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Abstract

T h i s p a p e r d e s c r i b e s s t u d i e s c a r r i e d o u t o n p o l y ( p - p h e n y l e n e ) o b t a i n e d b y a n o d i c polym e r i z a t i o n o f b e n z e n e a n d o t h e r a r o m a t i c c o m p o u n d s . It c o n t a i n s o v e r 1 0 0 r e f e r e n c e s

concerning electrochemical polymerization, polymerization mechanism, physical, spect r o s c o p i c a n d e l e c t r o c h e m i c a l p r o p e r t i e s , film m o r p h o l o g y a n d a p p l i c a t i o n s . T h e a i m o f

t h i s r e p o r t is t o p r o v i d e a n e x h a u s t i v e s u r v e y o f t h i s s u b j e c t a n d t o t r y a n d e x t r a c t n e w

r e s e a r c h t r e n d s in t h i s field.
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1. I n t r o d u c t i o n

During the last few years conjugated polymers have attracted a lot of

interest and a great amount of fundamental and applied work has been

devoted to this field of research (for recent developments see ref. 1). Among

the various techniques for their preparation, electrochemical synthesis has

been widely used, since it appeared to be a rather general method which,

moreover, had the advantage of yielding conducting films directly in a onestep reaction. However, although the technique is simple to apply, the

properties of the polymers are highly dependent on experimental conditions

and this explains why so many articles and reviews [2-7] have been dedicated

to the study of this problem.

Usually, electropolymerization (EP) is carried out by anodic oxidation

of aromatic or heteroaromatic monomers (benzene, pyrrole, thiophene, etc.)

but several examples of cathodic EP, such as the reduction of Ni-bihalogeno

complexes, have been developed as well [8-11].

To our knowledge poly(p-phenylene) (PPP) was first electrosynthesized

in 1966 [12] and the first electrosynthesis of polypyrrole (PP) was carried

out a little later in 1968 [13] and then in 1979 [14]. Up to now most efforts

regarding anodic EP have been concerned with heterocyclic compounds such

as pyrrole, thiophene and their derivatives as well as aniline and its derivatives.

The number of publications devoted to the anodic synthesis of PPP is

considerably smaller and probably this fact is related in part to the more

complicated conditions required, as is evident from the fact that PPP was

first synthesized electrochemically in a two-phase liquid HF-benzene system,

in contrast with the easy electrosynthesis ofpolythiophene (PT) and polypyrrole

(PP) which can be prepared in conventional solvents such as acetonitrile or

water.

In this context, it must be underlined that up to 1984 [ 15] nothing was

known about benzene EP in organic solvents and only since 1986 have some

suitable organic electrolytes been proposed for this reaction [16].



2. M e c h a n i s m o f a n o d i c p o l y m e r i z a t i o n

2.1. Gen er a l c o n s i d e r a t i o n s

Owing to the difficulties encountered in benzene EP a large amount of

work has been devoted to improving the synthetic conditions and to extending

the choice of electrolyte systems. Concerning the mechanism of EP it must

be recalled that several hypotheses have been postulated for aromatic and

heteroaromatic monomers and the mechanism (Scheme 1), first proposed

for PPy [17], is now generally accepted by most authors, and has been

extended to benzene compounds.
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Cation-radical (CR) formation was recently proved in the case of pyrrole

by fast-scanning cyclic voltammetry (CV) [ 18 ] and the process was completely

inhibited by radical scavenger [19 ]. The limiting step of this process appears

to be the m o n o m e r isotopic effect [19 ]. Bipyrrole formation was also shown

by rotating-ring disk voltammetry [20 ], but the mechanism of chain propagation

remains under discussion (see refs. 18 and 21, and ref. therein). Recently,

the mechanism of CR coupling was ascertained by the fast potential step

technique [21 ], but the kinetic data related to thiophene EP in the presence

of a small amount of bithiophene were in favour of coupling between CR

and the monomer [22]. PPy chain propagation is assumed to proceed mainly

in solution and then polymer deposits on the electrode [23].

2.2. B e n z e n e



In the case of benzene, the main peculiarity is the high oxidation potential

and, consequently, the higher reactivity of the CR. The benzene CR will

therefore quickly react near the electrode and, since PPP oligomers usually

have low solubility, soluble products cannot form. Therefore, films with low

molecular weight and oligomers, such as sexiphenyl the solubility of which

is very low in most solvents, would be expected. However, it is well known

that PPP with a higher degree of polymerization (DP) can be formed and

therefore it might be suggested that solid state polymerization will occur

between the polymer cation radical (charged polaron) and the CR of the

m o n o m e r as well.

From a compilation of well-known experiments, it appears that electrolytes

suitable for the EP of benzene can be divided into three groups:

(1) inorganic solvents;

(2) organic solvents;

(3) room temperature melt salts.

The general features of these systems are the total absence of water, low

nucleophilicity and high acidity, which are absolutely necessary to polymerize

benzene.

In the case of strong Lewis or Bronsted acids, acid-base interaction

can occur and, with benzene, protonation products such as (r-complexes or

•r-complexes are probably formed. However, the data on benzene protonation

are not straightforward and sometimes appear contradictory [24, 25]. In a
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very strong acid such as trifluoromethanesulfonic acid (triflic acid) '3C NMR

showed [25] that benzene was not protonated and our '3C NMR studies in

dichloromethane containing triflic acid agreed with this proposition [26].

Thus, in our opinion, benzene is protonated only in the strongest superacids

such as HF-SbF5 (Hammett function up to - 2 0 . 0 [27]), but in other strong

acids it appears that benzene can exist only in the form of a ~r-complex.

The polymerization mechanism with participation of protonated benzene,

p r o p o s e d in 1982 for EP in HF-SbF~ [28], is plausible in this special case

(Scheme 2).

These interactions between benzene and strong acids could thus explain

the decrease of the oxidation potential after addition of triflic acid [29].

Moreover, in favour of the complexation by Lewis acids is the rapid appearance

of a brown coloration in the nitromethane (NM)-AICl~-benzene system [15],

and the orange ~r-complex formation in the SO2--SbF5 system [30]. It was

shown that in the latter case there is an equilibrium involving benzene and

the Lewis acid (Scheme 3) and that only the ~--complex would yield the

polymer under electrolysis.

•--Complex formation with Lewis or protonic acids decreases the energy

of oxidation and, consequently, the oxidation potential. This result is associated

with the fact that after protonation or complexation of the aromatic nucleus,

the delocalization energy of the benzene is reduced and thus the energy

difference between CR and the molecules from which it is formed is also

decreased.

However, it must be kept in mind that, in strong acid media, benzene

oligomers must be protonated and this should decrease the rate of the

deprotonation step (step 3, Scheme 1). This would not affect the EP potential,

since the rate-limiting step is benzene oxidation, but it could, for instance,

control the subsequent polymerization steps and lead to longer chains and

more 1,4°disubstitution of the benzene ring.



2.3. Polymer-solution-electrode surface interactions

A c i d - b a s e interactions between polymer, solution and the solid electrode

surface d e d u c e d from Fowkes's theory [31] have also been put forward to

explain some EP results. As can be seen below (Table l) the electrolytic
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TABLE 1

Results of benzene anodic polymerization in different media

Potential of

current growth

(V vs. SCE)



System



1.



a

(S/cm)



MesityleneHC1-AIC1a



Ref.



32



2.



AN



3.



NM-A1C13-EtaN-H20



10-4_10-sa



15



4.



NB-CuCI2 or

AgO-Fe m, Mn w, Ni,

Ru, Re, Rh salts



16--100



34-39



5.



DCM or NM with

P205 or CuC12 or

oleum



~ 1.6



10-3_1



16, 40, 4 1 - 4 4



6.



ANb



~ 1.6



0.1-100



45-47



1.2



48



10-3_10-4~



9, 49



10-a_10 -7



50



7.



NB-BFa •Et20



8.



NM-CFaSOaH-A1C13BF3" Et20, etc.



9.



NB-CuA12C17



~2



1.7



33



10.



DCM-CF3SOaH



1.2



11.



93% H F - H 2 0 - K F



1.2



10-2-10-4(AsFs) ~



11, 5 1 - 5 3



12.



HF-SbF5



1.05



lO-4a



28



13.



Liquid SO2



&lt;2



10-3~

&gt; 100



44, 5 4 - 5 7



14.



98% H2SOa-AICI3 c



15.



Liquid 802-H2804

or P205 or CuCI2



16.



Liquid SO2-SbF5



17.



20% Oleum



18.



H2804 c



26



58

10-a~

1.05



0.85-1



54

30



10-2



59, 60

61, 62



20.



MeSO3H



1.3



59



21.



FSOaH, CF3SO3H,

H2SO4



0.9-1.0



59



22.



CFaSO3H-CFaCO2H



0.9



63



23.



PyHF



1.25-1.3



24.



BPA



Superconduc.

at 268 K



10--100



66--68



1.2 (A])



104



69



KetylPyCI-A1CIa

aPellets.

bBiphenyl solution.

CRotating electrode.



64, 65
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media used for benzene EP have to be strongly anhydrous (HeO &lt; 10-a M)

and it was shown that PPP film formation occurs only in solvents with a

donor number D N &lt; 1 5 or with a pKBH÷ ( - - 1 0 , such as dichloromethane

(DCM), nitrobenzene (NB), NM and acetonitrile (AN) [40]. Under these

conditions the CR, which is considered as 'acidic', will not react with the

solvent, but will react strongly with growing polymer the basicity of which

is similar to that of benzene (PKBH÷ • - - 9 . 2 ) and stronger than that of AN,

NB, NM and DCM. A similar explanation can be advanced to explain why

water hinders polymerization. Polymer formation was not achieved in DCM

or NM in the presence of 10 -2 M water; this could be explained by the

nucleophilicity of water which would react with the CR as soon as it is

formed and would thus prevent polymerization. A second possible effect

would be oxidation of water at the electrode surface, leading to the formation

of Pt oxides at potentials above 1.3 V (versus Ag/AgC1) [70], which would

make the surface basic and therefore inhibit the absorption of polymer which

also has basic properties. The occurrence of black filaments which diffuse

through the solution for water concentrations greater than 5 × 10 -3 M [40]

can be similarly explained by the absence of interactions between the surface

and the polymer. Benzene EP in 93% HF and 7% H~O [51 ] yielded hydroxylated

products but when a 100% H F - K F solution was used the O-H vibrations

in the IR spectrum disappeared.

The anion of the supporting electrolyte also plays an important role. It

was shown [40, 54] that using a perchlorate salt for benzene EP in organic

solvents and liquid SOs led to passivation of the electrode and to formation

of nonelectroactive films.



2.4. Studies of polymer growth by electrochemical methods

Cyclic voltammetry (CV) also gives some indications regarding electrochemical film growth. In the two-phase triflic acid-benzene system [59] (Fig.

l(a)) the appearance of a characteristic loop during the first scan, caused

by an increase in the anodic current during potential back sweep in the

cathodic region, was clearly indicative of a nucleation process, occurring

before polymer growth. Two peaks related to the charging (0.4 V versus

SCE) and discharging (0.1 V) of the growing PPP film appeared and did

not disappear when the potential was kept below the benzene oxidation

potential or when the electrode covered with the film was scanned in triflic

acid without monomer. The nucleation process was also confirmed by chronopotentiometry (Fig. 2). The characteristic drop in the oxidation potential

down to a constant value could be attributed to the decrease of the overvoltage after nucleation.

The nucleation process was also investigated [71 [ for biphenyl in DCM

by chronoamperometry and it was shown that progressive nucleation of small

hemispherical crystallites occurred.

Solid state polymerization was also shown to occur; Meerholz and Heinze

[72, 73] have reported that potential cycling up to 1.75 V versus Ag/AgCl

of a Pt electrode covered by sexiphenyl transforms one pair of redox peaks
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Fig. 1. Electrochemical properties of PPP film synthesized in a two-phase system: (a) electropolymerization of benzene in the two-phase benzene-CF3SO3H system with Pt electrode (2

m m diameter), v = 5 0 mV/s; (b) CVs in 95% H2SO4 for a film obtained in the same medium

at + 1.2 V (vs. SCE) (10 mC) (from ref. 59).



into another (Fig. 3) [72]. The coupling of sexiphenyl to dodecaphenyl was

proved by IR spectroscopy [73] and, apparently, in the more anodic potential

region a network is formed between the chains [73].

In general, anodic polymerization of benzene can be divided into two

types according to the shape of the CV of the polymer growth. One more

usual type is characterized by ill-defined doping-dedoping peaks, as shown

in Fig. 4 [30]. The second type with sharp redox peaks was observed only

for liquid HF [52], for solid state polymerization of the oligomers [72, 73]

(Fig. 3) and for superacid media [59, 63, 64, 74] (Fig. 1).

In conclusion, it should be noted that the mechanism of benzene EP is

less well understood than that of other aromatic monomers and there are

still unresolved questions concerning the formation of the polymer and, in

particular, the mechanism of chain propagation.

3. C o n d u c t i v i t y



The principal electrolyte systems for anodic PPP synthesis are shown

in Table 1. It should be noted that adherent and flexible PPP films can be

obtained in many cases. However, film conductivity is not very high in

comparison with other electrochemically synthesized conducting polymers.

The superconductivity and very high conductivity (104 S/cm) for PPP obtained

in the room temperature BuPyCI-AICI~ (BPA) melt [66, 69] is rather doubtful.
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Fig. 2. Chronoamperograms recorded on a Pt electrode (2 mm diameter) in a two-phase

benzene-acid system: (1) MeSO3H at + 1.5 V (vs. SCE); (2) 95% H2SO4 at + 1.3 V (vs. SCE);

(3) 20% oleum at + 1.2 V (vs. SCE); (4) FSO3H at + 1.2 V (vs. SCE); (5) CFaSO3H at + 1.2

V (vs. SCE) (from ref. 59).

Fig. 3. CVs in CH2C12+0.1 M Bu4NPF0 of (a)p-sexiphenyl (thin layer on Pt), Co)p-sexiphenyl

in the multisweep experiment up to 1.75 V vs. Ag/AgCI, (c) dodecaphenyl and (d) PPP at

T=10 °C, v=20 mV/s (from ref. 72).

An a t t e m p t to d e t e c t s u p e r c o n d u c t i v i t y b y m e a s u r i n g the m a g n e t i c s u s c e p tibility o f the P P P s a m p l e s failed [67].

The r a t h e r low c o n d u c t i v i t y of the e l e c t r o c h e m i c a l l y s y n t h e s i z e d P P P is

o b v i o u s l y a s s o c i a t e d with a low d o p i n g level a n d p o o r stability o f the films.

T h e s e films have a r a t h e r d e n s e m o r p h o l o g y (there w a s only o n e case with

fibrilar m o r p h o l o g y [ 5 0 ] ) and, c o n s e q u e n t l y , the d o p i n g p r o c e s s is impeded.

The high conductivities o f P P P films o b s e r v e d in s o m e c a s e s are u n s t a b l e

a n d are generally a s s o c i a t e d with a high r e d o x potential o f d o p e d PPP. As

w a s s h o w n earlier [75] b y NMR s p e c t r o s c o p y , d o p e d P P P c a n oxidize the

A s F 0 : a n i o n a n d s u c h r e a c t i o n s lead to P P P fluorination. F o r example, the

c o n d u c t i v i t y o f P P P o b t a i n e d in BPA [67] is r e d u c e d b y a f a c t o r o f 1 0 0 - 1 0 0 0
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Fig. 4. CVs at a Pt electrode in liquid SO2 (v = 100 mV/s): (a) 0.1 M benzene + 0.1 M Bu4NAsF6

at - 4 5 °C; (b) 0.1 M b e n z e n e + l M SbF~ at - 7 5 °C (from ref. 30).



p e r day even in a dry inert atmosphere. In this case a mechanism of degradation

by chlorination was suggested [67] according to Scheme 4.

PPP" +A1C14-



&gt; pppo + A1C13 ÷ Cl°



&gt; PPP(C1) ÷ HC1 ÷ AICl3



S c h e m e 4.



It seems that water, t hr ough the hydrolysis of AICl4- or through oxidation

by PPP, is also involved in the process of conductivity loss. The same

instability is also o b s e r ved with films synthesized in NB with CuCl2 [34] and

BF3- Et20 [48].



4. E l e c t r o c h e m i c a l p r o p e r t i e s

The electrochemical properties of conducting polymers are important

for various applications, such as batteries, electrocatalysis, electrochromic

display devices, supercapacitors and, m or e recently, for the conception and

realization o f various sensors for molecular electronics.



4.1. Cyclic voltammetry

In the case of PPP polymers, the cyclic voltammetric curves (CVs)

d e p e n d on the m e t h o d of pol ym er synthesis and generally large capacitance

c o m p o n e n t s are o bs e r ved in the CVs. Two oxidation peaks were observed

in several cases. Heinze and co-workers have shown for the PPP obtained

in liquid SO2 [55] that approximately 1/4 of the benzene rings in the PPP
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