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Abstract. In the Rrsr part ol this pitper is reported a Raman study performed on several 
clectrochmically prepared poly(3-methyl thienylencl ( r l h t c ~ l  films. The sample depen- 
dence of the Ramen ~pectru is analysed. A correlation hetxeen the intensity. the frequency 
and the widthofthe Raman linesand the natureofthe tilmsunderconsideratiun (defined in 
terms of thickness. conjugation length. ilmount of structural defects and level of doping) is 
shown. Some Raman criteria are defined and used in order 10 characterize PIhW samples 
from Raman specrruscopy. Thcse Raman results are used to cherecterize B class of materials 
that are attracting much interest in electrochemistry. electrocatalytic and analytical chemis- 
try: the poly(3-methyl rliienylene)-heteropolyanion (Plhtr'r-PHA) complexes. with PHA = 
(SiW,:0,,,)'"orr~A = (Ph.f0,~0,, ,)~ .Two resultsciin beemphasized ( i )  thestrong increase 
of the structural disorder of the P ~ M ~ T  chain related to the interCaliition of thc PHA: ( i i )  the 
low value of the doping level or. in other words. the poor charge transfer between the ImtA 
and the ~ i ~ ~ ~ c h a i n .  These results question the high valueof theconductivity measured in 
thisclassofcomp"und(oaround I O  S cm-l)andruggest that the roleofthe heteropolvanionr 
in the conductivity process cannot he ignored. 

1. Introduction 

Polythienylene (PT) and poly(3-methyl thienylene) (P3McT) (figure I)  are representative 
of stable conducting polymers with a non-degenerate ground state. Among the class of 

Figure 1. Centro-symmetriccell of the PT and P~MCT 

chain: for M. R = H: for P ~ M ~ T .  R = CH,. n R 
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conductive polymers, polythienylene and poly(3-methyl thienylene) appear particularly 
attractive owing to their high chemical and electrochemical stability (Tourillon 1985). 
Strong evolution of the morphology and electrical conductivity of PT and P ~ M ~ T  films as 
a function of their thickness, e.g. of the degree of advancement of the electro- 
polymerization reaction, has already been shown (Yassar et a/ 1989). Furthermore, 
it has been shown that P3MeT exhibits the highest electrical conductivity among the 
thienylene-derived polymers. This effect has been attributed to the presence of the 
methyl group, which statistically reduces the possibility of a-p coupling between thi- 
enylene units and thus leads to a more stereoregular polymer (enhancement of a-& 
coupling) (Tourillon and Garnier 1983). Recently, some studies have been devoted to 
the analysis of the sample dependence of the Raman and photoluminescence spectra 
of electrochemically prepared polythienylene films (Sauvajol et a1 1990). Significant 
modifications of the spectra have been observed and were discussed in relation to the 
‘quality’of the films under consideration. In these studies the film ‘quality’ was defined 
in terms of degree of polymerization Ndp. conjugation length N ,  and amount of C=O 
defects. Especially, a strong correlation between the intensity, the frequency and the 
width of the Raman lines and the value of the conjugation length has been established 
(Sauvajoletal1991). Fromthese studies, Raman and photoluminescence spectroscopies 
appear to be efficient tools to characterize samples of polythienylene. The same kind of 
study doesnot exist in P ~ M C T ,  andonlyafewresultsconcerningthevibrational properties 
of P ~ M C T  have been reported (Steigmeier et a1 1987). In the first part of this paper we 
report a Raman study performed on several electrochemically prepared films of poIy(3- 
methyl thienylene). Correlations between the structure of the Raman ~~ spectrum and the 
features of the samples are investigated. 

On the other hand, it is known that the formation of complexes between het- 
eropolyanions of Keggin type such as (SiWlZO,).‘- and (PMoI2Om)’- and various 
monomers such as poly(3-methyl thienylene) may contribute to the excellent poly- 
merization that provides materials of higher density and good conductivity (Bidan et al  
1989). This class of materials is attracting much interest in electrochemistry. elec- 
trocatalytic and analytical chemistry (Lapkowski er a/ 1991). Because of the large size 
of heteropolyanions (diameter of about 10 A), the structure of the P3MeT chain in the 
complexes can be changed. In the second part of this paper we report a Raman study 
performed on complexes between poly(3-methyl thienylene) and heteropolyanions. By 
using the results derived in the first part of this study, we attempt to characterize from 
Raman spectroscopy the modifications of the structure of the polymeric chain related 
to the intercalation of the heteropolyanions. 

J L Sairuajol et al 

2. Experimental details 

2.1. Samples 

Oxidized (PF; -doped) poly(3-methyl thienylene) films were electrochemically pre- 
pared. The electrochemical synthesis was performed in a one-compartment cell using 
an  EG&G PAR potentiostat model 363 under computer control. The working and 
counter-electrodeswereplatinumsheets(2 cm X 2.5 cm)placedat 1.8 cmand theanodic 
potential was measured versus an AgiAgNO, (lO-’M) electrode. The platinum sheets 
were carefully polished with A1,O3 before the synthesis. Oxygen was excluded from the 
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Table 1. Information about the P3MeT films used in this work. 
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Film State Thickness (pm) Electrolyte 

Film 1 Undoped 1.5 NBu,CIO, 
Film 2 Undoped 0.6 NBu,PF, 
Film 3 Heavily PF; doped 0.6 NBu,PF, 
Film 4 Lightly PF; doped 1.2 NBu*PF6 

electrochemical cell by using a nitrogen flow. Electropolymerization of 3-methyl- 
thiophene (0.2 M) dissolved in nitrobenzene containingan electrolyticsalt (0.02 M) was 
performed at 5 "C. The working electrode was anodically polarized at 1.2 V versus the 
Ag/AgN03 (lo-* M) electrode. The integrated charge Q passedduring film growth was 
used to monitor the thickness of the deposited film; the following relation was used 

e ( p )  = 2.5Q(Ccm-*). 

The heavy PFi-doped films obtained by this procedure were initially electro- 
chemically reduced at 0.0 eV (versus the Ag/AgNO, (lo-* M) electrode) until the 
current reached a negligible value (reduced film, lightly PFT-doped film) and then fully 
undoped (neutral film) by immersion in methanol for 48 h. At the end of this treatment 
we used infrared (IR) spectroscopy to estimate the amount of dopant; it was negligible 
and no chemical degradation could be attributed to this treatment. Some information 
about the films used in this work are given in table 1. Other characteristics of these films, 
like the average molecularweight and theconjugation length, havenot been determined, 
essentially because: (i) these films cannot be dissolved in any solvent and the techniques 
used for soluble polymers in order to determine the molecular weight cannot be used; 
(ii) no correlation analogous to those evidenced in PT between the intensity ratio of IR 
lines and the value of the conjugation length (Furakawa et a1 1987) has been found in 
P3McT. The main object of this study is to show that, despite the poor characterization 
of the films, the significant differences between the Raman spectra from the different 
samples can be related to changes in the characteristics of the films under consideration. 
In this sense Raman spectroscopy appears to be an efficient tool to characterize elec- 
tropolymerized films. 

Poly(3-methyl thienylene) doped by (SiWi2040)4- and (PMo12040)3~ Keggin-type 
heteropolyanions were electrochemically prepared using the procedure described by 
Bidan et a1 (1989). We have verified that the infrared spectra of the complexes present 
broad absorptions characteristic of (SiW,,040)4- (1012, 968, 916 and 788 cm-') and 

(1058,954,856 and 786 cm-') heteropolyanions (Rocchiccioli-Deltcheff 
and Thouvenot 1974, Thouvenot et a1 1974). 

2.2.  Experimental set-up 

Raman spectra were recorded using a 'Coderg T800' triple-monochromator spec- 
trometer. The 5145 and 4880 8, lines of an argon-ion laser were used as the light sources. 
In order to avoid local heating and degradation of the samples, the incident light power 
waslimited to below 5 mW and the beam was defocused. A backscattering configuration 
was used and the instrumental resolution was about 6 cm-'. All the measurements at 
room temperature have been performed with samples under secondary vacuum. For the 
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h A =  480.0 nm 

Figurel. RamanspectraalA, = 4880 .&given 
by: ((1) a thick film of PJMe'r (film 1 in table 1) 
at room temperature: ( b )  a thin film of P J M ~ T  
(film ? in table 1) at room temperature: ( c )  a 
thinAlmofP3htcT(film2intable I) at 7 = 10 K. 

.,.. ,. , .. ., , .,_, , The intensityscale in thefrequencyrange?flCk 
I100 cm-'.K smalier (about two times) than 

1M U .m ,lo ,m 7.0 (VI"' . I O  MO ) 8070 ll.0 11.. 1110 that in the frequency range 1100-1700 cm-l. 

measurements at low temperature, the sample was mounted in a cryostat in which the 
sample is cooled by cold helium gas. 

In  order to increase the intensity of the Raman lines, both VV and VH polarized 
components have been recorded at the same time (no analysis of the polarization of the 
scattered light is made). To justify this procedure, we recall that the main goal of this 
kind of study is to relate the changes of the Raman spectrum with the features of the 
films under consideration. and for that it is necessary to have the best signal possible. In 
addition, on the assumption that the point group of the infinite P3MeT chain is CX, (next 
section), all the in-plane Raman modes have the A, symmetry and are active in both the 
VV and VH polarizations. In consequence, the recording of polarized Raman spectra 
carried out from unorientedsamplesdoesnot give any important additional information. 

3. Raman spectra of neutral and doped poly(3-methyl thienylene) 

3. I. Neutralpoly(3-methyl thienylene) 

In figures Z(a) and ( b )  are displayed the Raman spectra obtained at room temperature 
from two different films of P3McT. The Raman spectrum shown in figure 2(a) has been 
recorded on a thick film of P3MeT (film 1 in table 1); the conductivity of this film is small, 
U = 50 S cm-I. The two other Raman spectra (figures2(b) and (c)) have been obtained 
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fromaverythinfilmofP3MeT(film2intable 1)atroom teniperatureandlowtemperature 
( T =  10 K) respectively. These spectra exhibit significant sample and temperature 
dependences. 

ArecentanalysisofthesampledependenceoftheRamanspectrumofpolythienylene 
has already shown a strong correlation between the parameters of the Raman lines 
(intensity, frequency and width) and the value of the conjugation length. The main 
results of this study can be summarized as follows. When the value of the conjugation 
length increases: (i) the intensity of the 1222cm-l Raman line (mixture of ringdeform- 
ation and C-Cinter-ringstretching) increases: (ii) the 1462 cm-' Raman line (the C==C 
stretching mode; the most intense line of the spectrum) narrows; (iii) a Raman line at 
1476cm-' emerges in the wing of the previous line; (iv) the shape of the 1500cm-' 
Raman line drastically changes-for large N ,  values it  appears as a narrow peak, and for 
weak N ,  values a significant broadening of this peak occurs. We have proposed that in 
the 1500cm-lregionanormalmodeofthechain (ofB,symmetry)overlapswithadefect 
mode,andthat thislatterbecomespredominant whenNcdecreases(Sauvajoleta11991). 
Owing to the high intensity of the Raman spectrum (especially in the range 1300- 
1700 cm-') these previous results concerning the N ,  dependence of the intensity and 
width of the Raman lines were unambiguouslyestablished. In thisanalysisof the Raman 
spectra. each line has been fitted to a Gaussian shape and the frequency, the width and 
the intensity of each Raman line have been derived from this fit. In this paper the same 
kind of treatment of the poly(3-methyl thienylene) Raman data has been performed. 

Asshownin figure2. the Ramanspectradisplayed byp3hle~arestrongly temperature- 
dependent. However, more important changes appear between room temperature 
and 80 K. In consequence, comparison between spectra recorded at 80 and 10 K is 
straightforward. A significant increaseof the intensity of the spectrum isobsewed when 
the temperature decreases: in particular, several weak lines emerge at low temperature 
at 596,692,744,1018 and 1041 cm-'. The frequenciesof the Raman lines do not change 
significantly with the temperature. Owing to the strong intensityofthe Raman spectrum 
at low temperature, the frequencies of all the Raman lines may be determined with a 
good accuracy. These frequencies are reported in table 2. In the same table comparison 
with the frequencies of the Raman lines measured by Steigmeier eta1 (1987) at T = 80 K 
and A L  = 4416 8, is given. Good agreement between the two sets of data is observed. 
The changesof the frequency with the laser excitation isslight compared with the strong 
change observed in trans-polyacetylene (Mulazzi el a1 1983). On the other hand, in the 
same table the frequencies of the Raman lines measured at the same temperature from 
a 'high-quality' film of polythienylene (large N,  value) are also given. It is obvious that 
the number of active Raman modes is greater in P ~ M C T  than in PT; in addition some 
Raman lines in PT seem to give two components in P3McT If we consider the centro- 
symmetric primitive cell of the polymeric chain displayed in figure 1, and if we take the 
CH3 group as a point mass (called R), the k = 0 in-plane vibrational optic modes of PT 
(factor group D2J and P3MeT (factor group CZh) respectively are represented by 

r(m) = 7A, + 7B, + 6B2, + 6B3, 

r(P3McT) = 14A, + 12B,. 

The reduction of the symmetry in P3McT explains the multiplication of the lines in 
the Raman spectrum. Especially in PT, the frequencies of B, Raman lines have been 
calculatedat 738,1296and 1498 cm-l (Poussigue and Benoit 1989); these modesappear 
in the spectrum of P3McT at 725, 1363 and 1525 cm-' respectively. On the other hand, 
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Table 2. Frequencies (cm-') of the Raman-active vibrational modes in the range 200- 
1600cm-I. 

PIMrT' P3MrTh i l l  
, ,  

i w",, , # I / i ,  ,.i . / , ~ , , -  
~~ 

3 2  w 
390 vw 388 w 

432 vw 
460 vw 

500 vw 486 vw 
551 s 550 s 
596 vw 595 w 
625 vw 632 w 652 w' 
692 w 

725 s 
744 m 

87n m 
962 m 
986 s 

1018vw 
1041 vw 

I100 vu. 

1l87m 
1216m 

682 w" 
701 s 

740 w 
791 w 

722s 

880 m 

986 s 1oM) w 
102ow 

1047s 

1 I76 m 
1205 s 

1221 m 
1363 s 1360s 
1382 m 
1449s 

1473 m 
1470 s 1462 s 

1476 m 
1500m 

1525 m 

a In P ~ M ~ T .  T = IO K ,  ,IL = 4880 li (this work). 
b I ~ ~ 3 ~ e ~ , T =  80K,AL=4416~(IromSteigmeiereiaa11987). 
' I n n .  T =  IO K, A L  = 5145 A (IromSauvajol~in/ 1991). 

I ,. 

the Raman spectrum given by poly(3-hexyl thienylene) exhibits the same features in the 
frequency range 115&1600 cm-' as that by P ~ M C T  (Zagorska and Sauvajol 1991). This 
implies that the vibrational motionsof the atoms ofthe substituent R (except the carbon, 
CR, directly connected to the cycle) do not contribute to the Raman intensity in this 
frequency range. 

By analogy with our previous study on the sample dependence of the Raman spec- 
trum of polythienylene, and in order to define Raman criteria to characterize poIy(3- 
methyl thienylene) samples, we have turned our attention to the sample dependence of 
several Raman lines. 

3.1.1. Raman lines in the frequency range 1280-1600cm-'. The 1280-1600 cm-' fre- 
quency range of the Raman spectra is shown in figure 3. It is necessary to take five 
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Figure 3. Comparison between the profiles of the Raman spectra given by different films in 
the frequency range 130&1600 cm-'. 

bands into account in order to reproduce the profile of the Raman spectrum. The 
non-symmetric profile of the strongest Raman band arises from the overlap of two 
neighbouring peaks. This double-peak structure is more evident in the Raman spectrum 
of another polymer of the same class, poly(3-methylselenophene) (F'?McSe, figure 3(d)) .  
The intensities, the widths and the frequencies of these five Raman components derived 
from the fit of the Raman spectrum are reported in table 3.  The best fit is obtained by a 
Lorentzian rather than a Gaussian profile (as for IT) for each Raman line. Usually a 
LorentzianprofileisexpectedforaRamanlineinanorderedsystem, whereasaGaussian 
profile is more characteristic of a disordered or inhomogeneous system. Then it is 
attractive to assign the Lorentzian shape ofthe Raman line in P3MeT to an increase of the 
conjugation order in P3MeT. However, the improvement of the fit by using a Lorentzian 
profile rather than a Gaussian profile for the Raman lines is too small to allow us to give 
adefinitiveexplanation in these terms. All the Raman linesare narrowedin the thin film 
of P3McT. Similar behaviour has been observed in FT with the increase of the conjugation 
length. In mwe  have shown that an important contribution to the linewidth results from 
the inhomogeneous broadening related to the breaking of the translational symmetry in 
chains of finite length. Indeed, for finite chains, several components with neighbouring 
frequencies have a Raman activity and each Raman band displays an envelope of all 
these components. When N,  increases, the symmetry of the chain must be close to that 
of the infinite chain, the number of Raman components decreases and the lines become 
narrower (Sauvajol er a1 1991, Poussigue eta1 1991). We think that the sample depen- 
dence of the width of the Raman lines is the signature of the 'dispersion effect' related 
to the distribution of the conjugation length in polythienylene and i ts derivatives. From 
this statement and with regard to the sample dependence of the linewidthsof the Raman 
lines in P3MeTfilmS. we conclude that the value of the conjugation length is better in film 
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Table 3. Intensity." frequency and width ofthe Raman lines in the range 12.50-1600 cm-'. 

2 than in film 1 or, in other words, that the increase of the film thickness leads to a 
decrease of the conjugation length as expected from the conductivity measurements 
(Yassar el ai 1989). Changes i n  the relative intensities of the Raman lines are also 
observed: especially, the 1450 and 1363 cm-l Raman lines are stronger in the thin film 
of PSMcT. On the other hand, the intensity of the 1470cm-' Raman line is higher for 
small N ,  values. This increase. coupled with the broadening of the Raman lines, leads 
toanoverlappingofthe two linesat 1450and 1470 cm-l.explainingwhy, insomeexper- 
iments, only one peak at 1460cm-' was observed (Steigmeier et a! 1987. Soma el al 
1987). 

3.1.2.  Raman lines in the frequency range3004300 cm-'. Near the strong and medium 
Raman lines at 551,725 and 986 cm-l appear other peaks that exhibit a clear sample 
dependence. For instance, the lines at 744.878 and 962 cm-' are significantly stronger 
in the thin film of P S M ~ T  (and especially at low temperature) than in the thick film of 
P ~ M C T .  The opposite behaviour is observed for the Raman lines at 692 and 1010 cm-l. 
With regard to these behaviours and with respect to the statement that an increase of 
thickness leads to a decrease of conjugation length (previous section). the first group of 
lines may be assigned to normal modes of a chain with a large conjugation length and 
the second group to defect modes related to vibrational motion in a non-planar struc- 
ture of the chain. A double-peak structure of the band around 1187-1216 cm-' clearly 
appears. The intensity of the low-frequency component of the doublet relative to the 
intensity of the high-frequency component of the doublet (compare the spectra displayed 
in figures 2(a)-(c) and figure 5(b)) increases with the conjugation length. All these 
behaviours have been observed from the study of P3McT samples synthesized hy other 
procedures (Nicolau and Sauvajol 1991). 

In conclusion, the low-temperature Raman spectrum given by a thin film of P3McT 
(large N ,  value) shows unknown features at this time, especially the Raman line at 
878 cm-l and the double-peak structure of the 1216,1360 and 1460 cm-' bands. It may 
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Figure 4. Photoluminescence band given by a thin film of P3McT at low temperalure. The 
photoluminescence band and the U ,  Raman line (1450 cm-’) are displayed a1 the same scale. 

be necessary to take these lines into account to calculate the lattice dynamics and the 
vibrational spectrum of polythienylene and its derivatives. The unambiguous evidence 
for these modes questions some explanations of the vibrational properties of PT and 
P ~ M C T .  for which these Raman lines are not taken into account (Faulques et a1 1989, 
Lopez-Navarrete and Zerbi 1991a). In this paper we have analysed the dependence of 
the intensity and width of the Raman lines with the features of films. As in PT the profile 
and intensity of the Raman spectrum are essentially dependent on the conjugation 
length value. This analysis gives some possibilities to characterize P3MeT samples from 
Raman experiments. 

In PT, strong changes of the photoluminescence (PL) band with respect to the value 
of the conjugation length have already been studied (Sauvajol et a1 1990). With the 
increase of the conjugation length the following have been shown: (i) a strong increase 
of the intensity of photoluminescence (with respect to the intensity of the most intense 
Raman band at 1450 cm-I); (ii) the appearance of well defined peaks equally spaced 
( A E  = 0.17 meV) and assigned to a phonon replica of the PL emission. The photo- 
luminescence measured from the thin film of P ~ M C T  at T = 10 K is displayed in figure 4. 
It shows the same features as a ‘good’ film of PT (note especially the strong intensity of 
the PL band with respect to the U ,  mode). This result emphasizes the high conjugation 
of this sample. 

3.2. Doped poly(3-methyl thienylene) 

In figure 5 we compare the Raman spectra obtained at the same temperature,(T = 85 K) 
from a doped (PF,) thin film of P ~ M C T  (film 3 in table 1) and from a lightly doped 
(PF,) P 3 M e T f i h  (film4in table 1). Weobserve adrasticdecreaseof the Ramanintensity 
upon doping of the film (note the drop of the signal-to-noise ratio between the two 
spectra; also compare the same ratio for the spectrum displayed in figure Z(c)). The 
main effects of doping on the structure of the Raman spectrum can be summarized as 
follows: 

(i) All the Raman lines are broadened. 
(ii) The resonant Raman scattering (RRS) lines around 553, 725, 986 and 1187- 

(iii) The relative intensities of these lines are less affected than the intensity of the 
1216 cm-’ are slightly shifted to lower frequency. 

878cm-l line, and lines in the 1300-1700cm-l frequency range. 
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Figure 5. Raman spectra at AL = 5145 A and T = 85 K: (a) given by a heavily PF; -doped 
P?M~T film (film 3 in table 1): (b)  given by a lightly PF,' .doped P~MCT film (film 4 in table 1 ) .  

Frompoints(ii) and(iii) weproposeassigningthisgroupof lines tovibrational modes 
for which the force constants involved are unchanged when then  electron distribution 
is altercd upon doping. By reference to the assignment of the lines in polythienylene 
and related compounds, we propose to assign the 990 cm-' line to C-H bending, thc 
729 and 553 cm-' lines to a ring vibration and C-S deformation. The assignment of the 
1194-1220 cm-' lines is not clear at this time. With regard to the 1222cm-' line, which 
appears in PT and is attributed to the inter-ring C - C  stretch (Wallnofer er U( 1989). the 
1194-1220 cm-l lines could be assigned to the same kind of motion (with an  admixture 
of C-C and C==C intra-ring stretching modes). However, it is surprising. with regard 
to the kindof motion involved, that these linesdo not significantly change upon doping. 
On the other hand, we can note that C-Cn stretching modes may also occur in the same 
frequency range. 

(iv) The most significant changes in the Raman spectrum occur for the lines in the 
frequency range 130&1700cm-' and for the Raman line around 880cm-I. This last 
band disappears in the doped film and a large and weak structure develops at about 
850 cm-'. An analogous structure has already been observed in the resonant Raman 
spectrum of P3McT absorbed on Cu*+-montmorillonite, this last species appearing to be 
an oxidized product (Soma et a/ 1987). As in PT, the bands in the frequency range 130& 
1700cm-' for which the C-C and C=C intra-ring stretching and C-C inter-ring 
stretching are involved exhibit a significant dependence upon doping. The shift of these 
lines in P3MeT (of about 30cm-I) is more important than those observed in PT (of 
about 15 cm-I). The high-frequency component of each doublet, occurring at 1352 and 
1443 cm-' respectively. becomes predominant. All these behaviours are the signature 
of the aromatic+ quinoid transition along the polymeric chain upon doping. 

In conclusion to this section, we have shown a significant sample dependence of the 
Raman spectrum of poly(3-methyl thienylene); these changes can be related to an 
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( a )  ,P, 
T=10 K 
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Figure 6. Raman spectra at .AL = 5145 8, given by: (U )  a P ~ M ~ T - P H A  complex, PHA = 
(SiW,&)‘-. at T = 10 K: (b)  a P ~ M ~ T - P H A  complex. rHA = (PMo,,O,)’-. at T = 80 K. 

increase of the structural disorder with thickness of film. in agreement with scanning 
electron microscopy (SEM) results (Tourillon and Gamier 1984). The increase of the 
film thickness leads to a drop of the observed value of the conjugation length and 
consequently to a decrease in the conductivity as observed experimentally (Yassar er al 
1989). Raman experiments appear to be an appropriate method of studying the evol- 
ution of the conjugation length of the P3MeT chain under various factors including: the 
synthesis procedure, chemical degradation of the films, exposure to air and doping. A 
strong dependence of the Raman spectrum upon doping has been shown. and was 
assigned to the aromatic-, quinoid transition along the polymeric chain; in particular, 
the doping effect is clearly demonstrated by the behaviour of the modes in which the 
C=C and C-C stretching motions are involved. In the next section of this paper we 
use these previous results in order to characterize the P3MeT-PHA complexes. 

4. The Raman spectra of poly(3-methyl thieny1ene)-heteropolyanion complexes 

In figure 6 the Raman spectra performed at low temperature from P3MeT-(PM0120@)3- 
and P3MeT-(SiW&4,)4- complexes are displayed. A comparison with the spectra given 
by neutral P ~ M ~ T  (figure 2) shows a strong reduction of the Raman intensity. Also, a 
significant broadeningof all the Raman lines occurs, especially the double-peak structure 
of the bands around 1200,1370 and 1460 cm-l is no longer observed. In addition, the 
relative intensities of the lines at 1018 and 692 cm-*, assigned to defect modes in our 
previous analysis of the dependence of the Raman spectrum with the ‘quality’ of P3MeT 
sample, increase. All these results lead to the proposal that the conjugation length along 
the polymer segments in the P~MCT-PHA complexes is decreased. To have an idea of the 
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Figure 7. Comparison petween the shapes of Raman apectra i n  the frequency range l2X- 
1 6 3 0 ~ m - ~  ( A L  = 5145 A): (a )  neufral thin film of PWCT (film 2 in tahle I) at T = IO K: ( b )  
I%~T- (SW,~O~, , ) ' -  complex at T = IO K: (c) PIhIrT-(PMO,:O,,,)" complex PI 7 = 80 K; ( d )  
hea\,ily PF; -doped P ~ M L T  film (film 3 i n  table I )  at 7 = X5 K. 
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charge transfer between the heteropolyanion and the polymer chain. it is interesting to 
compare the parameters (intensity, frequency and width) of the Raman lines in the 
frequency range 12%-1700cm-l for neutral P ~ M C T ,  doped P3McT and P~MCT-PHA com- 
plexes. Indeed,we havepreviouslyobservedasignificant changeof the Raman spectrum 
in thisfrequencyrange, related to the aromatic+ quinoid transition, which occursupon 
doping. The comparison of the Raman spectra is given in figure 7. The maxima of the 
two strongest bands (around 1370 and 1460 cm-' occur at the same frequency in P ~ M C T  
(mean frequency of the envelope of the double-peak structure) and in P~MCT-PHA 
complexes. However, broadening of these bands occurs and the two peaks of each band 
cannot be deconvoluted. These results mean that in the complexes the conjugation 
length and the structural order are strongly affected. On the other hand, a shoulder 
appears on the low-frequency side of the 1460cm-I band at a frequency close to that 
measured in doped P3McT. This shoulder is the 'signature'of the charge transfer between 
the heteropolyanion and the polymer. However, with regard to the low intensity of this 
structure, thedoping level of the P3McTchain isobviously small. The conductivity values 
in these kindsof complexes then appear surprisingly high (U - 30 S cm-I) in view of the 
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strong degradation of the structural order and of the long inter-chain distances (Bidan 
er U /  1989), and our results suggest that the role of the HPA in the conductivity process 
cannot be ignored. 

5. Discussion and conclusions 

From this Raman study performed on neutral P ~ M C T .  doped P3McT and P3McT-PHA 
complexes, several unambiguous features of the Raman lines with respect to the nature 
of the samples under consideration have been shown. 

In agreement with other experiments (Tourillon and Gamier 1983, 1984, Yassar er 
al 1989). we claim that a decrease in the conjugation length is related to an increase in 
the film thickness. For a comparison between Raman spectra performed on thin and 
thick films, we can state the following: 

( i )  When the conjugation length decreases. all the Raman lines are broadened and 
the Raman intensity becomes weak. At the same time, the intensity of several peaks 
(for instance the Raman lines at 1018 and 692cm-') is increased and these lines can be 
assigned to defect modes. By analogy with the behaviour of the defect modes in PT. we 
can assign these peaks to vibrational motion in a non-planar structure (ring torsion) of 
the P3McT chain. 

(ii) The more significant and interesting results of this study concern the dependence 
of the Raman spectrum in the frequency range 130&1700cm-'. In neutral P ~ M C T .  the 
lines at 1473 and 1382 cm-' are clearly separated from the lines at 1450 and 1362cm" 
respectively. This double-peak structure is also clearly observed in poly(3-methyl- 
selenophene). Wesuggest that this result is theequivalent of thoseobserved in PT. where 
two peaks at 1462 and 1476 cm-[ could be deconvoluted (Sauvajol era/ 1991). When the 
conjugation length increases, the intensity of the high-frequency components of each 
doublet increases and all the Raman lines are broadened; consequently. the double- 
peak structure of each band disappears and we observe experimentally an envelope of 
the doublet with mean frequencies at 1460 and 1370cm-' respectively. It is important 
to note that in previous Raman experimentsand in various calculationsof thevibrational 
properties of m and P3McT. only the average frequencies have been taken into account 
and the Raman lines at 1476 cm-' in PT and 1472 and 1384 cm-' in P3McT were ignored 
(Lopez-Navarrete and Zerbi 1991b). This double-peak structure also appears upon 
doping with a low-frequency shift of about 30cm-'. In the doped sample, the intensity 
of the high-frequency component of each doublet is high. 

Other Raman results can be emphasized and question some results previously pub- 
lished: In all our Raman spectra the line at 1520 cm-[ is very weak and this frequency is 
not sensitive to the sample 'quality'. The frequency of this line is higher than those 
measured in a 'bad' film of polythienylene (1500 cm-I). On the other hand, it  is known 
from other experiments that the regularity in the @-lucoupling i s  enhanced in P ~ M C T  and 
that it leads to a value of the conjugation length higher in P3McT than in PT (Tourillon 
and Gamier 1983). and the high value of the conductivity in P3MeT has been attributed 
in part to this effect (Yassar er al1989). So it is certainly incorrect to deduce the number 
ofthienylene ringsin ~ 3 ~ e ~ ( a n d  inotherderivatives) from acomparison with thesample 
dependence of the 1500cm-l line in m as suggested by Zerbi et al (1991). ( i n  PT a 
correlation is made between the increase of this frequency and the decrease of the 
number of cycles.) The model of the 'effective coordinate R' developed in the same 
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reference (see also Castiglioni er U /  1988) in order to explain the dynamics of poly- 
thienylene could be in agreement with our results if the u 1  mode of this model (the R 
mode) is assigned to  the line at 1473cm-' (1476cm-I in PT) and not to the line at 
1520 cm-' (1500 "'in PT)assuggested by Zerbietal(l991). Followingthe predictions 
of this model, the intensity of the u I  mode decreases on increasing the conjugation 
length with a barely appreciable increase of the other modes. This effect is explained 
in terms of coupling of the U ,  mode with the other modes (and especially with the 
neighbouring modes at 1450 cm-I in P3McT and 1462 cm-' in PT) when the conjugation 
length increases. The broadening of the lines with decreasing conjugation length is not 
taken into account in this model. 
On the other hand, molecular dynamicscalculations usinga powerful new computing 

process, the spectral moments method, have been able todisplay the dependenceof the 
shape of the Raman spectra of PT with the conjugation length (Poussigue era/ 1991). In 
this explanation, the lines at 1462 and 1476 cm-' have A,symmetry in an infinite chain 
model and are strongly coupled. For small N ,  values, or in other words in chains of 
finite length, the breaking of the translational symmetry gives Raman activity of some 
components that have neighbouring frequencies and the spectrum displays an envelope 
of all these contributions. On the other hand, the calculation shows that the intensities 
of the 1476 and 1460 cm-I bands are close. When N ,  increases, the system behaves like 
an infinite chain, and the number of Raman-active components decreases, leading to a 
narrowing of the two bands. In addition, the relative intensity of the 1460 cm-' com- 
ponent becomes stronger than that of the 1476 cm-l line and the two peakscan be easily 
resolved. The same kind of explanation is also able to describe the sample dependence 
of the Raman spectra of poly(3-methyl thienylene). 

In summary, when N ,  increases, the narrowing of the Raman linewidth (the width 
of the Raman line and the distribution of conjugation length are correlated) and the 
change of the intensity of the Raman lines explain all the dependences in the profile of 
the Raman spectra shown in this study. 

Concerning the Raman study of P3McT-PHA complexes, it is clear that the charac- 
terization of thesesamplesispossible from Raman spectroscopy by comparison between 
the different Raman spectra obtained on doped, undoped complexed and uncomplexed 
samples. The analysisof the Raman data from these kindsof compoundsshows that: (i) 
on the one hand, an increase of the structural disorder of chains related to the inter- 
calation of the heteropolyanion in the polymer host is established, leading to a significant 
decrease of the conjugation length; (ii) on the other hand, the doping level or, in other 
words, the charge transfer between the heteropolyanion and the P3McTchain is low. 

With regard to the strong interest in this kind of complex, these results can be 
emphasized. To our knowledge it is the first time that characterization of this class of 
materials has been made using Raman spectroscopy. 

J L Sauuujol er al 
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