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ABSTRACT The evolution of the morphology and electrical conductivity of poly(3-methylthiophene) thin 
films has been analyzed at various stages of the polymerization reaction. It is shown that the progress of 
the electropolymerization is accompanied with an increasing morphological disorder and by a steep decrease 
of the conductivity. Conversely, when the polymer growth is limited to films of a few nanometers thickness, 
more compact and more ordered materials are obtained while the conductivity increases strongly, reaching 
values in the range of 2 x 103 S cm-'. A parallel analysis of the variation of the electrochemical and spectrwopic 
properties as a function of film thickness shows that the anodic current peak E,, shifts nearly 100 mV toward 
less positive values while the absorption maximum shifts bathochromically ca. 40 nm, confirming that the 
mean conjugation length is noticeably more extended in ultrathin polymer films. These results show that 
both the molecular structure and the chains stacking order are subject to an increasing disorder as the 
polymerization progress. 

Introduction 
During the past few years, conducting polymers derived 

from five-membered heterocycles such as polypyrrole and 
particularly polythiophene have received increasing at- 
tention owing to their improved environmental stability 
compared to polyacetylene and also because they can be 
easily prepared as films of controlled thickness by elec- 
trochemical synthesis.' On the theoretical level, the 
mechanism of charge transport is still subject to investi- 
gation, and it has been shown that the nondegenerate 
ground state of these polymers leads to polarons and bi- 
polarons states resulting from the coupling of electronic 
excitations to chain distortions, as the dominant charged 
species involved in the charge-transport process.2 On the 
other hand, these polymers are extensively investigated 
in view of their potential use as molecular materials in 
highly specific applications such as modified electrodes and 
electronic  device^.^^^ Although it seems evident that future 
developments in these fields are still conditioned by the 
obtention of polymer films of controlled structure and 
properties, the problems related to the analysis of the 
electropolymerization mechanism in relation to the im- 
provement of the electrosynthesis conditions have been 
seldom considered in the literature. Thus, until recently, 
discrepancies of several orders of magnitude could be 
found between the conductivity values reported by dif- 
ferent groups.6 Significant progress in the control of the 
structure and properties of polythiophenes have been ac- 
complished in recent years, and it has been shown that the 
conductivity of poly(3-methylthiophene) (PMeT) can reach 
values in the range of 500 S cm-' when operating in op- 
timized electrosynthesis Conditions? Furthermore, we have 
shown that the increase of the conductivity is tightly 
correlated to an enhancement of the mean conjugation 
length in the p ~ l y m e r . ~ ~ ~ ' ~ *  

As a further step in the study of the electropolymeri- 
zation of thiophene derivatives, we have analyzed the ev- 
olution of the morphology and electrical conductivity of 
PMeT films as a function of their thickness, e.g., of the 
degree of advancement of the electropolymerization re- 
action. We show that films of a few nanometers thickness 
are more compact and noticeably more conductive than 
thicker films. These observations are completed by a 
parallel analysis of the electrochemical and spectroscopic 
properties of the polymer that indicates that the mean 
conjugation length is more extended in ultrathin films. 
These two series of results suggest that both the molecular 
structure and the packing arrangement of the polymer 
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chains are subject to an increasing disorder as polymeri- 
zation proceeds. 

Experimental Section 
Film Preparation. Solvents and reagents were purified ac- 

cording to previously described Electrosynthesis 
were carried out in a one-compartment three-electrode cell con- 
taining various concentrations of 3-methylthiophene and 0.02 M 
Bu4NPF6 in nitrobenzene. The syntheses were performed in 
galovanostatic conditions, at ambient temperature under an argon 
atmosphere. The solutions were degassed by argon bubbling prior 
to electropolymerization. Indium-tin oxide (ITO, 80 Q cm-2) or 
tin oxide (Sn02, 10 Q cm-2) coated glass electrodes or a polished 
platinum plate were used as anodes, and aluminum foil or IT0 
electrodes as cathodes. All potentials refer to a saturated calomel 
electrode SCE. The films thicknesses were determined from the 
deposition charge, with the relation 2 nm/(mC cm2) established 
from thickness measurements performed on thicker films (0.5-5 
pm) using a Sylvac P 100 thickness monitor. For thinner films, 
the linearity of the optical density of the films w deposition charge 
observed over the whole range of thickness confirmed that the 
polymerization yield is independent of film thickness. 

Conductivity Measurements. Thin films for conductivity 
measurements were grown on IT0 electrodes of 5-6-cm2 area or 
on a 8-cm2 platinum plate polished with 0.05-pm diamond paste 
and heated to redness in air before each experiment. After po- 
lymerization, the films were rinsed with acetone and dried in an 
argon flow. The films were then covered with adhesive tape and 
peeled off the electrode. The films were cut in the form of 2 X 
0.5 cm strips, and conductivities were measured on the electrode 
side of the films by a standard four-probe technique using mercury 
drop contacts. Scanning electron microscopy (SEM) was per- 
formed on a Cambridge S 250 scanning electron microscope. 
Pictures of the electrode side of the fiims were obtained on films 
prepared in the above-described conditions, while views of the 
solution side were taken on films deposited on 0.4-cm-diameter 
polished platinum disks and left on the electrodes. 

Electrochemistry. For electrochemical characterization, the 
films were synthesized in the above described conditions on 0.9 
X 2 cm IT0 electrodes. After the synthesis, the films were rinsed 
with acetonitrile and placed in a three-electrode cell containing 
0.1 M anhydrous lithium perchlorate in acetonitrile. Electro- 
synthesis and cyclic voltammetric experiments were performed 
with a PAR 175 potentiostat/galvanostat equipped with a PAR 
173 universal programmer and a PAR 179 plug-in digital cou- 
lometer. 

Visible Absorption Spectroscopy. The films for absorption 
spectroscopy have been prepared in similar conditions on 0.9 X 
2 cm Sn02 electrodes, rinsed with acetonitrile, and electrochem- 
ically undoped in 0.1 M Bu4NPF6 in acetonitrile by application 
of a potential of -0.2 V/SCE until the cathodic current reaches 
a constant value. Absorption spectra were recorded on a Cary 
219 spectrometer. 
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Figure 1. SXM pictures at various stages OS pdymrrization of 
the solution side OS PMeT films prepared on 0.l:l-cm’ l’t disks 
with 0.1 M MeT and 4 mA/cm2. Film thickness: top, loo0 nm; 
middle, 200 nm: bottom, 50 nm. 

Results and Discussion 
Effect of Thickness on the Morphology of t h e  

Films. Previous studies on electrogenerated conducting 
polymers have shown already that the thickness of the 
polymer film and hence the progress of the polymerization 
exerts a strong effect on the morphology of the polymer. 
Thus when the thickness of polypyrrole films exceeds 1-2 
pm, the film surface remains no longer smooth but adopts 
a cauliflower structure constituted of hemispheres of 
several micrometers diameter? Differences in the mor- 
phology of thin and thick films have been also mentioned 
for polythiophenes,1° but less data are available. The 
morphology of PMeT films has been examined by SEM 
a t  various stages of the electropolymerization to get more 
detailed information on this point. Figure 1 shows SEM 
micrographs of the solution side of PMeT films prepared 
on Pt disk electrodes with thicknesses ranging from 50 nm 
to 1 pm. The morphology of the film surface in contact 

1 
Figure 2. SEM picture 01 the electrode side <,Sa 200-nm-thick 
PMe‘l‘ film prepared on a Bcm’ platinum plate with the conditions 
of Figure 1. 

with the electrolytic medium appears drastically affected 
by the increase of film thickness, changing from a smooth 
compact structure to an increasingly disordered mor- 
phology. In contrast, the view of the electrode side of the 
films (Figure 2) presents a very compact morphology. This 
picture displays parallel grooves representing the negative 
print of the mechanical polishing of the platinum surface, 
which indicates that the polymer coven evenly the anode 
surface. Furthermore, the similarity of the pictures ob- 
tained with various film thicknesses shows that the mor- 
phology of the electrode side of the film is independent 
of the film thickness. 

The large dissimilarity between the two sides of the films 
shows that the morphology of the polymer evolves rapidly 
from a very compact structure to an increasingly disor- 
dered one during electropolymerization. On the basis of 
these observations, one could expect the polymer formed 
during the early stages of polymerization to be more or- 
dered and probably more conducting. 

Electrical Conductivity. The major problem en- 
countered during conductivity measurements resulted from 
the fragility of ultrathin films, which has limited the extent 
of our experiments on thicknesses between 0.1 and 1 pm. 
This point is illustrated by the variation of the conductivity 
of PMeT films on IT0 as a function of their thickness 
(Figure 3). The conductivity presents a broad maximum 
for thicknesses around 200 nm, which illustrates the 
practical limit of the present experimental conditions for 
the manipulation of ultrathin films. Figure 4 shows the 
dependence of the conductivity on the current density 
applied for electrosynthesis for 200-nm-thick PMeT films 
prepared with 0.2 and 0.1 M monomer. These c w e a  show 
that for each monomer concentration an optimal current 
density leading to the highest conductivity can be defined. 
This optimal current density, which is rather broad for 
high monomer concentration, decreases and becomes more 
sharply defined as the monomer concentration is lowered. 
It is worth noting that in each case, the optimal current 
density corresponds to a potential of 2.2-2.5 V/SCE, 
suggesting that for a given monomer concentration, the 
optimal current density corresponds to an optimal rate of 
polymer growth. 

On IT0 electrodes, the highest conductivities (1.36 X 
lo3 S cmP, Figure 3) are obtained with 0.1 M monomer, 
lower concentrations leading to brittle films. In contrast, 
on platinum anodes, a further decrease of monomer con- 
centration down to 0.05 M leads to a further enhancement 
of the conductivity which reaches values lying in the 2 X 
lo3 S cm-l region (Table I). These results show that 
platinum anodes allow the preparation of more conducting 
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Figure 3. Effect of film thickness on the conductivity of PMeT 
films prepared on IT0 with 0.1 M MeT. 
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Figure 4. Effect of the synthesis current density on the con- 
ductivity of 200-nm-thick PMeT films prepared with (a) 0.1 M 
MeT on Pt and (b) 0.2 M MeT on ITO. 

Table I 
Conductivities of PMeT Films Prepared on Pt with 0.05 M 

MeT and 1.5 mA/cm2 
thickness, nm lO%, S cm-' thickness, nm 103u, S cm-' 

380 1.470 f 0.14 200 1.975 f 0.19 
300 1.540 * 0.15 140 1.430 f 0.14 
220 1.860 * 0.18 

thin films with lower monomer concentrations and lower 
current densities than I T 0  electrodes. 

Hillman et al. have shown recently that the electropo- 
lymerization of thiophene is preceeded by the adsorption 

Figure 5. Cyclic voltammograms recorded in 0.1 M LiC104/ 
CH,CN, for PMeT films prepared on IT0 with 0.1 M MeT and 
5 mA/cm2: (- - -) film thickness 200 nm, S = 100 wA; (- --) film 
thickness 50 nm, S = 20 PA; (-) film thickness 5 nm, S = 2 PA. 

of the monomer onto the electrode surface." These au- 
thors and others have proposed that the initial step in the 
electropolymerization consists in the formation of a mon- 
olayer of polymer growing bidimensionally, parallel to the 
electrode surfa~e. '~. '~ On the basis of this hypothesis, the 
differences observed between I T 0  and platinum anodes 
could reflect the differences in the efficiency of monomer 
adsorption as it seems evident that thiophene adsorbs more 
strongly on platinum than on ITO. Such an interpretation 
appears consistent with the results of previous works in 
which we have shown that on I T 0  surface, the initial po- 
tential is the determining factor controlling the density of 
initial nucleation sites and hence the cohesion and the 
conductivity of the resulting films.14 Moreover, this in- 
terpretation is consistent with the strong effect of the 
electrode resistivity on the spectroscopic properties of 
PMeT that will be discussed in a following section. 

The highest conductivity obtained here was about 2 X 
lo3 S cm-'. Although 4 times larger than the highest values 
reported so far,6 this result still represents a lower limit, 
and it is highly probable that the conductivity of thinner 
films should be much higher. Theoretical conductivity 
values of (1.5-2) X lo3 S cm-l, based on the Drude ap- 
proximati~n '~ or on data extrapolated from short chain 
oligomers,16 have been already proposed for poly- 
thiophenes. While in light of the present results these last 
values are clearly underestimated, our results appear 
consistent with the value of 1.3 X lo4 S cm-' proposed 
recently on the basis of electron spin resonance data." 

The correlation observed between the morphology and 
the conductivity of the polymer films suggests that a 
denser structure, corresponding probably to a more ordered 
stacking of the polymer chains, is a determining factor for 
the increase of conductivity observed in thin films. How- 
ever, another possible cause for these high conductivities 
can involve modifications of the intramolecular structure 
of the polymer chains and particularly a longer mean 
conjugation length in ultrathin films. This eventuality has 
been considered by analyzing the evolution of the elec- 
trochemical and spectroscopic properties of PMeT as a 
function of film thickness. 

Cyclic Voltammetry. Figure 5 compares the cyclic 
voltammograms of PMeT films of 200-, 50-, and 5-nm 
thickness on ITO. These curves and the data in Table I1 
show that decreasing the thickness of the polymer film 
leads to a sharpening of the anodic wave, together with a 
90-mV shift of the anodic current peak (Epa! toward less 
positive potentials. These results suggest an improvement 
of the electrochemical reversibility of the doping/undoping 
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Table I1 
Cyclic Voltammetric Data Recorded in 0.1 M 

LiCIOJCHSCN for PMeT Films Prepared on IT0 
Electrodes with 0.1 M MeT and 5 mA/cm* (Scan Rate 10 

mV/s) 
thickness, E E IPd Ip,, Im in l  

nm V/&% V/&% pA/cm2 pA/cm2 IP, 
6 0.52 0.56 7.4 2.9 0.56 

14 0.53 0.56 15.2 5.6 0.55 
21 0.54 0.56 23.7 9.9 0.57 
54 0.56 0.56 71.4 28.6 0.56 

104 0.58 0.55 148 56.8 0.56 
190 0.61 0.53 236 104 0.57 

Table 111 
Effects of Film Thickness on the Absorption Maximum of 
Undoped PMeT Films Prepared on SnOz with 0.1 M MeT 

and 5 mA/cm2 
thickness, nm Am.-, nm thickness, nm A,,,"=, nm 

190 510 
104 514 
54 516 
50 516 

20 530 
11 548 
6 552 

process as thickness decreases. Such a conclusion is con- 
sistent with previous observations reported for polypyrroleg 
and also with the decreasing stability of the doped state 
observed when rinsing ultrathin films ( N 100 A) with 
acetone. 

Diaz et al. have already shown that in the case of pyrrole 
and thiophene oligomers the oxidation potential deter- 
mined by cyclic voltammetry and the position of the ab- 
sorption maximum are tightly correlated to the extent of 
conjugation.18 More recently, similar correlations have 
been observed also in the case of the polymers prepared 
from thiophene oligomers.' As a consequence, the sharp- 
ening of the anodic wave and the shift of E toward less 
positive values observed when reducing the film thickness 
appear consistent with a narrower distribution of the 
various lengths of conjugated segments and also with a 
longer mean conjugation length in thinner films. 

However, the interpretation of cyclic voltammetric data 
of conducting polymers is not straightforward since in 
addition to the length and distribution of the various 
conjugated segments in the polymer, the shape of the 
voltammograms depends on the nature of the ionic species 
used as dopantlg and also on the relative contribution of 
the capacitive charging currentsaV2" with possible interac- 
tions between these various parameters. As already shown, 
the capacitive charging currents appear as current plateaus 
following the anodic wave in the current-voltage curve.2o 
Consequently, a rough estimate of the relative contribution 
of capacitive currents can be obtained by measuring the 
ratio of the anodic peak current I,,, to the minimum of 
current following the anodic wave I- As appears in Table 
11, this ratio is constant throughout the whole range of 
thicknesses, suggesting that the relative contribution of 
capacitive currents is independent of film thickness, which 
support the above interpretation of the evolution of the 
voltammogram. However, since these results do not con- 
stitute unequivocal evidence of such an interpretation, they 
have been completed by an analysis of the spectroscopic 
properties of PMeT as a function of film thickness. 

Visible Absorption Spectroscopy. Figure 6 shows the 
absorption spectra of undoped PMeT films grown on SnOz 
electrodes as a function of film thickness. These spectra 
and Table I11 show that when the thickness is decreased 
from 200 to 5 nm, the absorption maximum shifts batho- 
chromically from 510 to 552 nm. Such a displacement of 
the absorption maximum indicates that the average length 

Absorbance t 

400 600 A nm 

Figure 6. UV-vis absorption spectra of undoped PMeT films 
on SnOz electrodes. Film thickness: (1) 6 nm, S = 0.05; (2) 20 
nm, S = 0.25; (3) 50 nm, S = 0.5; (4) 104 nm, S = 1; (5 )  190 nm, 
s = 2. 
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Figure 7. Variation of the optical density at A, vs thickness 
for undoped PMeT films on SnOP 

on which the ?r-electron delocalization occurs is consid- 
erably more extended in thinner films. Furthermore, the 
narrowing of the width a t  half-maximum appears con- 
sistent with a narrower distribution of the various lengths 
of conjugated segments already suggested by the electro- 
chemical results. 

In a recent communication, a 20-nm shift was obtained 
for the same range of thickness by using 80 0 cm-2 I T 0  
electrodes.21 The much larger shift observed on Sn02 
anodes confirms the determining role of the nature of the 
working electrode on the properties of the polymer, in 
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tivity and the intersegment carrier hopping frequency are 
predicted to increase with the conjugation length.28 

The mean effective conjugation length along the poly- 
meric chains depends on two parameters; the stereoregu- 
larity of the polymer, e.g., the ratio of a-p'/a-a' linkages 
occurring during the polymerization and also the various 
conformations adopted by stereoregular chains. We have 
shown already that the mean number of a-p' couplings 
occurring during the electropolymerization is largely de- 
termined by the monomer concentration and electrical 
conditions used for the preparation of the film since these 
two factors control the relative magnitude of the parallel 
formation of oligomers during the polymerization.6bv29 Due 
to the lower ratio of their a-@ reactivity, these oligomers 
lead to a statistical increase of the number of CY-@ linkages 
and thus to a decrease of the mean conjugation length.30 
Although of different origins, the two factors determining 
the effective mean conjugation length are not independent 
since the occurrence of a-p' linkages in a given chain 
modifies the electronic repartition in this chain, which in 
turn can promote the formation of ramifications on sites 
rendered more energetically favorable than the polymer 
chain end. Furthermore, the occurrence of linkage errors 
in a given chain can generate distortions in adjacent chains 
and thus perturb the s-electron delocalization in stere- 
oregular chains. It appears thus that a conjugation defect 
occurring in the very early steps of polymerization will have 
much more dramatic consequences for the overall stere- 
oregularity and stacking order of the polymer chains grown 
subsequently than the same defect occurring at a later 
stage of polymerization. 

In summary our results suggest that the high conduc- 
tivity of very thin films has different origins. A more 
extended mean conjugation length related to a lower 
number of linkage errors during the early stages of po- 
lymerization, which leads consequently to less distorted 
conformations in the first layers and thus to a higher in- 
trachain conduction. This higher stereoregularity results 
in a denser packing arrangement of the polymer chains in 
very thin films, which minimizes the average interchain 
distance and hence increases the probability of charge 
carrier hopping in the case of a three-dimensional varia- 
ble-range hopping of localized states.31 

Conclusion 
The properties of PMeT films have been analyzed at 

various stages of electropolymerization. Under well-con- 
trolled electrosynthesis conditions, the conductivity of thin 
polymer films reaches values up to 2 X lo3 S cm-', which 
are 4 times larger than the value obtained on films of a 
few micrometers thickness. The large decrease of the 
conductivity with thickness is correlated with a gradual 
modification of the morphology toward a more disordered 
structure. A parallel analysis of the evolution of the 
electrochemical and spectroscopic properties as a function 
of film thickness has shown that the mean conjugation 
length is considerably more extended in ultrathin films. 
These results imply that both intra- and intermolecular 
cooperative effects contribute to the rapid increase of the 
disorder and hence to the decrease of the conductivity as 
polymerization proceeds. 
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ABSTRACT: Dynamic-mechanical and fracture properties and proton-enhanced, magic angle spinning 13C 
NMR time constants for polymers of the CH2=C(CH3)CO(OCH2CH2),0COC(CH3)=CH2 series (x = 1 to  
i = 22) and poly[tetrakis(ethylene glycol) diacrylate] have been measured. The effects of increasing length 
of the soft oxyethylene chain, 5, undercure (x = 1-4), and oxyethylene crystallization (5 = 22) were observed. 
The results are interpreted in terms of the contributions of components of group motion to  the cooperative 
motion of segments of the network which control the response to  a macroscopic deformation. 

Introduction 
We present the results of dynamic-mechanical and 

fracture tests on glycol dimethacrylate networks prepared 
from a homologous series of monomers: CHz=C(CH3)- 
CO(OCHzCH2)xOCOC(CH3)=CH2. In the series the soft 
oxyethylene chains were cross-linked by  hard methacrylate 
links. The increasing length, x ,  of the oxyethylene link is 
a measure of M,, the molecular weight between cross-links. 
We have varied this from 3c = 1 in poly(ethy1ene glycol 
dimethacrylate) (PEGDMA) to a number-average 3 = 22 
i n  P1000EGDMA. 

The increasing flexibility of the network was due to both 
the decrease in cross-link density and the dilution of stiff 
methacrylate  chains  b y  flexible oxyethylene links. The 
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trend was opposed b y  the onset of crystallization of the 
oxyethylene chain in PlOOOEGDMA and by the dimin- 
ishing effects of residual monomer at ultimate cure in the 
glassy samples from PEGDMA to PTetEGDMA (poly- 
[tetrakis(ethylene glycol) dimethacrylate]). Cross-polar- 
ized, proton-enhanced, magic angle spinning ( C P / P E /  
MAS) 13C NMR was applied to measure the unsaturation 
at ultimate cure and estimate the proportions that corre- 
sponded to free monomer. The PE/MAS 13C NMR time 
constants TsL and Tl,(C) were also measured. These pa- 
rameters are sensitive to molecular motion at and around 
the C-atoms responsible for  the NMR line under obser- 
vation. 

Experimental Section 
Materials. Ethylene glycol dimethacrylate (EGDMA), tris- 

and tetrakis(ethy1ene glycol) dimethacrylates (TriEGDMA and 
TetEGDMA), and tetrakis(ethy1ene glycol) diacrylate (TetEGDA) 
were obtained from Fluka. Bis(ethy1ene glycol) dimethacrylate 
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