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Abstract: Cyclic voltammetry has shown that polypyrrole thin films (200-5000 A thick) doped with copper phthalocyanine 
tetrasulfonate (PPy-CuPcTs) are electrochemically conducting in the negative potential range where polypyrrole (PPy) in 
the PPy-CuPcTs film exists as a neutral form. In situ Raman spectroscopy showed that ion transport in the PPy-CuPcTs 
film was carried out by small cations from the supporting electrolytes during the redox reaction of the PPy. The majority 
of the CuPcTs of the original doping level still remains in the film after the reduction of the PPy. Large cations, such as 
tetrabutylammonium and methyl viologen, showed strong effects on shifting the redox potential of the PPy thin-film electrodes. 
A very strong resonance Raman band at 1556 cm"1, which is due to the symmetric stretching of the C = C bond in the neutral 
form of PPy, disappeared when a PPy thin-film electrode was oxidized. Redox potentials of several PPy thin films formed 
with different anions were calculated by monitoring the intensity change of the 1556-cm"1 Raman band when the electrode 
potential was changed. The redox potentials obtained by this method are very close to those obtained by cyclic voltammetry. 
In situ Raman spectroscopy also showed that the ring portion of CuPcTs in the thinner PPy-CuPcTs film (200-1000 A thick) 
is reduced and reoxidized in the negative potential range. A huge anodic current observed at the PPy-CuPcTs thin-film electrode 
in the presence of methyl viologen (MV) in the NaClO4 solution is due to the catalytic oxidation of a methyl viologen polymer 
[or (MV)ClO4 film] by an oxidized form of PPy. 

Electrically conducting organic polymers have received a good 
deal of interest in the last decade or so for their possible technical 
applications as well as for the fundamental standpoint.1 Poly
pyrrole (PPy), one of the most well studied conducting polymers, 
can be prepared by both chemical and electrochemical oxidation 
of pyrrole monomer in aqueous and nonaqueous media.2 In the 
electropolymerized thin-film PPy, which is doped with inorganic 
anions such as ClO4" and BF4", PPy itself exists as oxidized forms 
(cation radical and dication). The doped PPy film exhibits high 
electrical conductivity, but it becomes nonconducting upon 
electrochemical reduction. Spectroscopic studies20,3 have shown 
that the neutral form of PPy has mostly a,a'-linked planar 
structure and an extended conjugated it system. Elemental 
analyses4 of the electropolymerized PPy suggest that every three 
to four pyrrole rings in the polymer carry a single positive charge 
and form a complex with an anion (dopant). The PPy film can 
also be prepared by incorporating organic macrocycles; PPy film 
incorporating tetrasulfonated iron phthalocyanines (PPy-FePcTs) 
has been prepared, and its catalytic nature for the oxygen reduction 
has been investigated.5 Other sulfonated phthalocyanines, such 
as tetrasulfonated or monosulfonated cobalt phthalocyanines 
(CoPsS), have been used as anions forming PPy-CoPcS film 
electrodes.6 Such conducting polymers showed higher stability 

(1) For comprehensive reviews, see e.g.: (a) Handbook of Conducting 
Polymers; Skotheim, T. A., Ed.; Marcel Dekker: New York, 1986. (b) 
Conductive Polymers; Seymor, R. V., Ed.; Plenum: New York, 1981. (c) 
Proceedings of the International Conference on Synthetic Metals. MoI. Cryst. 
Liq. Cryst. 1985,117. (d) Proceedings of the Workshop on Synthetic Metals. 
Synth. Met. 1984,9, 129. 
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Conductive Polymers; Seymour, R. V., Ed.; Plenum Press: 1981; p 149, and 
references therein, (b) Diaz, A. F.; Bargon, J. In Handbook of Conducting 
Polymers; Skotheim, T. A., Ed.; Marcel Dekker: 1986, p 81, and references 
therein, (c) Street, C. B. Ibid, p 265, and references therein. 
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V.; Pfluger, P.; Scott, J. C; Weiser, G. MoI. Cryst. Uq. Cryst. 1982,83, 1285. 
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46, 1595. (c) Street, G. B.; Lindsey, S. E.; Nazzal, A. I.; Wynne, K. J. MoI. 
Cryst. Liq. Cryst. 1985, 118, 137. (d) Nazzal, A. I.; Street, C. B.; Wynne, 
K. J. MoI. Cryst. Uq. Cryst. 1985, 125, 303. 

(4) (a) Diaz, A. F. Chem. Scr. 1981,17, 145. (b) Salmon, M.; Diaz, A. 
F.; Logan, A. J.; Krounbi, M.; Bargon, J. MoI. Cryst. Liq. Cryst. 1983, 83, 
265. 

(5) Bull, R. A.; Fan, F.-R.; Bard, A. J. J. Electrochem. Soc. 1984, 131, 
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than the PPy incorporating inorganic counterions. Similar types 
of PPy have been prepared by incorporating metalloporphyrins.7 

These conducting polymers formed with macrocycles are even
tually very important in the area of catalysis.5'7 Other potentially 
important applications for the polymers include electrochromic 
devices6 and battery electrodes.8 

Electrochemical behavior of thin-film electrodes of PPy in
corporating organic macrocycles is normally more complex because 
there may be redox reactions of the doped species as well as the 
redox reactions of the PPy itself. Rosenthal et al.6" reported that 
the doped CoPcS formed a complex with the PPy and remained 
in the PPy-CoPcS polymer matrix during the redox reactions. 
Electrochemical behavior of the PPy-CoPcTs film reported by 
those authors indicated the presence of cathodic currents in the 
negative potential range. Recently, we made oral reports9 of a 
conducting nature of PPy thin film incorporating tetrasulfonated 
copper phthalocyanine (PPy-CuPcTs) in the negative potential 
range. The PPy polymers incorporating inorganic anions have 
a conductive nature only in the oxidized form, and this phenom
enon has been explained by a theory based on the polymeric cations 
and dications (polarons and bipolarons).10 The observed con
ductivity of the PPy-CuPcTs in the negative potential range could 
be explained by the polaron theory only if the PPy cations re
mained in the film during the application of the reduction potential. 

(6) (a) Skotheim, T. A.; Rosenthal, M. V.; Linkous, C. A. J. Chem. Soc., 
Chem. Commun. 1985,612. (b) Rosenthal, M. V.; Skotheim, T. A.; Linkous, 
C. A. Synth. Met. 1986, 15, 219. 
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We will demonstrate in this paper that the PPy-CuPcTs film 
certainly conducts in the negative potential range (PPy is in neutral 
form), and a possible structure for this film electrode will be 
proposed in order to explain the conductive nature. 

Raman spectroscopic investigations of PPy thin films have 
recently been reported11 for the characterization of PPy during 
the redox reaction and also during the electropolymerization 
reactions. The major concern in these works is the observation 
of structural change of the PPy during the redox reactions. 
Assignments of major Raman bands have also been carried out. 
The main purpose of our work is to use Raman spectroscopy for 
the determination of redox potentials of PPy and the elucidation 
of an ion-transport mechanism in the film electrodes as well. It 
has been generally understood that the anionic species in PPy 
incorporating inorganic anions move (in and out) from the polymer 
matrix during the redox reaction of PPy.2 An ion-transport 
mechanism in PPy incorporating organic macrocycles is quite an 
interesting subject because the counteranions are likely to be 
remaining in this type of polymer during the redox reactions. We 
will present in situ Raman spectroscopic data that support the 
ion transport by cationic species. 

Spectroelectrochemical techniques12 have been used for elu
cidating the charge-transfer reaction mechanism of conducting 
polymers because the presence of high capacitive charge tends 
to create problems for obtaining accurate redox potential by 
electrochemical methods. This paper demonstrates that in situ 
Raman spectroscopy is useful for obtaining the redox potential 
of PPy itself in several PPy thin-film polymers with various 
counteranions. In situ Raman spectroscopy is also utilized to 
explain the redox reaction mechanism for the catalytic behavior 
of the PPy-CuPcTs thin-film electrode in the presence of methyl 
viologen. 

Experimental Section 
Pyrrole (99% purity), copper phthalocyanine-3,4',4",4'"-tetrasulfonic 

acid tetrasodium salt (~85% purity), and methyl viologen (MV) di-
chloride hydrate were obtained from Aldrich Chemical Co., Inc. Sodium 
perchlorate (purified grade) and sodium nitrate (certified ACS grade) 
were obtained from Fisher Scientific Co. Tetrabutylammonium chloride 
[(TBA)Cl] and tetrabutylammonium perchlorate (TBAP) were obtained 
from Southwestern Analytical Chemicals, Inc. Copper phthalocyanine-
3,4',4",4'"-tetrasulfonic acid tetrasodium salt (Na4CuPcTs) was purified 
by dissolving it in water, filtering out insoluble impurities, evaporating 
the Na4CuPcTs solution to a minimum volume of water, and cooling the 
evaporated solution in the ice bath to recrystallize Na4CuPcTs. The 
crystals were thoroughly washed with acetone and dried in the oven at 
70 0C. Pyrrole was first refluxed with zinc metal to remove a yellow 
impurity and then vacuum distilled. All other chemicals were used as 
received. 

The substrate for polymer film deposition for both cyclic voltammetry 
and Raman spectroscopy was a gold film (thickness of 1000 A, geometric 
area of ~0.2 cm2) with a Cr intermediate layer (thickness of 70 A) 
vacuum-deposited onto a glass plate (2.5 cm X 2.5 cm X 0.16 cm thick) 
by using a Varian Model 3118 vacuum bell jar system. The edge portion 
of the Au surface was covered with Scotch-Weld 1838 B/A epoxy ad
hesive (3M) to avoid any possible contact of Cr with the solution. A 
platinum helix was used as an auxiliary electrode. The reported poten
tials were measured with respect to a saturated calomel electrode (SCE). 
The substrate for UV-visible spectroscopy was either a tin oxide coated 
glass electrode (PPG Glass Co.) or a gold film (thickness of 200 A) with 
a Cr intermediate layer (thickness of 40 A), which was vacuum deposited 
onto a glass plate. The electrochemical cell for the in situ UV-visible 
spectroscopy was a 1 cm X 1 cm X 5 cm quartz cuvette with platinum 
foil as an auxiliary electrode and silver wire as a quasi-reference elec
trode. The PPy-CuPcTs films were potentiostatically deposited on a 
substrate by stepping the potential to +0.95 V vs SCE under N2 (ultra 
high purity) in the aqueous solution containing 0.05 M Na4CuPcTs and 

(11) (a) Oddi, L.; Capelletti, R.; Fieschi, R.; Fontana, M. P.; Ruani, G. 
MoI. Cryst. Liq. Cryst. 1985,118, 179. (b) Inoue, T.; Hosoya, T.; Yamase, 
T. Chem. Lett. 1987, 567. (c) Cheung, K. M.; Smith, B. J. E.; Batchelder, 
D. N.; Bloor, D. Synth. Met. 1987, 21, 249. (d) Virdee, H. R.; Hester, R. 
E. Croat. Chem. Acta 1988, 61, 357. (e) Furukawa, Y.; Tazawa, S.; Fujii, 
Y.; Harada, I. Synth. Met. 1988, 24, 329. (0 Oik, C. H.; Beetz, C. P., Jr.; 
Heremans, J. J. Mater. Res. 1988, 3, 984. 

(12) (a) Genies, E. M.; Pernaut, J. M. Synth. Met. 1984, 10, 117. (b) 
Hoier, S. N.; Ginley, D. S.; Park, S. M. J. Eleclrochem. Soc. 1988, 135, 91. 

0.1 M pyrrole. The film thickness was controlled by the charge passed 
and was estimated by using 48 mC/cm2 for a 1000-A film.13 Mea
surements on 1000-A dry films with a Angstrom Technology Model 
980-4020 A-Scope interferometer yielded values within ±20% of the 
estimated thickness. The PPy film doped with ClO4" (PPy-ClO4) was 
deposited in the same way as above from the aqueous solution containing 
0.05 M NaClO4 and 0.1 M pyrrole. The PPy film doped with N O f 
(PPy-NO3) was prepared from an aqueous solution containing 0.05 M 
NaNO3 and 0.1 M pyrrole. The film electrode was washed thoroughly 
with distilled water before carrying out electrochemical and spectroscopic 
experiments. 

For the electrochemical experiments, an EG & G PARC Model 173 
potentiostat/galvanostat with an EG & G PARC Model 179 digital 
coulometer, a PARC Model 175 signal generator, and a Houston In
strument Model 2000 X-Y recorder were employed. Beckman Model 
5230 spectrophotometer was used for recording UV-visible absorption 
spectra. Raman measurements were made using a system consisting of 
a homemade sample holder with optics, a Spex Model 1877 triplemate 
triple spectrometer, an EG & G PARC Model 1420 ISPD detector with 
an EG & G PARC Model 1218 controller and OMA2 console system, 
and a Tektronix Model 4662 interactive digital plotter. Details of the 
experimental setup for in situ Raman spectroscopy are described else
where. 14 As an excitation source, either a Spectra-Physics Model 171-17 
Ar+ laser or Model 171-01 Kr+ laser with an intensity of 15-60 mW at 
the sample was employed. The excitation beam was brought onto the 
sample surface at a 60° angle from the horizontal. The final slit width 
of the triple spectrometer was set at 100 nm, and normally a 1800 
grooves/mm grating was used. Calibration curves for the triple spec
trometer were prepared by using the wavenumbers of metallophthalo-
cyanine thin-film electrodes recorded by a system consisting of a Spex 
Model 1403 double spectrometer and DMlB Datamate. The accuracy 
of measurements was estimated to be ±5 cm"1. Raman spectra were 
collected in approximately 30 s with the triple spectrometer. For a better 
resolution of Raman spectrum (±2 cm"1), a Spex Model 1403 double 
spectrometer, a DMlB Datamate, and a Houston Instrument DMP-40 
digital plotter were employed. 

Results and Discussion 
A. PPy Thin Film Doped with Inorganic Anions. Cyclic 

voltammetric experiments (A.l) of a couple of well-studied po-
lypyrrole thin films, PPy-ClO4 and PPy-NO3 film electrodes 
(1000 and 5000 A), were carried out in order to present data that 
can be compared with the results of the PPy-CuPcTs thin-film 
electrode. In situ Raman spectroscopy (A.2) of these film elec
trodes was performed to establish our Raman technique, which 
can be used for the understanding of more complexed PPy-
CuPcTs films. 

A.l. Electrochemistry. Figure la shows a cyclic voltammogram 
(CV) of a 1000-A PPy-ClO4 film electrode in an aqueous solution 
of 0.05 M NaClO4. A cyclic voltammogram recorded in an 
aqueous solution containing 0.05 M NaClO4 and 0.005 M 
(MV)Cl2 at the same electrode is shown in (b). Figure Ic is a 
CV for a solution containing 0.005 M (MV)Cl2 in 0.05 M NaClO4 

at the gold electrode. A CV with a dotted line in Figure Ic was 
recorded at the gold electrode in 0.05 M NaClO4 solution. The 
redox potential of the PPy-ClO4 film electrode, which was cal
culated by averaging both anodic and cathodic peak potentials 
(E^ = -0.02 V, E^ = -0.13 V), was -0.08 V at the scan rate of 
50 mV/s. A small second cathodic peak of PPy was seen at -0.42 
V. The cathodic peak potential for the reduction of MV2+ to 
M V + at the gold electrode was -0.72 V at the scan rates of 5-20 
mV/s. A small cathodic peak current in Figure lb around -0.72 

(13) Diaz, A. F.; Castillo, J. I.; Logan, J. A.; Lee, W.-Y. / . Electroanal. 
Chem. 1981, 129, 115. 

(14) Kahl, J. L.; Faulkner, L. R.; Dwarakanath, K.; Tachikawa, H. J. Am. 
Chem. Soc. 1986, 108, 5434. 

(15) The assignment of the 1037-cm'1 band has been made based on the 
data of the C-deuterated derivatives (ref 1 Ie). However, some of the intensity 
around the band could be assigned to the skeletal vibration, a ring breathing 
of PPy, because the intensity of the band was influenced significantly by the 
oxidation of the PPy. 

(16) Several different interband transition energies ranging between 3.4 
and 2.9 eV have been reported in the following literature: (a) Diaz, A. F.; 
Kanazawa, K. K. In Extended Linear Chain Compounds; Miller, J. S., Ed.; 
Plenum: New York, 1982; p 417. (b) Genies, E. M.; Pernaut, J. M. / . 
Electroanal. Chem. 1985, 191, 111. (c) Kanazawa, K. K.; Diaz, A. F.; 
Krounbi, M. T.; Street, G. B. Synth. Met. 1981, 4, 119. (d) Scott, J. C ; 
Bredas, J. L.; Yakushi, K.; Pfluger, P.; Street, G. B. Synth. Met. 1984, 9, 165. 
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Figure 1. Cyclic voltammograms at (a) PPy-ClO4 film electrode (1000 
A) in 0.05 M NaClO4, (b) the same electrode in 0.05 M NaClO4 and 
0.005 M (MV)CIj, and (c) thin-film gold electrode in 0.05 M NaClO4 
and 0.005 M (MV)CI2 and in 0.05 M NaClO4 (dotted curve). 

V was due to the reduction of MV2+ to MV+. The peak current 
was low compared with that in the CV at the gold electrode 
because the PPy film doped with ClO4" had very low conductivity, 
which was of semiconducting or almost insulating nature, in the 
negative potential range. No cathodic current for the reduction 
of MV2+ to MV+ was observed at a 5000-A PPy-ClO4 film 
electrode. 

The cyclic voltammogram of a 1000-A PPy-NO3 film electrode 
in 0.05 M NaNO3 at the scan rate of 50 mV/s was similar to that 
of the PPy-ClO4 film, as shown in Figure 2a. The second cathodic 
peak of PPy at -0.42 V was more pronounced than that in the 
CV of the PPy-ClO4 film electrode. The CV of the same electrode 
in the presence of MV2+ [electrolytes of 0.05 M NaNO3 and 0.005 
M (MV)Cl2] showed a sharp anodic current at -0.40 V along with 
a low broad cathodic current around -0.70 V, which are due to 
the redox reaction of MV2+/MV+ pair (see Figure 2b). Since 
the reduced form of the PPy-NO3 film is known to be electron
ically nonconductive,2 the redox reaction of MV2+/MV+ must 
take place at the surface of the gold substrate. The MV2+ that 
penetrated slowly through the pinholes during the potential scan 
to -1.2 V was probably reduced at the gold surface to form MV+. 
Consequently, the sharp anodic current at -0.40 V is likely due 
to the oxidation of MV+ in the film. Our results in cyclic 
voltammetric experiments for both PPy-ClO4 and PPy-NO3 thin 
films are certainly consistent with the previous reports that PPy 
thin film doped with inorganic anions can be switched between 
electronically conducting and insulating states.2 

A.2. Raman Spectroscopy. In situ Raman spectra of a 1000-A 
PPy-ClO4 film electrode recorded in 0.05 M NaClO4 solution 
are shown in Figure 3. The spectra were recorded by first setting 
the potential at -1.0 V and then moving it every 100 mV until 
0.4 V. The potential was reversed at +0.4 V and moved to the 
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Figure 2. Cyclic voltammograms at (a) PPy-NO3 film electrode (1000 
A) in 0.05 M NaNO3, (b) the same electrode in 0.05 M NaNO3 and 
0.005 M (MV)Cl2, and (c) thin-film gold electrode in 0.05 M NaNO3 
and 0.005 M (MV)Cl2. 

negative direction, completing the cycle at -1.0 V. Several selected 
spectra, which are shown in Figure 3, represent general trends 
of spectral change during the redox reactions. In the spectrum 
recorded at -1.0 V, a couple of strong bands were observed at 1556 
and 1037 cm"1, which had been assigned as a symmetric stretching 
vibration of C=C"d,e'17 and the CH in-plane deformation in the 
PPy.15 Intensities of these bands were potential dependent, and 
the Raman scattering disappeared almost entirely at +0.4 V. The 
relationship between Raman intensity of the 1556-cm"1 band and 
potential is shown in Figure 4. The potential at half-intensity 
for the forward (- to + direction) step [£,/2(F)] was -0.09 V and 
that for the reversed step [E1J2(R)] was -0.36 V. The redox 
potential (Ereim) was calculated by averaging the E1Z2(F) and 
JF1Z2(R). The averaged value (-0.23 V) is close to the redox 
potential (-0.22 V) obtained by averaging E^ and E^2 in the cyclic 
voltammogram of the same system. The redox potentials of both 
the PPy-ClO4 and the PPy-NO3 film electrodes obtained by using 
cyclic voltammetry and in situ Raman spectroscopy are listed in 
Table I. 

Raman intensities of both the 1556- and 1037-cm"1 bands were 
also quite high when other excitation sources such as 457.9 and 
488 nm of an Ar+ laser were used. However, they were barely 
seen when the 647.1-nm line of a Kr+ laser was used as the 
excitation source. The results suggest that those Raman bands 
are the resonance Raman scattering. The neutral form of PPy 
(PPy0) has a strong absorption band at —372 nm (3.3 eV) due 
to ir-ir* transition16, which tails off after ~550 nm as shown in 
the curve (-1.2 V) in the inset of Figure 5. One could certainly 

(17) Dollish, F. R.; Fateley, W. G.; Bently, F. F. Characteristic Raman 
Frequencies of Organic Compounds, Wiley: New York, 1974. 



1760 / . Am. Chem. Soc, Vol. 112, No. 5, 1990 Choi and Tachikawa 

600 800 1000 1500 1100 1300 1500 1700 

WAVENUMBERS ( c m " ' ) WAVENUMBERS ( c m " ' ) 

Figure 3. In situ Raman spectra of a PPy-ClO4 film electrode (1000 A) in 0.05 M NaClO4 at different potentials for (a) 600-1200-Cm"' range and 
(b) 1100-1700-cm-' range (XeK = 514.5 nm). 
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Figure 4. Relative Raman intensity of 1556-cm"1 band vs potential. 
Spectra recorded for a 1000-A PPy-ClO4 film in the 0.05 M NaClO4 

solution were used to calculate relative intensity values. 

observe the resonance Raman scattering of the PPy by using the 
514.5-nm line as the excitation source. The Raman spectra in 
Figure 3b showed that the frequency of the C = C stretching band 
shifted to higher wavenumbers as the potential was moved to the 
positive direction. The 1556-cm"1 band recorded at -1.0 V shifted 
to 1582 cm"1 at 0.0 V, but the exact amount of the shift was 
obscured by the continuous drop of band intensity at the positive 
potential. The observed intensity drop must be related to the 
resonance nature of Raman scattering of the 1556-cm"1 band 
because the absorbance of the 372-nm band dropped sharply as 

WAVELENGTH (nm) 

Figure 5. In situ UV-visible absorption spectra of a PPy-CuPcTs film 
electrode (1000 A) in the 0.05 M NaClO4 aqueous solution at 0.0, -0.8, 
and -1.2 V. The inset shows absorption spectra of a PPy-ClO4 film 
electrode (1000 A) in the same solution at 0.2 and -1.2 V. 

the PPy film was oxidized (see inset of Figure 5). The shifted 
band frequency may reflect the formation of both radical cation 
and dication during the oxidation of the PPy. Furukawa et al.Ue 

observed the shift of the C = C stretching band position from 1564 
to 1581 cm"1 during the oxidation of the PPy-ClO4 film in the 
acetonitrile solution. The former band was assigned to the neutral 
form of PPy and the latter was assigned as overlap bands ori
ginating from the radical cation and dication by the same authors. 

In situ Raman spectra of a 1000-A PPy-NO3 film electrode 
were recorded in aqueous 0.05 M NaNO3. The Raman spectrum 
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Table I. Redox Potentials of PPy Based upon Cyclic Voltammetric and in Situ Raman Spectroscopic Data 

electrode/electrolyte 

PPy-Cl(y0.05 M NaClO4 
PPy-NO3/0.05 M NaNO3 
PPy-CuPcTs/0.001 M Na4CuPcTs 
PPy-CuPcTs/0.05 M Na4CuPcTs 
PPy-CuPcTs/0.05 M NaClO4 
PPy-CuPcTs/0.05 M NaNO, 

£p.-v 
-0.02 
-0.02 
-0.25 
-0.30 
-0.33 
-0.34 

cycli c voltammetry11 

Spel.V 
-0.13 
-0.08 
-0.61 
-0.48 
-0.53 
-0.49 

i w . v 
-0.08c 

-0.05'' 
-0.43 
-0.39 
-0.43 
-0.42 

E1n(F), V 
-0.09 
-0.24 
-0.48 

-0.45 
-0.44 

Raman method4 

E1n(K), V 
-0.36 
-0.33 
-0.60 

-0.52 
-0.46 

•£!/2(av), V 
-0.23 
-0.29 
-0.54 

-0.49 
-0.45 

" EnJ0x was obtained by averaging the anodic and cathodic peak potentials. The scan rate was 50 mV/s. bEl/2, the potential at a half Raman 
intensity, was obtained from the relative Raman intensity vs potential curve. F and R denote the forward and reverse directions, respectively. 
ZTi/2(av) was obtained by averaging the £i/2(F) and E1̂ 2(R). 'En^0x using .Ep02 is -0.22 V. i E^0x using E^2 is -0.22 V. 

Table II. Shifts of Major Band Positions (cm-1) in the Raman 
Spectra of PPy during the Redox Reactions (X 0̂ = 514.5 nm) 

1000-APPy-NO3 film 
in 

neutral 
(-1.0V) 

1043 (s) 
1320 (m) 

1568 (vs) 

0.05 NaNO3 

oxidized (+0.4 V) 
923 (w) 

1050 (w) 
1335 (m) 

1424 (w) 
1601 (m) 

1000-A PPy-CuPcTs film 
in 0.05 M NaClO4 

neutral 
(-1.2V) 

996 (w) 
1043 (s) 
1316 (m) 

1559 (vs) 

oxidized (+0.2 V) 
924 (w) 

1053 (w) 
1329 (m) 
1359 (m) 
1432 (w) 
1591 (m) 

change of the PPy-NO3 film electrode in NaNO3 solution was 
similar to that of the PPy-ClO4 film in NaClO4 solution. Raman 
intensities from the oxidized PPy-NO3 film were generally higher 
than those of the oxidized PPy-ClO4 film. The redox potential 
of the electrode in NaNO3 solution by the Raman method (-0.29 
V) was slightly more cathodic than that of PPy-ClO4 (-0.23 V) 
(see Table I). Major bands for both oxidized and neutral PPy 
in the PPy-NO3 film electrode are listed in Table II. Our results 
for the band shifts by the oxidation are very similar to those 
reported by Virdee and Hester.lld Two strong bands for the 
skeletal vibrational modes15 of the PPy (1043 and 1568 cm"1) 
showed sharp drops in their intensities by the oxidation, but the 
Raman band due to C—N stretching vibration (1320 cm"1) 
maintained its intensity, even though its frequency shifted to 1335 
cm"1. Also notable was the appearance of a 923-cm"1 band (C—H 
stretching vibration17) by the oxidation. 

B. PPy Thin Film Doped with CuPcTs. PPy-CuPcTs thin films 
(200-5000 A) were studied by cyclic voltammetry and in situ 
Raman and in situ UV-visible spectroscopies. Results in this 
section are described for 1000-A films, unless stated otherwise. 
The effects of film thickness are described separately. 

B.l. Electrochemistry. Cyclic voltammetric studies on the 
PPy-CuPcTs film electrodes were carried out in several supporting 
electrolytes including Na4CuPcTs, NaClO4, NaNO3, TBAP, and 
(TBA)Cl. Concentration of the supporting electrolyte was nor
mally 0.05 M. In order to test the conductivity of the electrodes 
in the negative potential range, (MV)Cl2 (0.005 M) was added 
to the solutions. There were generally two redox pairs in CVs 
without (MV)Cl2: one for the PPy redox reaction and another 
for the redox reaction of dopants (CuPcTs). Cyclic voltammo-
grams of PPy-CuPcTs film electrodes in 0.05 M NaClO4 solution 
without (a) and with (b) (MV)Cl2 are shown in Figure 6. The 
first pair in Figure 6a (1 and 1') is related to the redox reaction 
of CuPcTs in the film.18 The second pair (2 and 2') is due to 
the redox reaction of polypyrrole, even though the redox potential 
(-0.45 V) of the PPy-CuPcTs shifted approximately 200 mV 
toward more negative potential compared with that of the PPy-
ClO4 film in the same solution. By adding 0.005 M (MV)Cl2 to 
the solution, the cyclic voltammogram in Figure 6b showed 

(18) The redox potential (EnJ0x) of the CuPcTs by the cyclic voltammetry 
was -0.69 V vs SCE from gold electrode in the 1.0 mM Na4CuPcTs and 0.05 
M NaClO4 aqueous solution. Rollman and Iwamoto reported (see ref 21) the 
El/2 value of -0.727 V vs SCE for the redox reaction of the CuPcTs from the 
dropping mercury electrode in DMSO solution with Na4CuPcTs and TEAP. 

well-defined peaks (£al = -0.52 V, £cl = -0.71 V) that corre
sponded mainly to the redox reaction of the MV2+/MV,+ pair 
in the solution. A portion of the currents is also due to the redox 
reaction of CuPcTs. A small pair of redox currents at -0.92 V 
(E113) and -1.12 V (E#) is due to the redox reaction of M V+/MV° 
pair. A sharp, very high anodic current (E31 = 0.0 V) and a broad 
cathodic current (£c2 = -0.19 V) were also observed. Although 
the redox potential (-0.10 V) of this pair shifted toward the positive 
direction in the presence of (MV)Cl2, it is likely that the redox 
reaction of the PPy itself was responsible for the current. Our 
Raman spectroscopic investigation indicated that the sharp anodic 
peak current at 0.0 V was due to the catalytic oxidation of methyl 
viologen polymer film [or (MV)ClO4 film] on the PPy-CuPcTs 
electrode (see section B.6). 

The cyclic voltammogram of the same electrode in 0.05 M 
NaNO3 (Figure 7a) was basically the same as that in 0.05 M 
NaClO4. Very dramatic changes in CV were observed when 0.005 
M (MV)Cl2 was added to the solution. Cyclic voltammograms 
recorded at scan rates of 5,10, and 20 mV/s are shown in Figure 
7b. Several anodic peaks were seen at -0.60 V(I), -0.50 V (2), 
-0.23 V (3), and -0.10 V (4) at the scan rate of 10 mV/s. Also, 
a shoulder at -0.80 V (5) was observed at the same scan rate. 
Three cathodic peaks at -0.28 V (4'), -0.75 V (I'), and -1.2 V 
(5') were also seen at the same scan rate. Peaks 4 and 4' should 
correspond to the redox reaction of the PPy, even though the redox 
potential of the PPy was shifted more anodic than that of the PPy 
in the NaNO3 solution without (MV)Cl2 (see Figure 7a). One 
can easily assume that a cathodic peak (I') is primarily due to 
the reduction of MV2+ to MV+. The cathodic peak current (5') 
and a shoulder (5) should be related to the MV+/MV° redox 
reaction. The reason why the cyclic voltammogram of the 
PPy-CuPcTs film electrode in NaClO4 solution is different from 
that in NaNO3 and the origin of anodic currents observed in the 
potential range from -0.5 to -0.6 V will be discussed in a later 
section (see section B.6.). Cyclic voltammograms of the PPy-
CuPcTs film electrode in 0.05 M Na4CuPcTs solution showed 
both anodic and cathodic peak currents, which were due to the 
redox reaction of PPy (see Table I). When (MV)Cl2 (0.005 M) 
was added to the solution, a sharp cathodic peak current was 
observed at ~-0.8 V, which was due to the reduction of MV2+ 

to MV+. 

A cyclic voltammetric curve of the PPy-CuPcTs film electrode 
recorded in 0.01 M TBAP was quite different from those observed 
in the above described three supporting electrolytes: there was 
no clear cathodic peak in the curve, although only a slight hump 
was seen around -0.3 V. A broad low anodic current (E^ = ~0.0 
V) was seen in the CV, and the current level was less than 25% 
of the peak current observed in the CV of the same electrode in 
0.05 M NaClO4 solution. The voltammetric behavior of the 
PPy-ClO4 film electrode in TBAP was quite different from that 
of the PPy-CuPcTs in the same supporting electrolyte: the CV 
of the 1000-A PPy-ClO4 film electrode in 0.01 M TBAP showed 
a normal level of both anodic and cathodic peak currents. Cyclic 
voltammograms were also recorded at the PPy-CuPcTs film 
electrode in 0.05 M tetrabutylammonium chloride solution with 
1.0 mM (MV)Cl2. A normal level of anodic and cathodic currents 
for the redox reactions of MV2+/MV+ pair was seen, but a very 
low level of currents was observed for the PPy redox reactions. 
The redox currents observed for the Fe(CN)6

3-ZFe(CN)6
4" pair 
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Figure 6. Cyclic voltammograms at a PPy-CuPcTs film electrode (1000 
A) in (a) 0.05 M NaClO4 and (b) 0.05 M NaClO4 and 0.005 M 
(MV)Cl2. 

(£redox = 0.03 V) at the same electrode confirmed the electro
chemical conductivity of the PPy-CuPcTs film in the positive 
potential range. 

In summary, the electrochemical activities were observed at 
the PPy-CuPcTs thin-film electrodes in both positive and negative 
potential ranges. This means that the PPy-CuPcTs thin film is 
electrochemically conductive in the negative potential range, which 
is clearly different from the conductive nature of thin-film po-
lypyrrole doped with inorganic anions such as PPy-ClO4 and 
PPy-NO3. 
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Figure 7. Cyclic voltammograms at a PPy-CuPcTs film electrode (1000 
A) in (a) 0.05 M NaNO3 and (b) 0.05 M NaNO3 and 0.005 (MV)Cl2. 

B.2. Raman Spectroscopy. In situ Raman spectra of the 
PPy-CuPcTs film electrode were recorded in 1.0 mM Na4CuPcTs 
solution by using the 488-nm line of an Ar+ laser as the excitation 



Polypyrrole-Copper Phthalocyanine Tetrasulfonate J. Am. Chem. Soc, Vol. 112, No. 5, 1990 1763 

End) 

- 1 . 0 V 

WAVENUMBERS (cnT1) WAVENUMBERS (cm"') 

Figure 8. In situ Raman spectra of a PPy-CuPcTs film electrode (1000 A) in 0.001 M Na4CuPcTs at different potentials for (a) 550-1250-cm"1 range 
and (b) 1100-1700-cnr1 range (A^ = 488 nm). 

source." Several selected spectra recorded in the potential range 
between -1.0 and +0.2 V in two regions [(a) 550-1300 cm"1 and 
(b) 1100-1700 cm"1] are shown in Figure 8. They were similar 
to the spectra of the PPy-ClO4 thin-film electrode recorded in 
NaClO4 solution by using the 514.5-nm line of an Ar+ laser as 
the excitation source (see Figure 3). A couple of strong resonance 
Raman bands were observed at 1555 and 1042 cm"1 when the 
electrode potential was set at -1.0 V. In the studies of PPy-ClO4, 
these two bands were assigned as a symmetric stretching vibration 
of C=C and a ring breathing of polypyrrole,15 respectively. 
However, the intensities of those bands in the spectra of the 
PPy-ClO4 film were much lower than those in the spectra of the 
PPy-CuPcTs film. This difference of Raman intensities might 
be caused by the difference of energy involved in the *—ir* 
transition in those two films: 3.3 eV for PPy-ClO4 and 3.1 eV 
for PPy-CuPcTs.20 The shift of several major bands in the 
Raman spectrum of the PPy-CuPcTs film in NaClO4 solution 
during the redox reaction is summarized in Table II. A change 
in Raman spectrum of the PPy-CuPcTs film during the oxidation 
of PPy is very similar to that for the PPy-NO3 film electrode. 
The results suggest that the structural change of the PPy during 
the redox reaction is basically unaffected by the dopants (either 
inorganic anions or macrocycles). 

The redox potential of PPy in the PPy-CuPcTs film electrode 
was obtained from Raman intensity vs potential curve. The redox 
potentials obtained by cyclic voltammetry and in situ Raman 
spectroscopy are summarized in Table I. The redox potential of 
the PPy-CuPcTs film in Na4CuPcTs solution by the "Raman 
method" (-0.54 V) is somewhat more cathodic than that by the 
CV method (-0.43 V). Changes in the Raman spectrum clearly 
indicated that the PPy in the PPy-CuPcTs film was reduced by 
applying the negative potential {Eiaim = -0.54 V) and was re-

(19) The Na4CuPcTs solution has a very high extinction coefficient in the 
broad spectral range and the minimum absorbance was observed near 488 nm. 
The concentration of the Na4CuPcTs solution (1.0 mM) used in this exper
iment was almost the threshold that one can carry out the above experiment 
with our cell, which has a gap of ~ 2 mm between the window and the 
electrode surface. The cyclic voltammogram recorded in the same solution 
at the scan rate of 10 mV/s showed £_ = -0.25 V, £ „ = -0.61 V (£«*,, = 
-0.43 V). 

(20) Absorption bands for the TT-T* transition in both the PPy-ClO4 and 
the PPy-CuPcTs film electrodes are at 372 and 400 nm, respectively (see 
Figure 5). 

oxidized by reversing the potential. Other than the results for 
the PPy-CuPcTs electrode in Na4CuPcTs solution, redox po
tentials obtained by the cyclic voltammetry and the Raman method 
are very close to each other. It was found that the in situ Raman 
technique for the determination of redox potentials of the film 
electrode was very useful, particularly, for an electrode such as 
PPy-CuPcTs, which shows more than one pair of redox currents 
in the CV. This technique also eliminates the complication of 
determining the redox potentials in the presence of large capacitive 
currents. 

B.3. Effects of Cations and Anions on Ion Transport and the 
Redox Potentials. Because of the inability of the doped anions 
to move out from the PPy-CuPcTs film, balancing the charge of 
the film during the reduction may be accomplished by the 
transport of cations from the solution to the film. The stability 
of the reduced form of PPy-CuPcTs film electrode was examined 
in 1.0 mM Na4CuPcTs solution by recording Raman spectra after 
cutting off the applied negative (-1.0 V) potential. The intensity 
of the 1555-cm"1 band was dropped to a level of less than 50% 
of the original intensity within 2 min and disappeared entirely 
in 12 min. The results suggest that the oxidized form of PPy-
CuPcTs is thermodynamically much more stable than the reduced 
form of PPy-CuPcTs. The results also demonstrated that the 
sodium ions that had moved into the film during the reduction 
process moved out from the film as soon as the applied negative 
potential was cut off (there was little chance that the film was 
oxidized by oxygen, since the solution was deoxygenated thor
oughly with the ultra high purity nitrogen gas). 

In situ Raman spectra of the PPy-CuPcTs film electrodes were 
recorded in other solutions including 0.05 M NaClO4, 0.05 M 
NaNO3, and 0.01 M TBAP by using the 514.5-nm line of an Ar+ 

laser as the excitation source. The results in both NaClO4 and 
NaNO3 solutions were very similar to those recorded in 
Na4CuPcTs solution (see Figure 8). Redox potentials obtained 
by the Raman method in both NaClO4 and NaNO3 solutions were 
-0.49 and -0.45 V, respectively (see Table I). However, in situ 
Raman spectra of the same electrode in 0.01 M TBAP were quite 
different from the above results; Raman intensity for the reduced 
form of the electrode was much lower than that recorded in either 
NaClO4 or NaNO3 solution. Figure 9 shows spectra for both the 
oxidized and the reduced forms of the electrode in 0.01 M TBAP 
(a) and those recorded in 0.05 M NaClO4 solution (b). When 
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Figure 9. In situ Raman spectra of a PPy-CuPcTs film electrode (1000 
A) at both -1.0 and 0.4 V vs SCE in (a) 0.01 M TBAP and (b) 0.05 M 
NaClO4 (XeK = 514.5 nm). 

the PPy-CuPcTs film was reduced at -1.0 V in the TBAP solution, 
the intensity of the 1555-cm"1 band was only less than 20% of 
the band intensity observed in the 0.05 M NaClO4 solution at the 
same potential. The redox potential of the PPy-CuPcTs electrode 
in 0.01 M TBAP obtained by the Raman method was -0.37 V. 
The redox potential apparently shifted more than 100 mV toward 
the positive direction in the TBAP solution. In situ Raman spectra 
of the PPy-ClO4 film electrode were also recorded in 0.01 M 
TBAP, and the results are basically identical with those recorded 
in the NaClO4 solution. The only difference was that the redox 
potential of the PPy was slightly more negative (-0.36 V) than 
that in the NaClO4 solution (-0.23 V) (see Table IH, which lists 
the redox potential of PPy recorded in the presence of large cations 
in the solution). 

These results suggest that a small portion of the CuPcTs 
(probably less than 20%) in the PPy-CuPcTs thin-film electrode 
is replaced by ClO4" during the oxidation of the film. When the 
reduction potential was applied, only the ClO4" ion in the film 
moved into the solution, but the CuPcTs anions were still re
maining in the film. As a result, a small portion of the PPy in 
the film was reduced in order to balance the charge. Because the 
size of TBA+ is too large to be able to move into the film quickly, 
it does not contribute to the ion transport (not like Na+) during 
the reduction reaction. However, a slight shift of the redox po
tential of PPy in the TBAP solution from that in NaClO4 solution 
suggests that a small number of TBA+ may penetrate slowly into 
the film and interact with SO3" in the CuPcTs. The above results 
certainly suggest that the PPy-CuPcTs film cycled in the NaClO4 
solution actually consists of both PPy-CuPcTs (over 80%) and 
PPy-ClO4 (less than 20%), and only the PPy-ClO4 portion of the 
film electrode is reduced by the application of the negative po
tential in the TBAP solution. The redox potential of the PPy-
CuPcTs film electrode (-0.37 V) in TBAP is basically the same 
as that of the PPy-ClO4 film electrode (-0.36 V) in the same 
medium (see Table III). 

The redox potentials of the PPy-CuPcTs film electrodes are 
160-260 mV more negative than those of PPy film electrodes 
doped with inorganic anions (see Table I). Formation of the 
complex between PPy and CuPcTs in the film could certainly 

electrode/electrolyte 
PPy-CuPcTs/0.001 M Na4CuPcTs 
PPy-CuPcTs/0.05 M Na4CuPcTs + 

0.005 M (MV)Cl2 
PPy-CuPcTs/0.05 M NaClO4 
PPy-CuPcTs/0.05 M NaClO4 + 

0.005 M (MV)Cl2 
PPy-CuPcTs/0.05 M NaNO3 
PPy-CuPcTs/0.05 M NaNO3 + 

0.005 M (MV)Cl2 
PPy-CuPcTs/0.01 M TBAP 
PPy-ClO4/0.05 M NaClO4 
PPy-ClO4/0.01 M TBAP 

*-redox' 

V 
-0.54" 
-0.27 

-0.43 
-0.11 

-0.42 
-0.20 

-0.37* 
-0.23° 
-0.36 

A£? 
mV 

270 

320 

220 

60* 

'E1Z2(W) by Raman method. bAE is the potential shift caused by 
the addition of a large cation. 'This AE value (60 mV) was obtained 
with respect to the £redox value (-0.43 V) of PPy-CuPcTs/0.05 M 
NaClO4. 

affect the redox reaction of the PPy-CuPcTs due to the presence 
of four sulfonated groups. Those negative charges in the complex 
would contribute to moving the redox potential of the PPy-CuPcTs 
to the more negative potential. On the other hand, the redox 
potential of the PPy-CuPcTs film electrode was shifted toward 
the positive direction by the addition of large cations in the solution 
(see Table III). It is very likely that cations, particularly MV2+, 
interact with SO3" in the PPy-CuPcTs film and help the redox 
potential move to a more positive value. 

B.4. Redox Reaction of Doped Species (CuPcTs). In the cyclic 
voltammetric studies of the PPy-CuPcTs film electrode, the 
presence of cathodic and anodic currents for the redox reaction 
of CuPcTs has been described (see Figure 6a. E^ = -0.92 V and 
JSp8 = -0.62 V). In situ UV-visible spectra of a PPy-CuPcTs film 
electrode, which are shown in Figure 5, certainly support the 
conclusion derived from electrochemical data. There were three 
absorption bands at 336, 630, and 677 nm at 0.0 V where PPy 
was oxidized and CuPcTs existed as a neutral form. When only 
the PPy was reduced at -0.8 V, a new shoulder appeared around 
400 nm, which was due to the neutral form of PPy. The observed 
three bands, which are due to the neutral CuPcTs, remained at 
-0.80 V. However, the absorption at both 630- and 684-nm 
(shifted from 677-nm) bands decreased because of the decreased 
background, which was due to the reduction of PPy. When the 
electrode was further reduced at -1.2 V, three bands at 336, 630, 
and 684 nm almost disappeared, and a couple of new peaks ap
peared at 400 and 586 nm. The results suggest the formation of 
the reduced CuPcTs in the film at -1.2 V. It is interesting to note 
that the band at 400 nm, which is due to the neutral form of PPy 
in the PPy-CuPcTs film, is red-shifted approximately 30 nm 
compared with the band (372 nm) observed from the PPy-ClO4 
film at the same potential (see the inset of Figure 5). 

In situ Raman spectrum of a PPy-CuPcTs film electrode, which 
was recorded in 0.05 M NaClO4 solution with a Kr+ laser (647.1 
nm) as the excitation source, showed resonance Raman bands 
mainly from CuPcTs that include 503, 594, 689, 747, 1358, and 
1559 cm"1. The intensity of the bands decreased to a very low 
level when the PPy-CuPcTs film was reduced at -1.1 V. The 
change of the Raman spectrum recorded in the 1200-1700-cirf1 

region during the redox reaction of the PPy-CuPcTs film is shown 
in Figure 10. This change may be related to the reduction of 
CuPcTs, which is most likely the reduction of the ligand portion 
of the molecule.21 

B.5. Effects of Film Thickness. Concentration of the CuPcTs 
in the PPy-CuPcTs films ranging from 200 to 5000 A was de
termined by absorption spectroscopy (absorbance at the 630-nm 
band was used). The mole fraction of CuPcTs was the highest 
(0.075) in 200-A film and the lowest (0.013) in 5000-A film, as 
shown in Table IV. A similar decrease in concentration with 
increased film thickness for polypyrrole thin films doped with 
tetrasulfonated cobalt phthalocyanine has been reported.615 

(21) Rollman, L. D.; Iwamoto, R. T. J. Am. Chem. Soc. 1968, 90, 1455. 
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Figure 10. In situ Raman spectra of a PPy-CuPcTs film electrode (1000 
A) in 0.05 M NaClO4 at no applied potential (NAP), -1.1 and -0.6 V 
vs SCE (XeK = 647.1 nm). 

Table IV. Effects of Film Thickness on the Mole Fraction of 
CuPcTs in the PPy-CuPcTs films 

film 
thickness, A 

200 
300 
500 
800 

mole fract 
of CuPcTs 

0.075 
0.058 
0.034 
0.034 

film 
thickness, A 

1000 
2000 
5000 

mole fract 
of CuPcTs 

0.039 
0.024 
0.013 

Considering that approximately 12-16 pyrrole monomers are 
attracted to 4 sulfonated groups22 in a CuPcTs molecule, the mole 
fraction of CuPcTs in the PPy-CuPcTs film should be in the 
0.077-0.059 range. As a result of this consideration, one realizes 
that the PPy may not be totally oxidized in thicker films that are 
just prepared by the electrochemical oxidation of pyrrole mono
mers. It is conceivable in our experiment that the neutral PPy 
in the electropolymerized PPy-CuPcTs film was oxidized quickly 
to form a polypyrrole oxide (PPy-O) when it was exposed to the 
air immediately after the preparation of the film.4" 

For cyclic voltammetric experiments, electrodes with three 
different thicknesses23 (200, 1000, and 5000 A) were chosen. 
Cyclic voltammograms of 1000-A film in 0.05 M NaClO4 solution 
have already been shown in Figure 6. In the CV the peak currents 
for the PPy redox reactions were much higher than those for the 
CuPcTs. However, the CV of a 200-A film electrode showed that 
the current levels for the redox reactions of both PPy and CuPcTs 
were comparable to each other because of the higher mole fraction 
value of CuPcTs in the 200-A film electrode. The CV for a 
5000-A film showed both cathodic and anodic peak currents for 

(22) Hanakc, M.; Datz, A.; Fay, R.; Fischer, K.; Keppeler, U.; Koch, J.; 
Metz, J.; Mezger, M.; Schneider, O.; Schultze, H. In Handbook of Con
ducting Polymers; Skotheim, T. A., Ed.; Marcel Dekker: New York, 1986; 
p 133, and references therein. 

(23) The experiments are carried out for 2OO-5OO0-A films whose oxida
tion states can be controlled easily by the electrochemical techniques. For the 
thicker film (micrometer order), it takes several minutes to convert from the 
oxidized form to the reduced form. On the other hand, thinner films (less than 
200 A) are expected to have more channels and pinholes, and there are great 
chances of having charge-transfer reactions at the gold underlayer. 

the redox reaction of PPy. On the other hand, no peak current 
was observed for the redox reaction of CuPcTs. The CVs for all 
three electrodes in the NaClO4 solution with (MV)Cl2 showed 
both cathodic and anodic peak currents for the methyl viologen 
redox reactions. 

Both UV-visible and Raman spectroscopic data for those three 
film electrodes are consistent with the electrochemical observations. 
In situ UV-visible spectra for the 200-A film showed basically 
the same spectral changes as those observed for the 1000-A film 
(see Figure 5) when the potential was stepped from 0.0 to -0.8 
V and then to -1.2 V. In comparison, the CuPcTs in the 5000-A 
film was not reduced by stepping the potential to -1.2 V since 
the three absorption bands (336, 630, and 684 nm) that are 
characteristic of the neutral CuPcTs remained the same at -1.2 
V. In situ Raman spectra (1200-1700-Cm"1 region) of the 200-A 
film by using a 647.1-nm excitation source showed that the in
tensity of the major bands including 1358 and 1559 cm"1 disap
peared almost entirely at -1.0 V, which indicates almost complete 
reduction of the CuPcTs.24 The intensity of those bands in the 
spectrum for the 5000-A film remained the same when the po
tential was stepped to -1.2 V. 

The charge-transfer reaction of CuPcTs in the 5000-A film may 
be blocked by the formation of some unknown species near the 
CuPcTs. These species could be generated after the Na+ ions 
moved into the film during the reduction of polypyrrole oxide. 
Another possible explanation for the absence of the redox reaction 
of CuPcTs in the 5000-A film is that the film structure with a 
high mole fraction of PPy, particularly near the film surface, does 
not favor charge transport around the CuPcTs molecules. 

In summary, (1) the concentration of CuPcTs was found to be 
high in the thinner film and low in the thicker film, (2) PPy-
CuPcTs films ranging from 200 to 5000 A were electrochemically 
conducting in the negative potential range (PPy exists as a neutral 
form), (3) the PPy in all three films, ranging from 200 to 5000 
A, was fully reduced by the application of negative potential at 
-0.8 V, and (4) CuPcTs was reduced at -1.2 V in the thinner films 
(200 and 1000 A), but was not reduced in the thicker film (5000 
A) by applying the same potential. 

B.6. Effects of Methyl Viologen. It has already been described 
that there are sharp and high currents (mostly anodic) in the CVs 
of the PPy-CuPcTs thin-film electrodes in the presence of 
(MV)Cl2 in both NaClO4 and NaNO3 solutions (see Figures 6b 
and 7b). The CV of the PPy-CuPcTs film electrode in the 0.05 
M NaClO4 solution containing 0.005 M MV2+ showed a 6 times 
larger amount of charge for the anodic peak at -0.02 V(IO mV/s 
scan rate) than that in the solution without MV2+. In situ Raman 
spectra of the PPy-CuPcTs film electrode were recorded in 0.05 
M NaClO4 and 0.005 M (MV)Cl2 solution. Measurements were 
made in the 1100-1700-cm"1 region starting at -1.2 V. As shown 
in Figure 11, there were initially two significant bands at 1530 
and 1551 cm"1 when recorded at -1.2 V, but the 1551-cm"1 band, 
which is due to the C=C symmetric stretching vibration of PPy, 
disappeared at -1.0 V. The 1551-cm"1 band reappeared at -0.5 
V, but its intensity gradually decreased when the PPy was oxidized 
by stepping the potential to more positive potentials. The intensity 
change of the 1551-cm"1 band with potentials ranging from -1.2 
to +0.4 V for both forward and reversed directions is shown in 
Figure 12. The formation of film substances on the surface of 
the PPy-CuPcTs thin-film electrode at more cathodic potentials 
than -0.6 V was responsible for the drop of the 1551-cm"1 band 
intensity. The appearance of the band at 1530 cm"1 in the same 

(24) Surface-enhanced Raman spectroscopic studies of nickel phthalo
cyanine thin films (20 A) on an anodized silver electrode in KOH solution 
snowed the disappearance of the major bands by the application of the re
duction potential up to -1.2 V (H. Tachikawa, unpublished results). Raman 
spectrum changes during the redox reaction of metallophthalocyanines and 
sulfonated phthalocyanines are described in the following articles: (a) Me-
lendres, C. A.; Cafasso, F. A. J. Electrochem. Soc. 1981, 128, 755. (b) 
Melendres, C. A.; Rios, C. B.; Feng, X.; McMaster, R. / . Phys. Chem. 1983, 
87, 3529. (c) Simic-Glavaski, B.; Zecevic, S.; Yeager, E. J. Am. Chem. Soc. 
1985, 107, 5625. (d) Simic-Glavaski, B.; Zecevic, S.; Yeager, E. J. Phys. 
Chem. 1983, 87, 4555. (e) Simic-Glavaski, B. Proc. IEEE on VLSI, V-MIC 
CH 1999-2/84 1984, 167. 
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Figure 11. In situ Raman spectra of a PPy-CuPcTs film electrode (1000 
A) in 0.05 M NaClO4 and 0.005 M (MV)Cl2 at different potentials (X00. 
= 514.5 nm). 

potential range also suggests the formation of film substance on 
the PPy-CuPcTs electrode surface. These results indicated the 
charge-transfer reaction of MV2+ to MV+, which was followed 
by the formation of (MV)ClO4 film, took place at the surface of 
the PPy-CuPcTs film electrode. 

In order to further investigate the nature of the film formed 
on the PPy-CuPcTs electrode, in situ Raman spectra were re
corded in the same solution at a thin-film gold electrode. As seen 
in Figure 13 [(a) 600-1200 cm'1, (b) 1100-1700 cm'1], several 
strong bands including 1025, 1358, and 1534 cm"1 appeared at 
-0.665 V. A strong, new band appeared at 992 cm"1 when the 
potential was further moved to -1.2 V. The potential was reversed 
at -1.2 V, and the band at 992 cm"1 disappeared when the potential 
was stepped to -0.9 V. The gold electrode surface, which had 
no deposit at the positive potential, became brown when the 
potential was set at —0.6 V, and it became colorless at potentials 
more negative than -1.0 V. Raman spectrum recorded at the gold 
electrode in the same solution at -0.72 V showed several broad, 
low-intensity bands in 690-920-cm"1 region. Those bands might 
suggest the formation of a polymeric film of methyl viologen in 
the negative potential range. The above observations indicate that 
at least two different films (possibly three) may be formed on the 
gold electrode in the NaClO4 solution with (MV)Cl2 at the 
negative potentials: the first film formed at -0.665 V was 
(MV)ClO4, and the second film formed at -1.2 V was MV0. The 
third film, methyl viologen polymers (PMV), might be formed 
after the production of MV+ in the negative potential range. One 
would also notice the possible formation of PMV in the cyclic 
voltammogram that was recorded at the gold electrode in the 0.05 
M NaClO4 and 0.005 M (MV)Cl2 solution (Figure Ic). An 
anodic current observed at ~-0.6 V was likely due to the oxidation 
of MV+ to MV2+; a portion of the current may be due to the 
oxidation of (MV)ClO4 to MV2+. There was also a low anodic 
current that remained in the entire potential range until 0.4 V. 
This may reflect the slow oxidation of the PMV [or (MV)ClO4] 
in this potential range. Several Raman bands, including those 
at 1358 and 1534 cm"1, remained even at +0.6 V. However, they 
were not seen when the spectrum was recorded after washing the 
electrode with distilled water (Figure 13b). Formation of a 
polymeric form of methyl viologen has previously been reported 
by Landrum et al. at gold minigrid electrodes.25 

3000 -

2000 

1000 

© : Forward direction 

^ : Reversed direction 

-1.2 

Figure 12. Relative Raman intensity of 1551-cm ' band vs potential, for 
the PPy-CuPcTs film electrode (1000 A) in the 0.05 M NaClO4 and 
0.005 (MV)Cl2 solution (Xexc = 514.5 nm). 

Raman spectra at the gold electrode in the 0.05 M NaNO3 and 
0.005 M (MV)Cl2 solution were similar to those in the NaClO4 
and (MV)Cl2 solution. However, no broad bands were seen in 
the 690-920-cm"1 region at -0.72 V. The intensity of the 992-cm"1 

band, which is due to the MV0, was not as strong as that recorded 
in the NaClO4 and (MV)Cl2 solution. The color at the gold 
electrode surface in the NaNO3 and (MV)Cl2 solution was rather 
purple than brown in the -0.6- to -1.0-V range. A part of the 
purple substance (MV+) generated at the electrode surface at 
-0.665 V diffused into the bulk of the solution instead of forming 
(MV)NO3 film. These results indicated that the solubility of 
(MV)NO3 was much higher than that of (MV)ClO4, which 
seemed to remain on the electrode surface as a film. Raman 
spectra of MV2+, MV+, and MV0 at a silver electrode have been 
reported.26 The observed Raman spectra of both (MV)ClO4 and 
(MV)NO3 are similar to the reported spectrum of MV+ in the 
solution rather than that of MV+ adsorbed on the silver electrode. 

The sharp anodic current (at ~0.0 V) observed in the CV of 
the PPy-CuPcTs film electrode in the NaClO4 and (MV)Cl2 
solution (see Figure 6b) may be interpreted as the catalytic ox
idation of polymerized methyl viologen [or (MV)ClO4] film by 
the oxidized form of PPy. The catalytic oxidation may be ex
plained by the following reactions: 

PPy0 — PPy , ++ e" (1) 

2nPPy+ + (MV)n — 2/iPPy° + «MV2+ (2) 

or 

PPy+ + (MV)ClO4 — PPy0 + MV2+ + ClO4" (2') 

The reactions will be completed when both the PPy in the PPy-

(25) Landrum, H. L.; Salmon, R. T.; Hawkridge, F. M. J. Am. Chem. Soc. 
1977, 99, 3254. 

(26) (a) Melendres, C. A.; Lee, P. C; Meisel, D. J. Electrochem. Soc. 
1983, 130, 1523. (b) Lu, T.; Birke, R. L.; Lombardi, J. R. Langmuir 1986, 
2, 305. 
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Figure 13. In situ Raman spectra at a thin-film gold electrode in 0.05 M NaClO4 and 0.005 (MV)Cl2 (a) at 0.4, -0.665, -1.2, -0.9, -0.2, and 0.4 
V vs SCE for 600-1200-cm"1 range and (b) at 0.4, -0.665, -1.2, -0.9, -0.2, and 0.6 V vs SCE, and after washing the electrode, for 1100-1700-cm-' 
range (XMC = 514.5 nm). 

CuPcTs and the PMV [or (MV)ClO4] on the PPy-CuPcTs film 
electrode are totally oxidized. 

The electrochemical behavior of the PPy-CuPcTs film electrode 
in the 0.05 M NaNO3 and 0.005 M (MV)Cl2 solution seems more 
complicated than that in the perchlorate solution. A sharp anodic 
current at -0.6 V (1 in Figure 7b) is due to the oxidation of M V + 

to MV2+ in the PPy-CuPcTs film because the current-scan rate 
relationship is almost linear. Another sharp anodic current (2 
in the same figure) is due to the oxidation of M V + to MV2+ in 
the solution because it shows nearly a linear relationship between 
the peak current and the square root of the scan rate. The anodic 
current at -0.10 V (4 in the same figure) is primarily due to the 
oxidation of the PPy itself in the PPy-CuPcTs film. However, 
the total charge for the peak current is almost twice as large as 
that observed in the NaNO3 solution without (MV)Cl2. A portion 
of the current may be due to the catalytic oxidation of PMV [or 
(MV)NO3]. A much thinner PMV film [or (MV)NO3] must be 
formed on the PPy-CuPcTs film during the reduction of MV2+ 

to M V + in the NaNO3 and (MV)Cl2 solution than that formed 
in the NaClO4 and (MV)Cl2 solution. The origin of the anodic 
current (3) is not certain, but it could be the oxidation of the PPy, 
which does not form a complex with the CuPcTs in the film. 

Although it is not certain whether the polymeric methyl viologen 
or a methyl viologen salt [such as (MV)ClO4 and (MV)NO3] is 
responsible for the observed catalytic current, the above results 
certainly indicate that the solubility of methyl viologen salts 
(MV+X") formed in different electrolytes plays an important role 
in the unusual electrochemical behavior at the PPy-CuPcTs film 
electrode. Since the solubility of (MV)NO3 is much higher than 
that of (MV)ClO4, the catalytic current was much smaller in the 
NaNO3 solution than that in the NaClO4 solution. The solubility 
of methyl viologen salts must be important for the polymer for
mation, if the PMV film is responsible for the catalytic current. 

B.7. Conducting Nature of PPy-CuPcTs Thin Film. Cyclic 
voltammetric experiments (see section B.l) showed that the 
PPy-CuPcTs thin-film electrode is electrochemically conducting 
in both positive and negative potential ranges between +0.4 and 
-1.2 V. Both in situ Raman and in situ UV-visible spectroscopies 
(see sections B.2 and B.5) indicated that the polypyrrole cations 
were reduced to the neutral form of PPy in the negative potential 
range (£redox of PPy ,+/PPy° is -0.54 V). The observed electro
chemical behaviors could be explained by (1) ionic conductivity, 
(2) porous nature (pinholes and channels), and/or (3) the elec
tronic conductivity of the PPy-CuPcTs film electrode. One expects 

that the PPy-CuPcTs thin film has a reasonably high ionic 
conductivity (small cations can move through the film easily) in 
the negative potential range because the PPy-CuPcTs film 
probably behaves as a cation-exchange membrane.27 On the other 
hand, the PPy-CuPcTs film electrode appears to be structurally 
more rigid than the PPy doped with inorganic anions, and it is 
unlikely that the porous nature of the film contributes significantly 
to the observed electrochemical activities at the PPy-CuPcTs film 
electrode. If the ionic conductivity must play the major role for 
the observed redox reaction of methyl viologen at the electrode, 
the charge-transfer reaction of methyl viologen must take place 
on the surface of the gold substrate. However, our Raman 
spectroscopic investigations of the PPy-CuPcTs film electrode 
in the presence of (MV)Cl2 (see section B.6) indicated that the 
redox reaction of the MV2+/MV*+ pair took place at the surface 
of the film electrode instead of at the surface of the gold un-
derlayer. These results strongly suggest that the reduced PPy-
CuPcTs thin film has a characteristic of electronic conductor, even 
though the majority of the PPy exists as a neutral form. 

If the electronic conductivity instead of the ionic conductivity 
of the reduced PPy-CuPcTs film mainly contributes to the ob
served electrochemical activities, one cannot rely on the polaron 
theory for explaining the above results because the concentration 
of the PPy cations must be negligible in the negative potential 
range where the PPy cations can be reduced to a neutral form 
of PPy. It has been suggested that the structure of PPy may 
resemble the ring structure of phthalocyanine.20 It is conceivable 
that each ring structure consists of 12-16 pyrrole rings. During 
the polymer formation process, oxidized forms of three to four 
pyrrole rings could be attracted by each sulfonated group in the 
CuPcTs. Stacked forms of the CuPcTs and the polypyrrole rings 
could be formed. This arrangement could lead to the possibility 
of electron delocalization by the IT—IT overlap of the macrocycles 
and the polypyrrole rings,21 which would establish a conduction 
pathway. A high degree of crystallinity for PPy-CoPcTs film 
has been confirmed by X-ray diffraction studies by Rosenthal et 
al.6b The proposed stacked form structure would provide a high 
degree of crystallinity for the PPy-CuPcTs film. It is interesting 
to note that the PPy-CuPcTs thin films show conductivity whether 
the PPy exists as an oxidized form or as a neutral form. This 

(27) Burgmayer, P.; Murray, R. W. In Handbook of Conducting Poly
mers; Skotheim, T. A., Ed.; Marcel Dekker: New York, 1986; p 507, and 
references therein. 
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suggests that doped anions may play a major role in order to decide 
if the PPy film is conductive. 

There are still a few unknown factors that might contribute 
to the observed conductivity of the PPy-CuPcTs thin-film electrode 
when the PPy is in a neutral form. The role of cations, such as 
MV2+ and Na+, for the conductive nature of the film is not known 
at this stage. Also unknown is the behavior of the PPy-O during 
the reduction reaction of the PPy-CuPcTs film, but it is quite 
unlikely that the PPy-O would play the major role for the con
ductive nature of the PPy-CuPcTs electrode. Although the high 

oxygen content in the PPy film doped with inorganic anions has 
been reported,28 this type of PPy film behaves as an insulator when 
it is reduced. 
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Abstract: D- or L-configured glucon-, mannon-, and galactonamides bearing JV-octyl or JV-dodecyl substituents were mixed 
pairwise in a 1:1 molar ratio in aqueous solution and then converted to micellar fibers. By electron microscopy we observed 
chain length induced racemate resolution, formation of simple or complex hybrid structures or quantitative separation of individual 
fibers, as well as ideal mixing of the components within one fiber. Separations were traced back to stereochemical dissimilarities 
between the outer hydroxymethine groups of both components. Different lengths of the hydrophobic chains slowed fiber formation 
down and allowed the detection of intermediate micellar clusters. 

Hydrophobic bilayers are soft materials and capable of being 
shaped by stereoselective interactions of chiral head groups as well 
as by strong hydrogen bonds between secondary amide groups. 
Helical tubes and rods and twisted ribbons and rolled-up sheets 
have thus been obtained in aqueous gels by self-organization of 
appropriate spherical or sheet-like bilayers made of lipid mole
cules.1"3 This paper describes for the first time the formation 
of mixed aggregates ("alloys") as well as of bistructural and of 
fully separated fiber aggregates. Evidence for separations or 
nonseparations comes from comparison of electron micrographs 
of the mixtures with those of the individual components and, in 
one case, from electron micrographs of autoradiographs. 

As a starting point we chose the amphiphilic 7V-alkyl-
aldonamides with r> or L- gluon, mannon, or galacton head groups. 
They dissolve as spherical micelles in boiling water and aggregate 
to micellar fibers on cooling.2'3 The octylgluconamide is by far 
the most soluble in hot water (>50% w/v), followed by the oc-
tylmannonamide (2% w/v), and octylgalactonamide (<0.5% 
w/v).3 Dodecylamides are in general less soluble by a factor of 
about ten than octylamides. Octadecylamides are practically 
insoluble in water and were therefore not included in this study. 
If one compares the appearance of the fibrous aggregates, then 
the most soluble gluconamide with a bent head group3-5 produces 
the most curved superstructure, namely helical ropes of bimole-

(1) Nakashima, N.; Asakuma, S.; Kunitake, T. /. Am. Chem. Soc. 1985, 
107, 509-510. 

(2) Pfannemuller, B.; Welte, W. Chem. Phys. Lipids 1985, 37, 227-240. 
(3) Fuhrhop, J.-H.; Schnieder, P.; Boekema, E.; Helfrich, W. /. Am. 

Chem. Soc. 1988, 110, 2861-2867. 
(4) Hortan, D.; Walaszek, Z.; Ekial, I. Carbohydr. Res. 1983, 119, 

263-268. 
(5) Fuhrhop, J.-H.; Svenson, S.; Boettcher, C; Vieth, H.-M.; Rossler, E. 

Manuscript in preparation. 

cular diameters, the mannonamide aggregates to planar bilayer 
sheets which roll up to scrolls, and galactonamide gives bilayered 
twisted ribbons.3 Curvature and twistings are usually lost in 
nonchiral aggregates. Racemic mixtures of D,L-gluconamides, 
for example, produce platelets, and D,L-galactonamides appear 
as smooth tubes (chiral bilayer effect).4,6 
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Results and Discussion 
j\'-Octyl- and Dodecylgluconamides. A 1:1 mixture of N-

octyl-D-gluconamide (D-Glu-8) and the dodecyl homologue (D-
GIu-12) dissolves in hot water and solidifies to a water-clear gel. 
Such a gel without any turbidity has so far not been observed for 
any aqueous gel made from glyconamides. It is a typical example 

(6) Fuhrhop, J.-H.; Schnieder, P.; Rosenberg, J.; Boekema, E. /. Am. 
Chem. Soc. 1987, 109, 3387-3390. 
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