole, 82451-55-6; poly(4-methylindole), 91201-77-3; poly(6-methylindole), 91201-78-4; poly(7-methylindole), 91201-79-5; poly(5-bromoindole), 91201-80-8; poly(5-chloroindole), 91201-81-9; poly(5-fluoroindole), 91201-82-0; poly(indole-5-carboxylic acid), 91201-83-1; poly(S-cyanoindole), 91201-84-2; polythianaphthene, 30281-16-4.
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