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ABSTRACT 

The synthesis and electropolymerization of 2-[2-(l-pyrrolyl)ethylamino]-3-chloronaphthoquinone 
(PNQ) and 2,5-bis[2-(1-pyrrolyl)ethylamino]-2,6-dichlorobenzoq~none (PBQ). are described. Electro- 
chemical behaviour of poly(PNQ) and poly(PBQ) films on platinum electrodes was investigated in 
acetonitrile media. A stable composite film was obtained by the oxidation of PNQ on a polypyrrole 
coated Pt electrode. 

INTRODUCTION 

Electrodes coated with substituted polypyrroles containing redox groups are of 
interest as potential electrocatalysts [1,2]. Poly(pyrrole-anthraquinone) modified 
electrodes have the ability to catalyse the reduction of solvated dioxygen [3]. In an 
alternative approach to the preparation of quinone modified electrodes, a naph- 
thoquinone moiety has been covalently attached to a PtO electrode avoiding the use 
of polypyrrole [4,5]. We have synthesed 2-[2-(l-pyrrolyl)ethylamino]-3-chloronaph- 
thoquinone (PNQ) and 2,5-bis[2-(l-pyrrolyl)ethylamino]-2,6-dichlorobenzoquinone 

PBQ 
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(PBQ) and polymerized them on Pt electrodes in order to learn more about quinone 
modified electrodes. These two substrates were chosen because PBQ has two pyrrole 
sites and can form a cross-linked polymer whereas PNQ has only one pyrrole site. 
Electropolymerization of the above monomers and the electrochemical behaviour of 
resulting polymers are described in this paper. 

EXPERIMENTAL 

Preparation of monomers 

2-[2-(1 -Pyrrolyl)ethylaminoI-3-chloronaphthoquinone (PNQ) 
2,3-Dichloronaphthoquinone (0.45 g, 2 mmol) and 1-(2aminoethyl)pyrrole [6] 

(0.45 g, 4.1 mmol) were stirred in dry benzene (20 ml) for 48 h. The solution was 
filtered and evaporated to dryness. The resulting residue was washed with water, 
dried under vacuum over P205 and then recrystallised from benzene-petroleum ether 
(40-60” C) to give PNQ as red needles (0.5 g, 83%). m.p. 150-151” C. Found: C, 
64.0; H, 4.2; N, 9.1. Calc. for C,,H,,N,O,Cl: C, 63.9; H, 4.4; N, 9.3%. ‘H NMR 
(CDCl,, TMS) S: 4.18(4 H, s, N-CH, and NH-CL&), 6.01(1 H, bs, NH), 6.18(2 H, 
t, J 2 Hz, j3 H’s of pyrrole), 6.67(2 H, t, J 2 Hz, (Y H’s of pyrrole), 7.70(2 H, m, 
ArH), 8.02(1 H, dd, J 1.4 Hz, J 7.2 Hz, ArH), 8.15(1 H, dd, J 1.4 Hz, J 7.3 Hz, 
ArH). m/z(%): 302(M + 2, 1.2), 300(M+, 0.8), 265(100, M-Cl), v,,(KBr): 3301, 
1676, 1600, and 1570 cm-‘. 

2,5-Bis[2-(1 -pyrrolyl)ethylaminoI)-3,6-dichlorobenzoquinone (PBQ) 
Chloranil (0.5 g, 2 mmol) and 1-(2-aminoethyl)pyrrole (0.9 g, 8.2 mmol) were 

stirred in dry benzene (50 ml) for 24 h. The reaction mixture was worked up as 
earlier to give PBQ (0.62 g, 77%). PBQ was recrystallised from dioxane-ethyl acetate 
as brownish-red needles. m.p. 215-217°C. Found: C, 55.4; H, 5.0; N, 14.1. Calc. 
for C,,H,,O,N,Cl,: C, 55.0; H, 4.6; N, 14.2%. ‘H NMR (CDCl,, TMS) S: 4.17(8 
H, s, 2x NH-C+Cg,), 6.19(4 H, t, J 2 Hz, j3 H’s of pyrroles), 6.66(4 H, t, J 2 
Hz, (Y H’s of pyrroles). m/z(W): 396(M + 4, l.O), 394(M + 2, 1.9), 392(M+, 0.2) and 
80( 100). v,,(KBr): 3276, 1570, and 1492 cm-‘. 

Film preparation 

All electrochemical studies were performed in a three-electrode one-compartment 
cell. The working electrode was a Pt sphere (diameter l-2 mm), sealed in a glass 
mounting. A Pt wire was used as the counter electrode. All the potentials are quoted 
with respect to a saturated sodium calomel electrode (SSCE). The electrolyte 
solutions were degassed by bubbling dry oxygen-free nitrogen for lo-20 min. The 
acetonitrile (Aldrich, HPLC grade) was dried over calcium hydride. Tetrapropylam- 
monium tetrafluoroborate (TPAB) was dried under vacuum at lOO-120°C for two 
days. 

Poly(PNQ) films were obtained on Pt spheres by electropolymerization of a 
PNQ(lO-20 mM) solution in acetonitrile containing 0.1 M TPAB at potentials 
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between 1.2 and 1.3 V. Similarly, PBQ formed a blue coloured film of poly(PBQ) on 
Pt spheres from 2 mM solution when oxidised at 1.2 V. Since PBQ is not very 
soluble in acetonitrile, dilute solutions had to be used for this polymerization. 
Polypyrrole (PP) films were obtained by the oxidation of pyrrole (0.05 M) in 
acetonitrile containing 0.1 M TPAB at 0.9 V. The coated Pt spheres were washed 
thoroughly with acetonitrile and transferred to a fresh solution of acetonitrile 
containing 0.1 M TPAB for cyclic voltammetric and chronoamperometric experi- 
ments. 

RESULTS AND DISCUSSION 

Behaviour of PNQ and poly(PNQ) 

Cyclic voltammetry of PNQ (2 mM) in acetonitrile containing 0.1 M TPAB 
showed two-reversible electron-transfer reactions at E o = - 0.97 and - 1.35 V for 
the PNQ/PNQ’- and PNQ’-/PNQ*- redox couples respectively (Fig. 1). An 
irreversible peak was observed ( EPa = 1.30 V) for the oxidation of pyrrole ring. 

A thin film of poly(PNQ) and a substantial amount of soluble products were 
formed during the polymerization process. The involvement of the amine nitrogen 
lone-pair in the formation of soluble products cannot be ruled out. Attempts to 
prevent the formation of soluble products by using excess acid (HClO,) to proto- 
nate this lone-pair were unsuccessful. Unlike PBQ, the oxidation of 2 mM PNQ 
solution did not produce a polymeric film. 

The electrochemical behaviour of poly(PNQ) films was studied by cyclic voltam- 
metry (Fig. 2) in acetonitrile containing 0.1 M TBAP. The second cyclic voltamo- 
gram (Fig. 2a) of a fresh poly(PNQ) film showed a comparatively sharper and larger 
cathodic peak than the anodic peak. In the polymer, E o (PNQ/PNQ’-) = - 0.88 V, 
which is close to the value for the monomer in solution. Unfortunately, the modified 
electrode was not stable and lost its activity completely within seven scans (Fig. 2~). 
This rapid deterioration could be due to either the desorption of the low molecular 

-1.8 -0.9 0.0 

E / V vs. SSCE 

Fig. 1. Cyclic voltammogram of PNQ (2 mM) at a Pt electrode (area = 0.118 cm*) in acetonitrile 
containing 0.1 M TPAB. Scan rate = 0.1 V s-‘. 
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E / V vs. SSCE 

Fig. 2. Cyclic voltammogram of a film of poly(PNQ) on Pt (area = 0.182 cm2) in acetonitrile containing 
0.1 M TPAB. Scan rate = 0.1 V s-‘. (a) 2nd scan; (b) 3rd scan; (c) 7th scan. Film prepared by passing 
15.8 mC cm-’ at 1.2 V from a 10 mM PNQ solution. 

weight polymer from the electrode surface or the irreversible protonation of the 
resulting radical anion (PNQ ‘-). 

In acetonitrile containing 0.1 M TPAB, PBQ (1.6 mM) showed the expected two 
reversible electron transfer reactions to form the radical anion (PBQ’-) and dianion 
(PBQ’-) at ED = -0.75 and - 1.29 V respectively (Fig. 3). The oxidation of 
pyrrole rings gave an irreversible peak ( Epa = 1.49 V). 

PBQ gave a very stable polymeric film, poly(PBQ), and did not produce soluble 
products during the polymerization process even from 2 mM solutions. Probably, 
the improvement in film forming ability over that of PNQ is due to the presence of 
two pyrrole rings in the monomer. The film-forming ability of ruthenium complexes 

-1.6 -0.9 0.0 

E / V vs. SSCE 

Fig. 3. Cyclic voltammogram of PBQ (1.6 mM) at a Pt electrode (area = 0.135 cm*) in acetonitrile 
containing 0.1 M TPAB. Scan rate = 0.08 V s-‘. 
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E / V vs.SSCE 

Fig. 4. Cyclic voltammogram of a film of poly(PBQ) on Pt (area = 0.126 cm’) in acetonitrile containing 
0.1 M TPAB. Scan rate = 0.1 V s-‘. Film prepared by passing 18.6 mC cm-* at 1.2 V. (a) 1st scan; (b) 
4th scan after 3 continuous scans; (c) next scan after 15 min rest at 0 V. 

with pyrrole containing ligands increased substantially when the number of pyrrole 
groups was increased [7,8]. 

Figure 4a shows a cyclic voltammogram of a poly(PBQ) film after an initial 
“breaking-in” process (2-3 cycles). Both the anodic and cathodic waves are broader 
than those of the monomer. The anodic wave is much smaller than the cathodic 
wave indicating incomplete oxidation during the time scale of the reverse scan. For 
the cathodic wave Epc = - 1.03 V, which is about 0.22 V more negative than that for 
the same step of the monomer (E,, = -0.81 V). This shift of E,, to more negative 
potentials when the electroactive group is associated with the polymer could be due 
to cross-linking within the film, giving a more rigid structure and limiting ion 
motion through the film. In addition, there was a broad anodic wave at positive 
potentials, beginning at E = 0.4 V, due to oxidation of the pyrrole chain, accompa- 
nied by the cathodic peak on the reverse sweep. 

These poly(PBQ) films were found to be quite stable. But on continuous 
scanning, the cathodic peak current decreased gradually, and E,, values moved 
towards more negative values (Fig. 4b). A contributing factor to these observations 
is the incomplete reoxidation of the film during the anodic branch on the time scale 
used. After 15 min rest at 0 V, the next scan (Fig. 4c) showed the original shape. A 
similar behaviour was observed with poly(pyrrole-cyanoanthracene) film in the 
presence of lithium ions [9]. 

The chronoamperometric experiments with a potential step of 0 to - 1.4 V were 
carried out in acetonitrile containing 0.1 M TPAB over 4 s. The current transient 
had fallen to zero after 2 s and integration indicated a surface coverage of 
electroactive groups, l? = 6.5 nmol cme2. The D”‘c, values were calculated from 
the slope of the Cottrell plot and were found to be in the range of 7-11 nmol cm-2 
s-i/z 
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Composite system of polypyrrole and poly(PNQ) 
Since poly(PNQ) films are very unstable we decided to incorporate PNQ mole- 

cules into a polypyrrole backbone. The covalent attachment of PNQ to the firmly 
anchored polypyrrole layer is expected to form a more stable composite film. Other 
workers [lo] have examined a composite of polypyrrole and a Ru(I1) containing 
poly(vinylpyridine). We have found that the composite films between polypyrrole 
and poly(N’-4-nitrobenzoyl-L-lysine) are more stable than plain poly(N’-4-nitro- 
benzoyl-L-lysine) films [ 111. 

Platinum was coated with polypyrrole (PP) by the oxidation of pyrrole (0.05 M) 
in acetonitrile containing 0.1 M TPAB at 0.9 V. The thickness of the PP coating was 
regulated by the time period used. Film thicknesses are calculated assuming that 24 
mC cm-’ of charge produce a 0.1 pm thick film [12]. The polypyrrole films we used 
were 40-50 nm thick. The Pt/PP/Poly(PNQ) electrode was prepared by polymeriz- 
ing a solution of PNQ (13.3 mM) in acetonitrile containing 0.1 M TPAB on a PP 
coated Pt electrode. Since polypyrrole is a porous polymer [13] the polymerization 
of PNQ can take place even at the Pt surface and inside the polypyrrole layer. 
Rosenthal et al. [14] used a similar strategy to form a poly[l-( p-nitrophenyl)pyrrole] 
film on a Pt surface. The polymerization of adsorbed pyrrole formed a thin 
polypyrrole film (2-3 monolayers) which facilitated the subsequent growth of the 
poly[l-( p-nitrophenyl) pyrrole] film. 

A typical cyclic voltammogram of Pt/PP/Poly(PNQ) is shown in Fig. 5a. This 
electrode is much more stable than the poly(PNQ) electrode and has an 
E o (PNQ/PNQ’-) value of - 0.86 V. There is only a very small shift of E o to more 
negative potentials compared to the PNQ monomer in solution, again quite distinct 
behaviour from that of poly(PBQ). The area under the cathodic and anodic 
branches are roughly equal. 

a 
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-1.2 -0.6 .O 

E / V VS. SSCE 

Fig. 5. Cyclic voltammograms in acetonitrile containing 0.1 M TPAB. (a) Pt/PP/Poly(PNQ) electrode 

(area = 0.117 cm’); scan rate = 0.1 V s -I. PP film was prepared by passing 9.9 mC cm2 at 0.9 V; 

Poly(PNQ) film was prepared by passing 54.0 mC cmF2 at 1.2 V. (b) PNQ (2 mM) at Pt electrode 

(area = 0.118 cm*); scan rate = 0.049 V s-l. 
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TABLE 1 

Cyclic voltammetric data from a Pt/PP/Poly(PNQ) electrode (area = 0.117 cm2) in acetonitrile contain- 
ing 0.1 M TPAB. i,, is proportional to scan rate. PP was made by passing 9.9 mC cm-’ at 0.9 V; 

Poly(PNQ) was made by passing 54.0 mC cme2 at 1.2 V 

U/V s-1 - E”/V A E/mV $,/PA $,/PA i,u-‘/mA s V-’ %/PC %/PC 

0.100 0.85 139 87 68 0.87 129 128 
0.081 0.86 127 72 57 0.89 129 131 
0.064 0.86 120 57 43 0.89 129 129 

0.049 0.85 129 45 34 0.92 127 131 
0.036 0.86 123 33 24 0.92 128 132 

0.025 0.85 127 22 16 0.88 130 131 
0.016 0.86 97 14 13 0.88 121 134 

Table 1 contains the cyclic voltammetric data obtained for a Pt/PP/Poly(PNQ) 
electrode in acetonitrile containing 0.1 M TPAB. The value of i,,/~ is approxi- 
mately constant over the scan rates between 15 and 100 mV s-‘, indicating thin film 
behaviour. The values of qc (area under the cathodic peak) are almost constant and 
are scan rate independent, suggesting complete charging and discharging of the film 
during the CV experiments. This composite electrode is stable to continuous cycling 
between 0 and - 1.15 V, and qc values decreased very slowly (0.2% per cycle). This 
confirms our suggestion that deterioration of simple poly(PNQ) films is due to 
desorption of the polymer from the electrode surface. 

From our experience with poly(pyrrole-cyanoanthracene) 191, poly(pyrrole-pyro- 
mellitimide) [15], poly[l-[2-(4-nitrobenzoyl)aminoethyl]pyrrole) [ll] and these two 
quinone containing polypyrrole polymers, some general points emerge concerning 
the properties of polypyrrole films. More stable films are formed when the mono- 
mer contains two pyrrole moieties so that cross linking is possible during film 
formation. A layer of polypyrrole, which adsorbs strongly to a metal surface, can be 
used to improve the adhesion of otherwise difficulty polymer&able monomers. In 
cross-linked polymers the range of electroactivity of the redox centre may be shifted 
by 200 mV or more from the range for the monomer in solution. 
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