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Preliminary results of the structural analysis of pristine and iodine-doped poly(3-alkylthiophene)s Ipoly(3- 
hexylthiophene) and poly(3-dodecylthiophene)] have been recorded by utilizing an organized combination 
of X-ray imaging plate and computer simulation techniques. The crystal structure of the pristine polymers 
was found to be composed of stacked layers constructed by a side-by-side arrangement of alkyl groups, 
where both the single and double layer structures were possible. The iodine-doped poly(3-alkylthiophene)s 
have been found to possess a tunnel structure produced by a cooperative translation of the polymer chains 
along the chain axis by half the repeating period, into which polyiodide ions such as 1; and I; were trapped 
to form a charge-transfer complex with polythiophene skeletal chains. These structural changes were 
simulated by constructing energetically minimized crystal structural models, which gave X-ray fibre 
diagrams close to those of the observed ones. The infrared and Raman spectra were found to change in two 
stages during iodine doping, and the possibility of polaron and bipolaron species constructed by a 
combination of polythiophene and iodine ions was proposed. 0 1997 Elsevier Science Ltd. 
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INTRODUCTION 

Structural changes in the thermochromic phase transi- 
tion of poly(3-alkylthiophene)s have been investi- 
gated extensively14. In a series of papers24 we have 
studied the molecular and crystal structural changes in 
the thermochromic phase transition of poly(3- 
alkylthiophene)s of different alkyl side-chain lengths 
through X-ray diffraction, infrared spectra and visible- 
ultraviolet spectral measurements. In the temperature 
region of thermochromic phase transition, the alkyl side 
chains experience trans-gauche conformational dis- 
ordering which induces twisting of the originally planar 
polythiophene skeletal chain, resulting in a change of 

Scheme 1 
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electronic r-7~ conjugation length (Scheme 1). In this 
way the intercorrelation between the alkyl side chains 
and the thiophene skeletal chains is very strong. 

In order to clarify this correlation more definitely, we 
have to obtain detailed information on the molecular 
and crystal structure. Many authors have proposed 
crystal structure m;d$ of poly(3-alkylthiophene) at 
room temperature ’ . For example, Winokur et al. 
utilized the Rietveld method and reproduced X-ray 
reflectional profiles”. But the structural variables used in 
their analysis were limited because the number of 
observed reflections was small. Therefore their proposed 
structure may not necessarily be reasonable from the 
energetic point of view. They also simulated the tem- 
perature dependence of the X-ray reflectional profiles by 
using rigid-rod models without taking into account any 
change of the alkyl side-chain conformation. Similarly, 
Luzny calculated the X-ray reflectional profile of poly(3- 
dodecylthiophene) under the assumption that the per- 
fectly flat monomers of alkylthiophene are linked to 
form a polymer chain with the intermonomer deflection 
angle 8, and estimated the value of 0 by fitting the 
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calculated pattern to the observed one 2°. This treatment 
is unreasonable, judging from the spectroscopic data 
which showed clearly the trans-to-gauche conforma- 
tional change in the alkyl side chains. Besides, the models 
constructed by these two groups are quite different from 
each other. In spite of these significant problems, how- 
ever, their simulated X-ray patterns are almost perfectly 
coincident with the observed data. This might originate 
from a situation such that the number of observed X-ray 
reflections is too small to determine the structural 
parameters uniquely. In this sense, therefore, the crystal 
structure of poly(3-alkylthiophene) has not yet been 
definitely established. 

The crystal structure of poly(3-alkylthiophene) chan- 
ges not only in the thermochromic phase transition but 
also in the process of doping ionic species into polymer 
samples. When iodine, for example, is doped into poly(3- 
alkylthiophene)s, the electric conductivity is enhanced 
remarkably 21 . In order to clarify the correlation between 
polythiophene, alkyl side groups and dopant molecules 
in the realization of high electric conductivity, informa- 
tion on the structural change before and after doping is 
very important. Winokur et al. proposed to elucidate the 
structural change induced by iodine doping by fitting 
X-ray equatorial reflectional profiles 7. But the iodine 
ions cannot be located in this early-proposed structure 
because no vacant space is allowed, as is discussed in the 
present paper. In a recent paper 22, Tashiro et al. 
proposed a large structural change before and after 
iodine doping into the pristine (i.e., undoped) poly(3- 
alkylthiophene)s: the molecular chains shift along the 
chain axis and large tunnels are generated between the 
polymer skeletons and the layers of alkyl side chains, in 
which the long iodine ions such as Iy and I}- can be 
located well enough. This idea of structural change was 
supported by a large change in the X-ray fibre diagram 
and the infrared and Raman spectra. Winokur et al. 
revised their initial structural model of doped poly(3- 
alkylthiophene)s 23, which is essentially the same idea as 
that proposed by Tashiro et al. 22, and fitted the observed 
X-ray data relatively well. But in this case, also, they 
employed molecular chain models with limited structural 
variables, and so the proposed models might not be 
energetically stable. 

In a series of papers 2~26 we developed a new system of 
structural analysis of polymer crystals, in which the 
X-ray imaging plate is used for taking the fibre photo- 
graphs and the initial structure necessary for structural 
refinement is generated by a direct method used in the 
automatic structural analysis of low-molecular-weight 
single crystals or by a computer-aided molecular design 
technique. This technique is considered to be useful also 
for the structural investigation of the present polymers. 

As already reported briefly, we constructed energeti- 
cally optimized crystal structural models and compared 
the observed X-ray diffraction patterns with those 
simulated by these models 27'28. In this paper we report 
preliminary results of the structural analysis of poly(3- 
alkylthiophene) crystals before and after iodine doping 
by combining the X-ray diffraction and infrared/Raman 
data with the computer simulation technique in an 
organized manner. The samples used were mainly 
poly(3-hexylthiophene) (P3HT, n = 6) and poly(3- 
dodecylthiophene) (P3DT, n = 12). Other members of 
the poly(3-alkylthiophene)s were also used to check the 
reasonableness of the structural models obtained. 

EXPERIMENTAL 

Poly(3-alkylthiophene)s were cast from chloroform solu- 
tion at room temperature and stretched on a hot stage to 
about 4 5 times their original length. Iodine doping was 
performed by immersing the films into KI-I2 aqueous 
solution for a predetermined period of time. Then the 
samples were taken out of the solution and the surfaces 
were rinsed lightly with methanol and wiped clean with 
filter paper. 

The doped samples were sealed into glass capillaries in 
order to avoid sublimation of iodine molecules from the 
samples and taken for X-ray diffraction measurement. 
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Figure 1 X-ray fibre diagrams of (a) P3HT and (b) P3DT. In order to 
clarify the reflectional positions, the illustrations are shown on the right 
side of these diagrams. The number of reflections is referred to in Tables 
1 and 2 

Table 1 Lattice spacing and relative intensity of the observed and 
calculated a reflections of P3HT 

No.  b Indices  dob s (/~k) dealt (/~) lobs c /calc 

1 1 00 16.63 17.46 vs 100% 
2 200 8.32 8.73 s 7 
3 300 5.54 5.82 s 21 
4 020 ] 3.88 4.27] vs 5 ] 

1 - 20 4.21 18 
] 4.09] m 3 1 

2 - 20 3.93 19 

6 5 3 - 2 0 0 0  ] 3.38 3.49 3.54] w 43 ] 1  

7 ll - 1  - 1 ] 1 1 5 . 2 3  5.51 5.56] m 14 14 ] 

8 2 2  11 - 1 1 1 4 . 6 3  4.88 4.91 ] m 77 ] 

9 3 - 1 - 1 1 3  11 3.89 4.17 4.18] m 4 ] 4  

10 10 - 2 3.77 3.80 w 5 
11 2 0 - 2  3.52 3.56 w 3 

(23) a 

(22) 

(44) 

(28) 

(14) 

(8) 

a The calculated values are for model 3, shown in Figure 5 
h Numbering of the reflections is indicated in Figures 1, 8 and 17 
~' Relative intensity: vvs, very very strong; vs, very strong; s, strong; m, 
medium; w, weak 
d The values shown in parentheses are the total intensities summed up 
for the possible (or overlapped) reflections 

2868 POLYMER Volume 38 Number 12 1997 



Crystal structural change in poly(3-alkyl thiophene)s." K. Tashiro et al. 

Table 2 Lattice spacing and relative intensity of the observed and 
calculated" reflections of P3DT 

No. h Indices dob, (~-) dcalc (/~) lobs c Icalc 

l 1 00 25.70 25.65 vvs 100% 
2 200 13.05 12.82 s 44 
3 300 8.63 8.55 vs 71 
4 400 6.39 6.41 w 15 
5 500 5.16 5.13 w 17 

18 (82) d 6 ] 90 vs ] 
1 - 2 0  4.1l 16 
1 2 0 4.02 4 
2 - 2 0 4.01 44 

7 700 3.70 3.66 w 1 
8 4 - 2 0  ] 3.24 3.59] w 78 ](125) 

6 - 2 0 3.00 3.08 w 47 

lO 22-111 1 ] 4.97 5.27 5.28 I w 27 ] (43) 16 

11 33111 1 1 4.57 4.58 4.65]  m 23 ] (5) 

12 44-111- 1 I 4.07 4.35 4.36]  vs 62 98 ](160) 

"The calculated values are for model 3, shown in Figure 6 
h Numbering of the reflections is indicated in Figures 1 and 9 
c Relative intensity: vvs, very very strong; vs, very strong; s, strong; m, 
medium; w, weak 
a The values shown in parentheses are the total intensities summed up 
for the possible (or overlapped) reflections 
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Figure 2 X-ray reflectional profiles measured at low temperature for a 
series of P3AT samples [P3BT: poly(3-butyl thiophene)] 

Measurements of X-ray fibre diagrams were carried out 
using an MAC Science imaging plate system (DIP 1000). 
Fourier-transform infrared spectra of the pristine and 
doped films were measured with a Japan Spectroscopic 
Company FTi.r. 8300 spectrophotometer and also a Bio 
Rad FTS -60A/896 FTi.r. spectrometer. The resonance 
Raman spectra of the pristine and doped films were 
measured with a Japan Spectroscopic Company R1000 
Raman spectrophotometer with an excitation beam from 
an argon-ion laser of wavelength 514.5 nm. 

RESULTS AND DISCUSSION 

Structure analysis of pristine poly(3-alkyl thiophene)s 

X-ray fibre diagrams. Figure 1 shows the X-ray fibre 
diagrams taken by DIP 1000 at room temperature for the 
uniaxially oriented P3HT and P3DT samples. In Tables 1 
and 2 are listed the observed lattice spacings and the 
relative intensities of the observed reflections of these 
two samples. In our previous paper 3, we indexed the 
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F i g u r e  3 Relationship between a-axial length and carbon number of 
the alkyl side chains of a series of P3AT 

Figure 4 

(a) lnterdigitated Structure Model 

b 

t _ _ 1  

(b) Tilted Structural Model 

b q 

Two possible packing modes of P3AT 

observed reflections of these two samples on the basis of 
the following orthogonal unit cells: 

P3HT (n = 6) 

a = 16.63A, b = 7.75,~, c (fibre axis)= 7.77 A t  (1) 
P3DT (n = 12) 

a = 25.83 A, b 7.75 ,~,, c (fibre axis) = 7.77 ~,3 

But, as seen in Figure 2, where the equatorial reflectional 
profiles are shown, the weak reflections can be detected 
clearly in the low scattering angle region, but their 
intensities are too low to observe in the normal photo- 
graph as reported in the previous paper 3. The fibre 
photographs shown in Figure 1 were obtained by sub- 
tracting the background coming from air scattering and 
so have higher clarity than the photographs reported in 
the previous paper 3, making it possible to find the very 
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Figure 5 
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Energetically minimized packing models of P3DT 

weak reflections shown in Figure 2. By taking into 
account these weak reflections, we have to enlarge the a 
axial length to twice the value indicated in equation (1): 

P3HT (n = 6) 

a = 33.26,~, b = 7.75,~, e (fibre axis)= 7.77,~t (2) 
P3DT (n = 12) 

a = 51.66,~, b = 7.75,~, c (fibre axis)= 7.77,~1 

These unit cell parameters are in agreement with those 
reported by Winokur et al., although they doubled the a 
axial length without any experimental evidence. Of 
course we have another possibility, that the basic unit 
cell is that shown in equation (1) and the doubled cell 
structure of equation (2) is generated as a result of, for 
example, a stacking disorder of layers or disorder within 
the layers themselves. Detailed discussion will be given in 
a later section. 

~ . ~  Model 2 

" Model 4 

Modelling of structure. As indicated in the previous 
paper 3, the alkyl side groups take essentially the trans- 
zigzag conformation, although some gauche bonds are 
included as a disordered part at room temperature. At 
low temperatures such as liquid nitrogen temperature, 
the conformation becomes almost perfectly of the all- 
trans type.° The repeating period along the chain direc- 
tion, 7.77 A, suggests a fully extended planar conforma- 
tion of the polythiophene skeletal chain. By taking into 
account these basic structures of the constituent parts 
of the chain, i.e. the conjugated structure of the skeletal 
chain combined with the all-trans conformation of the 
side chains, the span from one end of the alkyl side 
chain to the other end via the polythiophene skeletal 
chain is estimated to be ca. 22 A for P3HT and ca. 36 A 
for P3DT. In Figure 3 is plotted the a axial length (of 
the basic unit cell, equation (1)) against the number of 
alkyl carbon atoms n. The increasing rate of the a axis 
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per two methylene atoms, i.e. the pitch of a pair of CH 2 
groups, is ca. 1.62 A/(2CH2). Because the CH 2 group of 
the planar-zigzag conformation has an effective length 
of ca. 1.27 A along the chain axis, the pitch should be 
2.54 A/(2CH2) if the alkyl side chains are oriented along 
the a axis. The observed pitch of 1.62 A/(2CH2) is too 
short compared with the calculated value. Taking this 

Table 3 Cell parameters of  energetically stable models and actual 
observations 

Total energy 
a (A) b (,A) c (/~) c~ (°) /7 (°) "7 (°) (kcal mol -r)  

P3HT model l 16.12 7.77 7.92 90.3 89.7 89.8 151.18 
model2  16.09 8.28 7.87 89.7 89.7 90.5 165.51 
model 3 17.49 8.56 7.80 89.4 90.0 93.3 162.98 
model4  33.37 8.31 7.80 89.7 89.8 90.0 306.83 

(153.42 × 2) 
observed 16.63 7.75 7.77 90.0 90.0 90.0 

(33.26) 

P3DT model 1 26.18 7.91 8.10 90.9 89.8 90.8 195.83 
model2  23.42 9.98 7.85 88.2 90.0 90.0 157.16 
model3  25.71 8.26 7.78 89.5 89.4 94.1 151.54 
model4  52.08 8.74 7.78 89.1 88.9 84.6 322.77 

(161.39 x 2) 
observed 25.83 7.75 7.77 90.0 90.0 90.0 

(51.66) 

situation into account, the following two packing modes 
of the side chains may be possible as the basic structure: 

(1) The neighbouring two chains are arranged in parallel 
along the a axis and the side chains are interdigitated 
to each other, as shown in Figure 4a. 

(2) The chains are gathered together to form a layer 
structure with the plane of the chain tilted from the a 
axis by an angle of cos -1 (1.62/2.54) = 50 °, as shown 
in Figure 4b. 

Starting from the structural idea illustrated in Figure 4, 
energetically stable packing structures were constructed. 
For example, Figures 5 and 6 illustrate the energetically 
minimized packing structures of P3HT and P3DT, res- 
pectively. All these models were obtained by using the 
commercially available program 'Polygraf' (version 
3.22, Molecular Simulations Inc., USA). The potential 
functions used were of the Dreiding II type 29. The atomic 
charges were calculated on the basis of the Q-equilibrate 
method 3°. The electrostatic interaction energy was calcu- 
lated on the basis of the Ewald method. Minimization 
was performed by the conjugate gradient algorithm 
under the condition of convergence criterion of both the 
root-mean-squared total force and the unit cell stress 
lower than 0.001 kcalmo1-1 ~-1.  The cell parameters 
obtained are as shown in Table 3 (in model 4, the a axial 
length is twice the value of the other models). 

Figure 7 
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X-ray reflectional profiles simulated for the various packing models of P3DT 
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Figure 8 X-ray fibre diagrams simulated for the various packing models of P3HT. The numbering of the reflections is referred to in Figure l and in 
Table 1 

In models 1 and 2, the thiophene rings of  the neigh- 
bouring chains are packed closely along the b axis and 
the trans-zigzag alkyl side chains are interdigitated partly 
along the a axis and form the well-packed subcell struc- 
ture. The relative height of  the neighbouring chains is 
different by one-quarter of the c axis length in model 1. 
In model 2 the thiophene rings are arranged side-by-side 
with a relative height difference of  one-half the c axis, 
and the thiophene planes deflect as a whole slightly from 
the a axis direction, although the alkyl side chains are 
packed in parallel along the a axis. Models 3 and 4 
consist of stacked layers, each of which is constructed 
by a parallel array of  adjacent chains along the b axis 
with a tilt angle from the a axis of ca. 50 °. This tilt angle 
is very close to that evaluated from Figure 3. Model 3 is 
of the one-layer type and model 4 is of the double- 
layer type, corresponding to that proposed by Winokur 
et al. 7,19. 

X-ray fibre diagrams and equatorial profiles were 
calculated for these structural models by using the 
program 'Cerius 2' (version 2.0; Molecular Simulation 
Inc.), in which the size of  the crystallites was assumed to 
be 200A in the a, b and c directions. The degree of 
orientation of the crystallites was assumed to be 4 °. 
Temperature factors of  5/~2 w e r e  assumed for all the 
carbon and sulfur atoms. In Figure 7 are shown the 

calculated X-ray reflectional profiles of the equatorial 
line of  these four models of P3DT. Through comparison 
with the data actually observed, models 3 and 4 were 
extracted as the most plausible candidates for the 
structure. As indicated above, these two models are 
energetically stable. The reflectional positions are not 
perfectly in coincidence with the observed peaks, because 
the cell parameters optimized are at 0 K but the observed 
data were obtained at room temperature. In the present 
study we tried to obtain structural models which gave 
X-ray profiles as similar as possible to the observed 
patterns in a qualitative or semi-quantitative manner. As 
a problem to be solved in the near future, however, we 
have to modify the potential functions used in the cal- 
culation of  the structural models so as to reproduce 
quantitatively the experimental data such as the one- 
dimensional and two-dimensional X-ray diffraction 
patterns and the infrared and Raman spectral data. 

Figures 8 and 9 show the calculated X-ray fibre dia- 
grams for models 1-4 of P3HT and P3DT, respectively. 
In model 1 the relative intensity of the innermost 
reflection of  the first layer line is too high compared 
with the observed one, and in model 2 the outermost 
reflection of the first layer line is too strong and cannot 
reproduce well the observed intensity. Models 3 and 4 
give simulated fibre diagrams relatively closer to those of 
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X-ray fibre diagrams simulated for the various packing models of P3DT. The numbering of the reflections is referred to in Figure l and in 

the observed ones, not only for the equatorial reflections 
but also for the layer lines, although a large discrepancy, 
can still be seen for some reflections (for example, Nos. 4 
and 6 in Table 1 and Nos. 7, 8 and 11 in Table 2 where 
the numbering is referred to in Figure 1 ). 

In this way, models 3 and 4 seem plausible from the 
viewpoint of X-ray diffraction and energy calculation. It 
should be noted here that, as suggested already, the 
regularly stacked layer structure of models 3 and 4 does 
not, in principle, give the odd-numbered h00 reflections 
due to the systematic extinction rule. Therefore we 
cannot distinguish only on the basis of the X-ray 
diffraction data which is the best one between models 3 
and 4. If some stacking disordering occurs in the crystal 
(for example . . . .  / \ / \ / / / / / / \ / \ / \ / \  .... where / and ~ 
represent layers of the same internal structure stacked in 
the opposite way), or if the two adjacent layers are 
slightly different in the internal structure, then the h00 
reflections of h = odd can appear with relatively weak 
intensities. In model 4 of P3DT, for example, the mini- 
mized structure has some difference in the adjacent 
layers, resulting in the observation of additional reflec- 
tions of h = odd with weak intensities. Such a difference 
was not seen for the model 4 P3HT crystal. From these 
discussions, we may speculate that P3DT, with longer 

alkyl side chains, might cause some disordering in the 
internal structure of layers more easily than in the case of 
P3HT with its relatively short side chains. 

Structural change induced by iodine doping 

X-ray fibre diagrams. Figure 10 shows the X-ray fibre 
diagrams of the uniaxially oriented P3HT samples taken 
before and after doping of iodine 23. The pattern of the 
doped samples is quite different from that of the original 
one. From these diagrams some characteristic features 
may be picked out. (1) The orientation of the polythio- 
phene chain is preserved even after doping. (2) Position 
and relative intensity of the equatorial reflections are 
remarkably different from those of the pristine samples, 
indicating that the lattice structure projected along the 
chain axis changes drastically with doping. (3) Intense 
new reflections can be seen on the first layer line. They 
are indexed as 101 and 011 reflections, as indicated in 
Table 4, where the reflectional indices are on the basis 
of the unit cell parameters of the one-layer structure 
as shown in equation (1). Additionally, some diffuse 
scatterings are observed on the equatorial line and 
also at the positions between the first and second layer 
reflections, suggesting the appearance of a superlattice 
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P3HT 

(a) Pristine (b) Doped 
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fPf 

i w I m 

m 

Figure 10 X-ray fibre diagrams of (a) pristine and (b) iodine-doped P3HT samples. The numbering of the reflections is referred to in Table 4 

structure as a result of iodine invasion into the original 
crystal structure. (4) The spacings between the layer 
lines are almost the same as those of the original 
one, indicating that the fibre repeating period is essen- 
tially the same before and after doping. 

All the reflections in Figure 10 can be assigned on the 
basis of the following unit cell parameters: 

Undoped 
a = 16.63oA, b = 7.75 A, c (fibre axis)= 7.77A 

(33.26 A) 
Doped 

a = 37.25 A, b = 23.15A, c (fibre axis)= 7.77A 

The unit cell of the doped sample corresponds in size to 
six basic cells, where model 3 is taken for the basic unit 
cell, i.e. two cells in the a direction and three cells in the b 
direction (if the unit cell of model 4 is taken as the basic 
cell, the lattice is three times larger than the original cell 
but only in the b direction). In Table 4 are listed the 
indices and lattice spacings observed for the doped 
sample. The size of the basic cell itself is also modified to 
some extent after doping: the a axis = 37.25/2 = 18.63 A, 
which is approximately 2A longer than the original 
value, and the b axis = 23.15/3 = 7.72 A, slightly shorter 
than the original b axis. But it should be noted that the a 
axial length changes apparently continuously, depending 
on the doped ion concentration, as pointed out by 
Winokur et al. 7. 

Infrared and Raman spectral changes induced by iodine 
doping. Figure 11 shows the time dependence of the 
Fourier-transform infrared spectra taken for the 
unoriented P3HT films during the iodine doping treat- 
ment. The spectra change in two stages. At the first stage 
broad bands (asterisks in Figure 11 ) begin to appear and 
increase in intensity. As the doping proceeds further, the 
intensity of these broad bands continues to increase and 
at the same time new intense bands begin to appear at 
different wavenumber positions (double asterisks). Cor- 
responding to these changes, the bands of the original 
polythiophene skeletal chain change drastically: for 
example, the band of 1510 cm -1, characteristic of the 
thiophene ring mode, decreases in intensity and becomes 
broader. In contrast, the infrared bands, characteristic of 
the side-chain alkyl groups, do not change. We should 
note here that the infrared spectra are almost the same 
between the samples doped by immersing into the K I -  
12 solution and by exposing into the 12 gas atmosphere. 
Polarized infrared spectral measurements revealed that 
most of the new bands show clear parallel dichroism 
along the chain axis, as shown in Figure 12. This clear 
polarization character, in addition to the well-oriented 
X-ray fibre pattern, is evidence for the formation of a 
crystalline complex while the chain orientation stays 
unchanged. As shown in Figure 13, the wavenumbers 
of these infrared bands are different from each other 
between the doped PT and P3HT but are close between 
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Table 4 Comparison of lattice spacing and relative intensity between 
the observed data and those calculated a for the energetically minimized 
model of iodine-doped P3HT 

No? Ind ices  dob s (A)  dcalc U k) lobs c lcalc 

I 200 18.55 17.52 vs 100 
300 12.46 11.68 w 0 

2 400 9.35 8.76 m 50 
500 7.59 7.01 w 0 

3 600 6.29 5.84 s 91 
4 630 4.73 4.67 m 2 

, 930 ] 0 34934°13,0 
6 1 0 1 1 7 ' 5 1 0 0 1 1 1 -  I 7"611 s 7 . 4 6 7 " 4 9  36 0 1  ( 3 9 ) 3  

7 6 2 1  ] 4 .36265431111 4.47 4.654"33 ] m 4 . 3 6  0400 ] (4) 

8 202112 ] 3.85 3.82 ] 3.85 w 13 ] ( 1 4 ) 1  

9 312 /q 3.67 3.67 ] w 1 1 (1) 
1 22 J 3.72 ~ 0 J 

,o I l w oOl O, 
533 2.33 0 

The calculated values are for model shown in Figure 16b 
h Numbering of the reflections is indicated in Figures 10 and 17 
"Relative intensity: vvs, very very strong; vs, very strong; s, strong; m, 
medium; w, weak 
a The values shown in parentheses are the total intensities summed up 
for the possible (or overlapped) reflections 

PSHT-doping 

1600 1 4 0 0  1200  I000 800 600 
Wave number / cm-~ 

Figure 11 Time dependence of infrared spectra of iodine-doped P3HT 
sample 

P3HT and P3DT, suggesting that the structural change 
caused by iodine doping may differ in the mode between 
PT and P3HT (and P3DT). In other words, the alkyl side 
groups seem to play some important role in the forma- 
tion of the iodine complex of P3HT and P3DT. 

Figure 14 shows the Raman spectra of the P3HT 
sample measured before and after doping, where the 
wavelength of the excitation laser beam is 514.5nm, 
almost coincident with the absorption peak for the 
doped sample; thus the bands associated with the elec- 
tronically conjugated skeletal chain and the iodine 
groups are enhanced remarkably due to the resonance 
effect. As the doping proceeds, the thiophene-ring 
mode at about 1450cm -1 shifts by approximately 
10cm I toward the higher frequency side, consistent 
with the change in the conjugated structure of the 

P3HT 

! j " \  
~", i -~ lightly doped 

iil i '~ , 

i i - ~ "  

16oo 14bo 12bo ' iobo 80o 
Wovenumber / cm-I 

Figure 12 Polarized infrared spectral change before and after iodine 
doping in P3HT. The electric vector of the incident infrared beam is 
perpendicular ( ) or parallel (- - -) to the chain axis 
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g 

PT 

..... ~ ~P31-tT 
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Figure 13 Comparison of infrared spectra before and after iodine 
doping in a series of P3AT samples 

P 3 H T  

Figure 14 
P3HT 

~'~/ '  '~ undoped %~, i 
-.% '~-%. ! 

1600 1400 1200 160 I20 I00 
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Raman spectral change before and after iodine doping of 

polythiophene skeletal chain. An intense band is obser- 
ved at 168 cm 1 only for the iodine-doped sample, which 
is assignable to the Raman bands of the I5 ion group 31'32. 
The band at 108cm -1, characteristic of the I3 ion, is 
difficult to detect because of the disturbance of the band 
due to intense Rayleigh scattering. Therefore, at the 
present stage, it is not clear whether both the I5 and the 
13 ions contribute to the complex formation. 
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Figure 15 

(a) 
. . . . . . .  S 

. . . . . . . .  S 

[ m  

. . . . . . .  S 

0 [ _ _  

1/2 . . . . . . .  S 

b l 0 [ _ _  
1/2 . . . . . . .  S 

w a  

I 

- - S  . . . . . . .  1/2 

I 0 

S . . . . . . .  I /2 

I 0 

S . . . . . . .  1/2 

I 0 

- - S  . . . . . . .  i /2 

I 0 

b 

,^,,  / -~  j , - .  S ~ X / A X  ~ D o p i n g  

C / ' x ' ¢ / ' N ~  ~S " '" '~" '" ' "^"" C 

A n  il lustrated crystal  s t ructura l  change  induced  by iodine dop ing  

(b) 
. . . . .  S I / . \  

I o - - s  t 

0 • - S  l t x , J  

o . . . . .  s I , , ,  
0 . . . .  S ~' i 

i I ! 
0 . . . .  S J I 

I I 
0 - - -  S ] ~ . t  

0 . . . . . . . .  s 1 

> a  

I 

I ~ a  

1/2 

1/2 

1/2 

1/2 

1/2 

1/2 

1/2 

1/2 

From all the data shown in Figures 11-14, we may 
speculate on the following structural change. Iodine 
groups penetrate into the crystalline lattice without any 
disturbance of the crystalline orientation and exist 
mainly in the form of I~ (and I3) ion(s). The doping- 
induced chemical structural change of the skeletal chain 
is considered to occur in two stages, as seen in the infra- 
red spectral change of Figure 11. These changes may 
correspond to the formation of polarons and bipolarons 
in the polythiophene skeletal chains. They might have 
large transition dipoles along the chain direction, as 
reasonably assumed from the parallel polarization char- 
acter of the infrared bands (Figure 12). The electronic 
structure of these polarons and bipolarons is considered 
to differ between PT and P3HT, as seen in the large 
difference of the profile of the intense parallel bands, 
suggesting a strong influence of alkyl groups on the 
formation of the complex. 

Crystal structural model of doped P3HT. As already 
mentioned, the size of the unit cell of the doped P3HT 
corresponds to that of six basic unit cells: two cells in 
the a direction and three cells along the b axis. The vol- 
ume of the basic unit cell itself is approximately 
1117 ,~3, which is ca. 120 ~3 larger than the original unit 
cell volume, 1001 A3. The effective volume of one I~ ion 
is about 236,~3. Therefore the basic unit cell contains 
0.515 ions on average. In the parent unit cell, 3-4I~- 
ions (4-513 ions) are contained in total. That is, the molar 
ratio of the thiophene ring and the iodine ion is 6 : 1-8 : 1. 
This ratio is not unreasonable when compared with the 
value of 8 : 3 estimated from the weight change of the 
bulk sample measured before and after iodine doping, if 

such various factors as the trapping of iodine ions in the 
amorphous region are taken into consideration. 

The X-ray diffraction and infrared/Raman spectral 
data require the following conditions for the construc- 
tion of a model. (1) The cell constants change after 
doping but not very much." ° the a-axial length of the basic 
unit cell increases by ca. 2 A, whereas the b and c axes are 
not greatly changed even after doping. These changes are 
dependent to some extent on the iodine concentration. 
(2) The skeletal polythiophene chain interacts with the 
iodine ions: that is, thiophene rings and iodine ions 
should be located at positions close to each other. (3) The 
alkyl side chains are basically kept unchanged, irrespec- 
tive of the presence of iodine ions. (4) The space available 
for the location of iodine ions must be secured in the 
crystal lattice. By taking these important conditions into 
account, we proposed one possible model as shown in 
Figure 15, as reported in the previous paper 22. In the 
crystal lattice of the original undoped sample (models 3 
and 4), there is no space available for the iodine ions 
because the side chains are aggregated together in a close 
packing mode, as illustrated in Figure 15a. The spacing 
may be obtained reasonably, as shown in Figure 15b, by 
shifting the adjacent polythiophene chains along the 
chain axis by about one-half of the repeating period, and 
at the same time by effecting some degree of displace- 
ment along the a axis. As a result of such a translational 
displacement of the chains, tunnels are formed along the 
b axis, which can be used for creating one-dimensional 
chains of iodine ions. The thiophene ring and iodine 
molecule are located close to each other and therefore 
a relatively easy charge transfer might occur between 
these two groups, resulting in the generation of polarons 
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(a) Pristine P3HT b 
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Figure 16 Energetically minimized crystal structures of (a) pristine and (b) iodine-doped P3HT. The pristine model is model 3, shown in Figure 5 
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Figure 17 Comparison of X-ray fibre diagrams between pristine and iodine-doped P3HT samples. The models used are those shown in Figure 16. The 
numbering of the reflections corresponds to that shown in Figure 10 
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Figure 18 Comparison of X-ray fibre diagrams between P3HT models 
with and without iodine species in the crystal. The iodine-doped model 
is that shown in Figure 16b. In model (a), the iodine ions are removed 
from this doped model 
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and/or  bipolarons. The idea of  the c-axial translation of  
the chains is evidenced by the X-ray observation of  the 
characteristic reflections (No. 6 in Figure lOb) for the 
doped sample, as explained below. After our paper 
proposing this structural change was published, we 
noticed that Winokur et al. reported essentially the 
same structural change for iodine-doped poly(3- 
octylthiophene) independently 7'23. 

The above-mentioned idea of the structure has been 
checked by constructing a more realistic model by com- 
puter simulation. Figure 16b shows the model con- 
structed for the doped P3HT in which the six basic cells 
of  Figure 16a, taken from model 3 in Figure 5, are united 
together to form a superlattice cell. The iodine ions are 
packed along the b axis within the tunnels created by the 
cooperative translational shift of  the chains along the c 
axis. The energetically minimized cell contains, as an 
example, 2I~- ions. The calculated cell parameters are 
a = 35.08 A, b = 25.10A, c = 7.83A, c~ = 89.6 °, 
/3 = 90.1 ° and -y = 93.1 °, which may be said to corre- 
spond qualitatively to the observed values. Another 
model was constructed, also starting from model 4, the 
cell parameters of  which are a = 34.27 A, b -- 25.35 A, 
c = 7.86A, c~ = 89.8 °,/3 = 89.8 ° and 7 = 90-3°. In Table 
4 the observed lattice spacings and relative intensity are 
compared with those calculated for the model shown in 
Figure 16b. As to the reflectional intensities, the 
comparison can be made relatively reasonably as a 
whole, although some reflections give an appreciably 
large discrepancy between the observed and calculated 
tendencies (for example, Nos. 4, 7 and 8 in Table 4 ). The 
change in the X-ray fibre diagram is simulated, as shown 
in Figure 17, by using the structural models shown in 
Figure 16, where the numbering of the reflections 
corresponds to that shown in Figure lob. The X-ray 
reflections of  No. 6 in Figure lOb, which are character- 
istic of the doped sample and indexed as (101) and (011), 
can be simulated in the calculation. 

Figure 18 shows the effect of  the c-axial translation 
and that of  the doped iodine ions on the X-ray 
diffraction pattern, where the model used is that 
shown in Figure 16b. Even if the iodine ions are 
removed from the doped model, the X-ray reflections 
(101) and (011) are still observed. In other words, the 
observation of  these reflections, characteristic of  the 
doped samples, indicates definitely the c-axial transla- 

tion of the chains. By doping the iodine ions into this 
empty cell, many reflections are added to the fibre 
pattern (Figure 18b). 

Winokur et al. proposed at first a structural model of 
iodine-doped poly(3-octylthiophene) in which mainly 13 
ions are located within a cage formed by the four 
surrounding alkyl chains 7, but this model cannot be 
allowed stereochemically because no space is available 
for the iodine species. Afterwards they modified their 
model to that including the tunnels along the b axis 
which are created by shifting the chains along the chain 
axis 23. This model is similar to that proposed in this 
section, but they doped mainly I j  ions so that the long 
axis of  the ion becomes parallel to the alkyl side chain. 
In our case, on the other hand, the 13 and I5 ions are 
doped along the tunnel axis. Which is better for the 
location of  iodine ions? In the model with the iodine 
ions oriented along the tunnels (Figure I6), the van der 
Waals radii of the iodine ions fit relatively well into the 
space of  the tunnel. The length of the tunnel is infinite 
and so many iodine ions can be packed in a long array, 
just as is seen in the case of  iodine-doped poly- 
acetylene33'34; that is, the iodine ions can form very 
long polyiodine chains. When we constructed the model 
with the iodine ions oriented perpendicularly to the 
tunnels or along the alkyl chains, and carried out the 
energy calculation, the iodine ions were found to disturb 
the regularly arrayed alkyl chain layers. Besides, the 
poly(3-alkylthiophene) samples with short alkyl chains 
(for example, poly(3-butylthiophene), poly(3-pro- 
pylthiophene) etc.) cannot hold the long iodine ions 
along the alkyl chain axis because the lengths of the 13 
and I;- ions are ca. 10A and 17A respectively, which are 
too long compared with the alkyl chain lengths. As 
mentioned above, the iodide ions can exist in the 
various forms of 12, 13, 15 and I7. The packing mode of 
iodine ions along the tunnel axis can accept these long 
molecules easily and without drastic structural change. 
It may be possible to check the orientation of the iodine 
molecules by measuring, for example, the polarized 
Raman spectra. In fact, the (xy) component of the 
polarized Raman spectra, in which the (aa), (bb) and 
(ab) components of  the Raman polarizability tensor of 
the crystalline state are included, is more intensely 
observed than the (zz) component or the (cc) compo- 
nent, where the z axis is parallel to the c axis and the x 
and y axes are perpendicular to it. These polarized 
Raman data support, though only qualitatively, the 
above-mentioned idea on the orientation of the iodine 
ions. 

At the present stage we cannot compare the observed 
and calculated X-ray diffraction patterns quantitatively 
but only semi-quantitatively, because the structural 
variables to be determined are too many compared 
with the observed number of  reflections. But the essential 
feature of the crystal structure of the pristine and iodine- 
doped poly(3-alkythiophene)s can be said to be repro- 
duced well by starting from models 3 and 4 with the 
c-axial shift of the chains forming long tunnels along 
the b axes. 
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