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Several a,a'-disubstituted oligothiophenes of various lengths have been studied by cyclic 
voltammetry in a 30170 acetonitrile/toluene mixture and in pure acetonitrile. The variation 
of the redox potentials with the temperature and the concentration allows the measurement 
of the thermodynamic parameters of the n-dimer formation reaction and therefore the 
n-dimer existence domain, even in the case of short oligomers. The extrapolation of the 
relation between the free energy of the n-dimer formation and the number of thiophene 
ring allows estimation of the interchain interaction between polarons in polythiophene. 
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Introduction 

Thiophene oligomers in which thiophene units are 
linked by their a-positions have recently been the focus 
of much attention (see refs 1-20 and references therein). 

+Present address: Departamento de QuimicdCEx CP 702, Uni- 
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Brazil. 
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They hold promises in various fields dealing with 
molecular electronics (see, for example, refs 4 and 11 
and references therein), but they are also good models 
for studying charge storage in conducting polymers. In 
several cases, the radical cations of oligothiophenes have 
been produced by chemical oxidation in solution and 
characterized in carefully controlled  condition^.^!^ Such 
investigations suffer from the reactivity of oligoth- 
iophene radical cations in solution when the number of 
thiophene units is small and from the low solubility of 
higher oligomers. For example, if the radical cation of 
the unsubstituted quaterthiophene is observed through 
the reversibility of its oxidation wave in fast-scan cyclic 
voltammetry experiments, the unsubstituted terthio- 
phene exhibits only irreversible voltammograms in the 
same conditions.13 This problem may be overcome by 
blocking the reactive a-positions and the formation of 
many stable radical cations by electrochemical oxidation 
of such compounds has been r e p ~ r t e d . ~ - l ~  Substituent 
effects on the stability of these radical cations was 
studied and it was found that the lifetimes are longer 
when the substituents are donor groupslg and with the 
higher o l i g ~ m e r s . ~ J ~ J ~ J ~  In some cases, with some 
disubstituted oligomers, even the dications were stable 
during the time of a slow-scan cyclic voltammetry (v = 

Recently, on the basis of spectroelectrochemical and 
ESR experiments with substituted terthiophenes, Miller 
and co-workers have proposed that the radical-cations 
of oligothiophenes exist in the form of either a monomer 
of a n-dimer depending on concentration and tempera- 
ture conditions.8-10 This point is of great importance 
because n-dimers and x-stacks could be responsible for 

0.1 V ~-1)~6-11,13,14,16,17,19 
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the properties of oxidized polythiophene and other con- 
ducting polymers.1° These intermolecular n-interac- 
tions may be strong in thin films and provide a 
mechanism for electrical conductivity. Similar experi- 
ments performed by other authors have confirmed 
Miller's results with other olig~thiophenes.~~,'~~~~ In a 
preliminary work, we have recently shown that the 
existence of the n-dimer can be demonstrated with the 
determination of all the thermodynamic parameters for 
the oxidation of the a-bromo-a'-methoxyquaterthienyl 
only by analyzing the temperature and concentration 
dependence of the redox p0tentia1s.l~ However, the time 
scale for the observation of electrogenerated species is 
usually shorter for cyclic voltammetry than for spectro- 
electrochemical studies. As a consequence, the former 
method allows the study of more unstable oligoth- 
iophene radical cations:21 

Hapiot et al. 

was a 3-mm-diameter disk glassy carbon obtained by sealing 
in a glass holder a 3-mm carbon rod (Tokai Corp.). The SCE 
electrode was checked against the ferrocenelfenicinium couple 
(E" = $0.405 V/SCE) before and after each experiment. All 
the potentials are reported versus SCE. 

Instrumentation and Procedures. For temperature 
dependence experiments, the cell was tightly sealed and simply 
dipped into a Dewar can filled with acetone (for low T") or 
water (high T"), the temperature of which was controlled by 
the addition of dry ice or hot water. Before each measurement, 
the system was equilibrated for 5-10 min and the temperature 
inside the cell was monitored by a digital thermometer. The 
reference electrode was as previously described13 thermostated 
at 20 "C by an independent circulation of water. As discussed 
in ref 23, such arrangement leads to a negligible contribution 
(less than 0.03 mVK) of the thermal junction potential to  the 
variation of the measured redox potential with the tempera- 
ture. 

Electrochemical instrumentation consisted of a PAR Model 
175 Universal programmer and of a home-built potentiostat 
equipped with a positive feedback compensation device.24 The 
cathodic and anodic peaks were measured on 310 Nicolet 
digital oscilloscope. From repetitive measurements, the error 
made on the relative determinations of Eoapp during one set of 
temperature variation was estimated to be better than +3 mV. 
Accuracy on slopes for the temperature variations are the 
calculated standard deviations taking into account this error 
on each potential measurement. 

The integral equation for a reversible DIM1 mechanism was 
carried out numerically, dividing the interval 0-t  into 4000 
subintervals using the same linearizations than in ref 25. 
Calculations were made on PC 486DX50 microcomputer. 

MeO-ZT-Me0 

Br-3T-Me0 Br-3T-Br 

OMe 

Br-4T-Me0 

After having examined the dimerization of a quater- 
thienyl, it is suitable to  investigate the behavior of 
smaller oligothiophenes, namely, some ter- and bithie- 
nyls. It is interesting to know not only if the existence 
of n-dimers is a general property of all thiophenic radical 
cations but also how it depends on the length of the 
conjugated chain and on the nature of the a-substituent. 
In the case of short oligomers, cyclic voltammetry 
becomes the only suitable investigation mean because 
of the short lifetimes of the generated species. We have 
examined the electrochemical behavior of the oligoth- 
iophenes below, determined the thermodynamic param- 
eters for their oxidation, and compared them with the 
results previously obtained for Br-4T-Me0.13 The im- 
plications and possible developments of these results are 
discussed in the following parts. 

Experimental Section 

Chemicals. The different oligothiophenes have been syn- 
thesized according to previously published procedures.22 The 
solvent (70/30 toluene/acetonitrile mixture) was used to in- 
crease the solubility of the aromatic compounds, with 0.1 M 
tetrabutylammonium perchlorate (Fluka Puriss) added as 
supporting electrolyte. When the oligothiophene was soluble 
enough, for comparison purpose, pure acetonitrile (with the 
same electrolyte) was also used. Its larger conductivity allows 
the use of higher scan rates in cyclic voltammetry experiments. 

Cell and Electrodes. The counter electrode was a Pt wire 
and the reference electrode an aqueous saturated calomel 
electrode (E'ISCE = E"/NHE - 0.2412 V) with a salt bridge 
containing the supporting electrode. The working electrode 

(21) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; John 

(22) Garcia, P.; Pernaut, J.-M.; Delabouglise, D.; Gamier, F. French 
Wiley: New York, 1980. 

Results and Discussion 

In a preliminary comm~nication,~~ we reported that 
MeO-4T-Br gives stable radical cations in a toluene/ 
acetonitrile mixture even at  the lowest scan rates (v = 
0.1 V s-l), and that at room temperature, the radical 
cation exists under the form of a n-dimer. In this study, 
we examined the electrochemical behavior of two a,a'- 
disubstituted terthiophene (MeO-3T-Br and Br-3T-Br) 
and of a a,a'-disubstituted bithiophene MeO-2T-MeO. 
In acetonitrile/toluene mixture and at room tempera- 
ture, MeO-3T-Br exhibits a reversible first oxidation 
voltammogram at scan rate of 0.1-0.2 V s-l followed 
by the irreversible formation of the dication (see Figure 
1). For Br-3T-Br and MeO-2T-MeO, a reversible vol- 
tammogram could also be obtained, but at a slightly 
higher scan rate (0.5-1.0 V s-l) showing a lesser 
stability of the generated radical cation. 

Electrochemical Studies of Disubstituted Ter- 
thiophenes. We have chosen to  perform detailed elec- 
trochemical studies of the first oxidation system of MeO- 
3T-Br and Br-3T-Br in acetonitrile/toluene mixture and 
in pure acetonitrile. These two compounds are suf- 
ficiently soluble (> M) in the acetonitrile/toluene 
mixture to investigate a significant variation of the 
concentration scale while still retaining a sufficiently 
large electrochemical signal. Unfortunately, only MeO- 
3T-Br is soluble in pure acetonitrile at low temperature. 

In the acetonitrile/toluene mixture, the variations of 
the apparent Eoapp (measured as the midpoint between 
the anodic and cathodic peaks) with the initial oligomer 

(23) de Bethune, A. J.; Licht, T. S.; Swendeman, N. J .  Electrochem. 

(24) Garreau, D.; Saveant, J.-M. J .  EZectroanaZ. Chem. 1972, 35, 
SOC. 1959,106, 616. 
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1989, 272, 1. Patent 9203794 
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Figure 1. Cyclic voltammetry on a glassy carbon electrode 
(diameter 3 mm) of a solution of MeO-3T-Br (c" = 6 x 
mol L-l) in a 70/30 toluene + acetonitrile mixture (+0.1 M 
NBu4C104) at  25 (-1 and at  -45 "C (- * -1. Scan rate u = 0.2 
V s-l. E in volts vs SCE. 
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Figure 2. Cyclic voltammetry on a glassy carbon electrode 
(diameter 3 mm) in a 70/30 toluene + acetonitrile mixture 
( i0 . l  M NBaC104) at -17 "C. Scan rate u = 0.2 V s-l. 
Variation of Eoapp (in volts vs SCE) with the initial concentra- 
tion of oligomer (in mol L-l). (a) Br-3T-Br, (b) MeO-3T-Br. 

concentration (between 5 x and MI were per- 
formed at a low temperature (2' = -17 "C) to favors the 
possible existence of a dimer. In such experiments, it 
is better to examine the variations of E'app than the 
variations of the anodic peak potential. They are less 
sensitive to the influence of the residual ohmic drop and 
to the heterogeneous electron-transfer kinetics due to 
a mutual compensation of their effects on the anodic 
and cathodic peak.26 

As shown in Figure 2, a linear variation is obtained 
for the variation of Eoapp for the two oligomers in 
function of log(c"). The data for Figure 2 and for all 

(26) Andrieux, C. P.; Hapiot, P.; Saveant, J.-M. Chem. Rev. 1990, 
90, 723. 
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Figure 3. Cyclic voltammetry on a glassy carbon electrode 
(diameter 3 mm) of a solution of MeO-3T-Br (c" = 3.2 x 
mol L-l) in acetonitrile (+0.1 M NBu4C104) at -17 "C. 
Variation of the Eoapp (in volts vs SCE) with the scan rate (in 
v s-1). 

the others measurements were for scans limited to the 
first peak only. For the higher concentrations, slopes 
of -25 and -21 mvldecade of c" were found for Br-3T- 
Br and Br-3T-MeO. We have also checked that at this 
temperature Eoapp remains constant with the scan rate. 
This is clearly demonstrated with MeO-3T-Br for which 
the radical cation is quite stable. To ascertain this 
point, we chose to work in pure acetonitrile because the 
conductivity of this solvent is still high even at this low 
temperature, and therefore the relative absence of ohmic 
drop allows us to determine unambiguously the redox 
potential value. The variation of EOapp (Figure 3) shows 
almost no variations between 0.1 to 10 V s-l at a 
concentration of 3.2 x mol L-l; it indicates that 
no effects due to the dimerization or heterogeneous 
charge-transfer kinetics are observed on the measured 
Eoapp values and also that our measurements are not 
disturbed by the residual uncompensated ohmic drop. 
As expected for a diffusion controlled process, in this 
range of scan rate, the peak current exhibits a linear 
variation with the square root of the scan rate.21 All 
these results are in agreement with the theoretical 
behavior for a mechanism involving the fast re- 
versible coupling of two radical cations to  form a dimer 
(DIMlrev):26-28 

Br-3T-X - e- e Br-3T-X" 

2Br-3T-X" n-dimer 

This kinetics situation, corresponding to a diffusion 
controlled behavior with a totally mobile equilibrium 
(the voltammogram is completely reversible) is quite 
common in organic electrochemistry and several ex- 
amples have already been reported (see, for example the 
oxidation of substituted  phenolate^^^,^^). A semiana- 
lytical expression for the voltammogram i = fn(E) can 
be obtained which is (written with the adimentional 
parameters:28 

(27) Saveant, J.-M.; Vianello, E. Electrochim. Acta 1967,12, 1545. 
(28) Amatore, C.; Garreau, D.; Hammi, M.; Pinson, J.; Saveant, J.- 

(29) Evans, D. H.; Jimenez, P. J.; Kelly, M. J. J .  EZectroanaZ. Chem. 

(30) Hapiot, P.; Pinson, J. J .  ElectroanaZ. Chem. 1993, 362, 257. 

M. J .  Electroanal. Chem. 1985, 184, 1. 

1984, 163, 145. 
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?~-~'~S, 'q(q)(z - ~ 1 - l ' ~  dv = {[4 + e~p(-26*)3~'~ - 

e~p(-6*)>~/4 

with (for an oxidation process) z = (E - EJFIRT, = 
il[FSCo(DFvlRT)1'21, E* = (FlRT)(E - E"~T+/~T) + 
lI2 ln(2KC"), S the electrode area, u the scan rate, C" 
the initial concentration of monomer, R the gas con- 
stant, F the Faraday number, and T the absolute 
temperature, E " ~ T + / ~ T  is the normal potential of the 
considered terthiophene radical catiodterthiophene 
couple, E and Ei the applied and initial potentials to 
the working electrode. This equation can be solved with 
a numerical method (see Experimental Section). If the 
direction of the scan is reversed at a potential at least 
200 mV more positive than the peak potential, we obtain 
the following values for the adimentional peak poten- 

0.225 (respectively for the forward scan, backward scan 
and midpoint peak potentials). In this analysis, we have 
neglected the term involving the difference of all diffu- 
sion coefficients on the E112 value. This term is quite 
small and has been estimated to be around 2 mV,28,29 
which is smaller than the experimental error. In such 
conditions, the variation of Eoapp with C" and the 
equilibrium constant for the formation of the dimer K 
is immediately derived as (see ref 21 for the KC" <<l 
subcase): 

tials (*pf = 1.04, (*pb = -0.59, (*1/2 = (E*pf + E*pb)/2 = 

RT 
F hEp = E,, - E,, = 1.63- 

Consequently when KC" >> 1, a slope of -2.3RTl2F for 
the variation of Eoapp by decade of C" is expected which 
corresponds to a slope of -25 mV at -17 "C close to 
what we found for the two terthiophenes. 

At low concentrations, a deviation from the straight 
line is clearly observed in Figure 2a, indicating that the 
dimer is no longer the major species in such conditions 
(KC" < 1). From this change of behavior, we could 
estimate the equilibrium constant to  be in the range of 
2 x lo4 L mol-l at -17 "C and from the results of Figure 
3 that the jt-dimerization rate constant must be larger 
than lo8 L mol-l s-l (using the kinetic zone diagrams 
in p 8 of ref 28). These values are compatible for the 
formation of such n-dimer which should involve rela- 
tively weak bond formation. 

To obtain a measurement of the equilibrium constant 
for the dimer formation at room temperature, we need 
to measure the normal potential for E03p+/3~ and to 
establish the experimental conditions where the mono- 
mer is the major species existing in solution. As we did 
previously for MeO-4T-Br, a convenient way to deter- 
mine these domains is to study the variation of the Eoapp 
in a large range of temperature. Figure 4 presents the 
variations of Eoapp for the two terthiophenes for T" 
varying between -40 and 35 "C and for different initial 
concentrations of monomer. According to  the tempera- 
ture domain, two straight lines with different slopes are 
observed. 

200 220 240 260 280 300 320 340 
0.9 

0.88 

0.86 

0.84 

0.82 

0.8 

0.78 

Figure 4. Cyclic voltammetry on a glassy carbon electrode 
(diameter 3 mm) in 70/30 toluene/acetonitrile mixture (+0.1 
M NBu4C104) at  -17 "C. Variation of the Eoapp (in volts vs 
SCE) with the absolute temperature. (a) Br-3T-Br c" = 9 x 

mol L-I (W), 7 x mol. L-l (a), (b) MeO-3T-Br c" = 
5.7 x mol L-l (0). 

The potentials of electrochemical reactions vary with 
the temperature (for an example of such a study see ref 
311, with the variation being proportional to  the entropy 
of the reaction according to Vant'Hoffs law written for 
a reduction process (electrochemical c o n v e n t i ~ n ) : ~ ~ ~ ~ ~  

A G =  -FE = AH - TAS 

200 220 240 260 280 300 320 340 

That is 

aEapPIaT = ASIF 

However, the variation (entropy) is different for the 
electrochemical couple: 3T'+ + e- --L 3T and for the 
couple: l12 dimer + e- * 3T. Consequently, the two 
domains of temperature observed in Figure 4 can be 
interpreted as the field of existence of the monomer 
(high temperature) and of the x-dimer (low tempera- 
ture). From these results, we can conclude that at room 
temperature the two terthiophenes exist in the form of 
a single radical-cation monomer for concentrations up 
to mol L-l. This result justifies in addition that 
the redox potentials that were measured by cyclic 
voltammetry in such conditions, correspond effectively 
to the couple 3TI3T'+.l9 

The slopes aEapdaT for the different temperature 
domains are recorded in Table 1. As expected, the slope 
at low temperature is higher because the entropy of 
formation of the dimer is greater than that for the 
formation of the single radical cation. From these 

(31) Andrieux, C. P.; Saveant, J.-M. Electroanal. Chem. 1974, 57, 
27. 

(32) Parsons, R. Standard Electrode Potentials Units: Conuentions 
and Methods of Determination. In Standard Potentials i n  Aqueous 
Solution; Bard, A. J., Parsons, R., Jordan, J., Eds.; Marcel Dekker: 
New York, 1985, IUPAC; pp 1-11. 
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Table 1. Thermodynamic Parameters for the Different 
Thiophene Oligomers 
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c" aEa,dap aEapdap 
oligomer solvent (mol L-l) (high T") (low T") 

MeO-2T-Me0 ACN 5.4 x 0.55 (~k0 .03 )~  1.44 ( i ~ 0 . 2 ) ~  
Br-3T-Me0 ACN 6.2 x 0.63 (f0.06)b 1.56 (f0.03)b 
Br-3T-Me0 ACN/ 5.7 x 0.64 (f0.06)b 1.25 (Zk0.05)b 

Br-3T-Br ACN/ 7.0 x 0.69 (&0.2Ib 1.54 (f0.03)b 

Br-4T-Me0 ACNI 4.0 x 0.64 ( f O . O W b  1.41 (f0.07)b 

toluene 

toluene 

toluene 

a In mV K-l. Standard deviation. 

values, the entropy values for the reaction of formation 
of the dimer from two radical cations: (2 x 3T'+ - 
dimer) can be extracted from 

with the slopes reported in Table 1. This procedure 
eliminates the entropic contribution of the electron 
transfer for the oligothiophenefoligothiophene cation 
radical couples and also all temperature linear effects 
(arising for example from junction potential) that could 
disturb the individual entropic measurements at high 
and low temperatures. The equilibrium constants at 
room temperature are calculated from 

K = exp[- 2F (E o293K nT.+,nT - E"iEF) - 0.241 
RT 

where E":;? and are the values of the redox 
potentials calculated from the extrapolation at 20 "C of 
the low- and the high-temperature variations. This 
procedure leads to a quite good accuracy for the deter- 
mination of the equilibrium constant for most oligoth- 
iophenes, because the intercepts of the straight plots 
are usually close to the room temperature. However, 
in the case of MeO-2T-OMe, the intercept occurs at a 
low temperature and the extrapolation makes the AG" 
value obtained more of an estimation. The enthalpy 
values AH for the dimer formation are estimated from 
AH = RT In K + TAS. The thermodynamic parameters 
for the oligoterthiophenes are recorded in Table 2. The 
A S  measured for the two terthiophenes (Br-3T-Me0 and 
Br-3T-Br) are in the same range of what was previously 
reported for some other oligoterthiophenes in CH2C12 
like Me-3T-Me (AS = 105 J K-' mol-', AH = 42 kJ 
mol-')lo or for some end-capped oligothiophenes (AH in 
the range 42-65 kJ  mol-' according to the oligomer16). 

If there were no interference of the residual ohmic 
drop or of the electron-transfer kinetics, the difference 
between the forward and the backward scan peak 
potentials AE, = E,f - E p b  would be expected to be 
smaller for a reversible dimerization mechanism than 
for a simple one-electron transfer. We have investigated 
this difference for the oxidation of MeO-3T-Br in aceto- 
nitrile which is a conducting solvent and therefore 
minimizes the residual ohmic drop (see Table 3). For 
temperatures in the range 280-250 K, AE, values are 
very close to the theoretical difference expected for 
lf2 dimer + e- * 3T. At the highest temperature, AE, 
increases, approaching the peak separations expected 
for a single electron-transfer voltammogram. This 
indicates that for this temperature, the dimer is no 
longer the major species in solution in agreement with 

"." 
200 220 240 260 280 300 320 340 

0.82 1 

T 
0.7 1 I I 1 I I 
.. 

200 220 240 260 280 300 320 340 
Figure 5. Cyclic voltammetry on a glassy carbon electrode 
(diameter 3 mm) in  acetonitrile ($0.1 M NBu4C104) at -17 
"C. Variation of t h e  Eoapp (in volts vs SCE) with t h e  absolute 
temperature .  (a) MeO-3T-Br c" = 6 x mol L-l, (b) MeO- 
2T-Me0 c" = 5.4 x mol L-l. 

4 -  

3.5 - 
3 -  

2.5 - 
2 -  

1.5 - 
I 

1 In 

0.2 0.3 0.4 0.5 0.6 
Figure 6. Variation of the n-dimerization equilibrium con- 
s tan t ,  K, at 293 K as a function of lln for t h e  different 
oligothiophenes (n: number of thiophene units). 

the temperature domains displayed on Figure 4. The 
increase observed at the lowest temperature is maybe 
due to the influence of the electron transfer kinetics or 
rather to difficulties to compensate exactly the ohmic 
drop when the resistance of the working electrode 
becomes too large at low temperatures. With most of 
the other oligomers at room temperature, values around 
50 mV are usually measured, which is in agreement 
with a similar mechanism, with the observation dis- 
torted by the influence of uncompensated residual ohmic 
drop in the toluenelacetonitrile mixture. 

For seek of comparison with other oligothiophenes, 
the temperature variations experiments were performed 
with Br-3T-Me0 in pure acetonitrile because this com- 
pound is fairly soluble in this solvent. The variations 
of Eaapp with the temperature are represented in Figure 
5a. Similarly to what is observed in the ACNftoluene 
mixture, two straight lines are visible showing that the 
n-dimer also exists in pure acetonitrile. The slopes at 
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Table 2. Thermodynamic Parameters for the Different Thiophene Oligomers 
K293 AGO293 AH AS 

oligomer solvent (mol L-1) (kJ mol-') (kJ mol-') (J K-I mol-') 
MeO-2T-Me0 ACN 30 
Br-3T-Me0 ACN 670" 
Br-3T-Me0 ACNitoluene 860a 
Br-3T-Br ACN/toluene 160W 
Br-4T-Me0 ACN/toluene 8700a 

Error: f508 .  Error: f 1 . 2  kJ mol-'. 

Table 3. Variation of hEp = E,f - Epb with the Absolute 
Temperature (Oxidation of MeO-3T-Br in ACN) 

T (K) (Epf - EPda (Epf - Epdb (Epf - EpdC 
295 50 56.5 41.5 
281 39.5 53.8 39.4 
273 38.5 52.1 38.2 
260 33 49.7 36.4 
250 34 47.8 35 
237 39 45.3 33.3 

c" = 1.2 mol L-l. Error f 3  mV. Theoretical value for a one- 
electron reversible transfer. Theoretical value for a reversible 
dimerization mechanism. 

high temperatures which correspond to the existence 
domain of the monomeric species are similar in pure 
ACN and in the ACNltoluene mixture. The slope 
corresponding to  the existence domain of the dimer in 
ACN is slightly steeper than in the ACNltoluene mix- 
ture as the result of higher values for the dimer 
formation enthalpy and entropy values. However, the 
equilibrium constant K at room temperature remains 
almost the same in the two solvents. 

Electrochemistry of Disubstituted Oligodithio- 
phenes. The reactivity of radical cations is higher for 
dithiophenes than the observed reactivity for ter- or 
quaterthi~phene.~J~J~,~~ However, the a,a'-dimethoxy- 
dithiophene exhibits a reversible first oxidation for scan 
rates higher than 1 V s-l at room temperature. We 
have studied the variation of its redox potential in 
function of the temperature in pure acetonitrile. As 
appears on Figure 5b, in the main part of the tempera- 
ture domain, a linear variation is observed with a slope 
close to the values found at high temperatures for 
quater- and terthiophene oligomers. Only at the lowest 
temperature, a few points deviate from the main slope. 
These results indicate that oxidized dithiophene exists 
mainly under the form of a monomer across most of the 
temperature range in acetonitrile and consequently that 
the dimer has a low formation constant. Even if it is 
difficult to obtain a good accuracy for the slope cor- 
responding to existence of the dimer, the point at the 
lowest temperatures allows us to estimate the value of 
K by the same procedure used for quater- and ter- 
thiophenes. A value around 30 M-' is found which is 
much below the values found for the other oligomers. 

Discussion 

From Table 2, it is clear that the value of the 
equilibrium constants for the formation of the dimer at 
room temperature increases with the number of thio- 
phene units in the oligomer. We could observe that at 
room temperature bi- and terthiophenes exist under the 
monomer form and on the contrary quaterthiophene 
under the dimer form. It is likely that for higher 
oligomers the major species in solution is also the 
n-dimer. The K values vary in a large range from 30 

-8 - 60 -170 ( f 4 5 )  
- 16' -69 (18)  -180 (117)  
-16.5b -51 (19 )  -118 (121) 
-18' -66 (115)  -164 (145)  
-22b -65 (110) -148 (123) 

M-l for the MeO-2T-Me0 to  8700 M-l for the Br-4T- 
Me0 which corresponds to a change around 14 kJ mol-l 
for the free energy at 293 K. One of reasons for this 
effect could be related to a better delocalization of the 
charge in long chain and that the coulombic repulsion 
decrease as it was observed from spectroscopic mea- 
surements.16 Quantitatively, if we plot the variations 
of log(K) (or of the free energies) in function of lln (n: 
number of thiophene units) a linear correlation is found 
between these two values as usually found for electronic 
or electrochemical parameters in thiophene oligomers 
series33 (see also for examples of such correlations ref 6 
and 15-18). From this empirical linear relation, we can 
extrapolate to lln = 0 to estimate a stabilization energy 
(AGO) of such a dimeric form in an ideal polymer with a 
hypothetical infinite chain length which would lead to 
a stabilization energy of -36 kJ mol-l. In such ex- 
trapolation, the role of solvent on the stability of the 
n-dimer is not taken into account. If we consider the 
high stabilization energy of the associated form, these 
interactions are probably comparable in solvent wet 
polythiophene; even in the dry polymer, interactions 
should also exist, although it is difficult to estimate to 
which extent. As it was proposed by Miller,lo they may 
explain some of the properties of polythiophene, espe- 
cially, the fact that only small ESR signals are observed 
with highly oxidized p~lythiophene.~~ They were also 
proposed by analogy with charge-transfer salts as the 
conducting entities in polythiophene.10J6 

About the individual enthalpic and entropic contribu- 
tions, our measurements of A H  lead to an approximate 
constancy of AH values and A S  values. Although our 
way of measurement in this particular case is affected 
by some uncertainty (linked t o  the determination 
method), we did not see any trend when proceeding from 
MeO-2T-Me0 to Br-4T-Me0 in apparent disagreement 
with the W spectroscopic measurements of Bauerle for 
end-capped oligothiophenes.16 About entropic contribu- 
tions for the formation of the single radical cation, the 
values of the slopes for the variation of Eoapp with T" 
obtained at high temperatures (corresponding to the 
monomer) are in the same range for all the oligomers. 
We think that this is justified by the fact that the 
entropy should remain the same for all the electron 
transfers between the oligomer and the monomeric 
radical cation for species which are very similar. Due 
to the uncertainties on the A H  and A S  determinations, 
it is therefore not possible to conclude whether the trend 
observed in the evolution of the AG values with the 
oligomer length is attributable t o  an enthalpic or to an 
entropic contribution. 

(33) Bredas, J. L.; Silbey, R.; Boudreaux, D. S.; Chance, R. R. J .  

(34) Scharli, M.; Kiess, H.; Harbeke, G.; Berlinger, W.; Blazey, K. 
Am. Chem. SOC. 1983, 105, 6555. 

W.; Muller, K. A. Springer Ser. Solid-State Sci. 1988, 76, 277. 
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variations, with a fair precision in the case of the 
equilibrium constants and the entropies. The extrapo- 
lation of the variation of the free energies with the 
number of rings allows to estimate the value of the 
interchain interaction in polythiophene when neglecting 
the role of solvent. 

Conclusion 
We have shown that cyclic voltammetry provides a 

useful tool for the study of the n-dimer formation in 
cases of short thiophenes oligomers, where the poor 
stability of the electrogenerated cation radicals forbids 
the use of spectroscopic methods. In addition, it has 
been possible to determine all the thermodynamic 
parameters of the dimerization reaction, only by the 
analysis of the electrochemical data with temperature 
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