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ABSTRACT X-ray diffraction studies of oriented poly(3-n-alkylthiophene) (P3AT’s) solution-cast films 
show that these samples are characterized by well-organized lamellar structures whereby stacks of planar 
thiophene main chains are uniformly spaced by the alkyl side chains. In spite of considerable hydrocarbon 
chemical bonding and conformational disorder, a high degree of structural regularity is observed withappreciable 
three-dimensional ordering of the polymer chains. Analysis of the resultant scattering data in combination 
with model structure factor calculations leads to suggestive models in which an open packing of the alkyl 
chains is maintained with considerable side-chain disorder and side-chain mobility. There is evidence that 
this flexibility allows for an additional ordering process to occur at the interface formed by the alkyl side-chain 
end groups and that the liquid crystalline behavior is intimately related to the appearance of this structure. 

I. Introduction 
The study of electroactive polymers continues to be an 

area of intense interest for fundamental reasons as well 
as for technological applications.’ Continued advances 
in both the synthesis and processing of these materials 
have dramatically improved the intrinsic sample charac- 
teristics and also the availability of new compounds.2 One 
singularly important chemical modification has been the 
addition of saturated hydrocarbon alkyl or alkoxy side 
chains to the polymeric ba~kbone.~ This alteration imparts 
modest solubility to previously intractable host materials 
(e.g., polythiophene and polypyrrole) while still allowing 
for retention of their basic electronic properties. Thus 
this class of conducting polymers can be investigated while 
in s o l ~ t i o n , ~ ~ ~  when incorporated into macromolecular 
assemblies,6 or when cast and drawn using traditional 
polymeric processing techniques.7 

A large proportion of conducting polymer research has 
been directed toward understanding the electronic prop- 
erties. Parallel investigations of structure have tended to 
lag because of inherent structural limitations in these 
materials. Many conducting polymers are characterized 
by multiple phases, by minimal crystalline fractions, and 
by small coherence lengths within crystalline portions of 
the sample. Intrinsic disorder effects such as paracrys- 
tallinity8 can further complicate structural analyses. 
However, the molecular organization at  the microscopic 
level necessarily impacts any comprehensive evaluation 
of their electronic properties. One well-known effect, 
common to highly conjugated polymeric materials, is a 
shift in the visibleultraviolet absorption spectra due to 
deviations from backbone planarity concurrent with a 
reduction in the overall effective conjugation length. 
Alkyl-substituted polythiophenes,4 polysilanes,9J0 and 
various polydiacetylenes11J2 all manifest pronounced solva- 
tochromic and thermochromic responses. 

Additionally this alkyl chain substitution, as well as 
synthesis methodology and processing, profoundly influ- 
ences the resulting polymer microstructure. Chemically 
synthesized polythiophene powder samples are moderately 
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crystalline, having a compact planar thiophene structure 
with four monomers per unit cell.13 Electrochemically 
synthesized polythiophene or poly(3-methylthiophene) 
samples can exhibit helical configurations of the polymer 
strands which then may either close pack into a triangular 
array of these helices14 or form ~uperhe1ices.l~ Longer 
alkyl chain substitution restores a planar alternating zigzag 
conformation to the These latter materials 
then form layered, semicrystalline structures whereby the 
alkyl side chains function as spacers between stacks of the 
polymer main chains (see Figure 1). The origin of this 
response arises from both steric packing constraints and 
from chemical compatabilities. Many of these proposed 
models have the average direction of the alkyl side-chain 
orientation parallel to the layer spacing and thereby require 
extensive interlayer alkyl-chain intprdigitation. An al- 
ternative model incorporates a reorientation of the alkyl 
chain away from this direction.21r22 While the nominal 
lamellar construction is now well established, detailed 
knowledge of the actual side-chain organization into an 
ordered matrix remains incomplete. 

This lamellar structural organization is also common to 
conventional stiff-backboned polymers having undergone 
side-chain substitution by alkyl groups and is somewhat 
reminiscent of the comblike liquid crystalline polymers in 
which soft flexible main chains have had hard-segment 
side-group mewgens chemically coupled to the backbone.23 
In this context poly(3-alkylthiophenes) may be considered 
representative of an ‘alternating inverse comb”. Recent 
observations show that P3AT’s also undergo thermotro- 
pic transitions to a liquid crystalline Thus 
structural studies of these electroactive materials can 
complement other, more general inve~tigations~~-~5~26 of 
alkyl-chain substitution on overall polymer structure. From 
this perspective, conducting polymers are especially in- 
teresting because their ability for dopant uptake may be 
viewed as an unusual mechanism by which the polymer 
structural organization is readily perturbed.2l 

In this paper we present data and structural analysis 
from an X-ray diffraction study of stretch-oriented so- 
lution-cast films of poly(3-n-hexylthiophene) (PSHT), 
poly(3-n-octylthiophene) (P30T), and poly(3-n-dodecyl- 
thiophene) (P3DDT). Our studies show that processing of 
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Figure 1. (a) Chemical structure of P3ATs. (b) Two different 
projections which show the lamellar packing of the P3AT's. 

P3HT, P30T, and P3DDT films can lead to a full three- 
dimensional (3D) texturing of the polymer structure. A 
description of this anisotropy is presented in combination 
with an overview of the X-ray scattering features char- 
acteristic to stretch-oriented P3AT samples. In general, 
all P3AT samples in this study exhibited the stacked lamel- 
lar morphology of Figure 1. This organization can allow 
for appreciable r-orbital overlap between adjacent chains 
although another structural organization, with much 
reduced overlap, has been reported for poly(3-decyl- 
thi0phene1.l~ We find that longer alkyl-chain substitution 
tends to enhance the overall interlayer structural ordering 
with improvements in the equatorial coherence lengths. 
In contrast, there is a systematic reduction in the perfection 
of the side-chain ordering. By analyzing our X-ray 
scattering data in tandem with structure factor calculations 
of suggestive models, we extend the scope of previous 
structural studies and address the full three-dimensional 
molecular organization within these compounds. These 
calculations support a model in which there is a tilted 
packing of the side chains with a singular absence of 
appreciable interlayer alkyl-chain interdigitation. This 
organization occurs in spite of, or perhaps as a result of, 
the presence of local side-chain disorder which is manifestly 
present in our samples. To attain a more realistic 
representation of the actual structure, we have performed 
structure factor calculations of models which incorporate 
some aspects of the chemical bonding disorder. Further 
P3DDT analysis, at reduced and at elevated tempera- 
tures, also allows for an interpretation of t he  thermally 
induced structural reorganizations. 

11. Experimental Technique 
The X-ray scattering data presented in this paper utilized 

polymer samples synthesized by Neste Oy (P30T) and at  Santa 

Figure 2. Schematic showing the geometry used for obtaining 
the equatorial anisotropy of P3AT cast films. 

Barbara (P3HT and P3DDT) by direct oxidative coupling of the 
respective 3-alkylthiophene with FeC13.27 The molecular weights 
were typically M, = 80 OOO and M,, = 20 OOO. After synthesis, 
the Feel3 was extracted and the films were dissolved in 
chloroform. These solutions were then filtered and immediately 
poured directly onto glass slides. After solvent evaporation, the 
fiis were l i d  by methano land clamped into a simple stretching 
device. Uniaxial stretching ratios as high as 4 1  were achieved 
at  drawing temperatures ca. 100 0C?8 Other casting conditions 
were examined, as noted in the text, without dramatic changes 
in the diffraction profiles. 

These cast and stretched films were then cut, stacked, and 
mounted into a holding cell. For elevated temperature studies 
the samples were placed into a home-built furnace equipped with 
resistive cartridge heaters and a three-term PID temperature 
controller (Omega CN2010). For reduced temperature studies, 
the samples were mounted to the cold-finger of a closed-cycle He 
cryostat equipped with a beryllium windowed vacuum shroud. 

The X-ray diffraction facility consisted of an X-ray source, 
computer-controlled diffractometer (Huber D424/D511), and a 
linear array detector. The X-ray generator, a 15-kW Elliot GX- 
21 rotating anode, utilized a copper target ( X K ~  = 1.542 A) fitted 
with a bent graphite monochromator. The cross-sectional area 
of the incident X-ray beam at the sample was adjusted to m2.0 
X 2.0 mm2. The position-sensitive array detector consisted of a 
refrigerated silicon diode array (EG&G XR1412) and associated 
interface electronics (EG&G M1461). The detector's spatial 
resolution was set by Eorming 16 pixel groups from the detector's 
960 accessible 25 pm X 2 mm pixels. This diode array was located 
-30 cm from the scattering center and subtended a 28 arc of 
-4.5O. Typical counting rates, for a single group a t  the most 
intense reflection of 40-pm-thick undoped samples, were in excess 
of 25 counts per second (cps) per 16 pixel group. In the best case, 
a 200-pm multilayer stack gave integrated count rates exceeding 
2000 cps for the most intense scattering features. In order to 
minimize nonlinearities across the detector, a correction factor 
for each group was included and the 28step size for each individual 
data collection point was limited to 0 . 5 O .  

In all cases, radial 8-28 scans were performed with the sample 
mounted within the Eulerian cradle. By repositioning the sample, 
both the equatorial and nonequatorial scattering could be 
acquired. To examine the anisotropy within the equatorial plane 
(see Figure 21, sequential radial scans were executed with the 
samples rotated at loo or 15' increments about the c-axis. For 
nonequatorial scattering, the sample was maintained in a 
symmetrical transmission geometry and the c-axis angle, with 
respect to the scattering plane of the detector, set at  6' (or loo) 
increments from parallel to perpendicular. The resulting data 
were then mapped into a single image by drawing constant- 
intensity contours. These data approximate one quadrant of a 
typical flat-film photograph but without the geometrical dis- 
tortions intrinsic to this film technique. 

111. Experimental Results and Discussion 
A. Scattering Features and Anisotropy of Pro- 

cessed Films. Example stretch-oriented P3HT, P30T, 
and P3DDT constant X-ray intensity contour maps are 
displayed in parta a-c of Figure 3, respectively. In all 



4366 Prosaetal. 

(8) 

Macromolecules, Vol. 25, No. 17, 1992 

resolved. The most obvious equatorial features are the 
three (or four) scattering peaks located at  low angles 
[labeled(200),(400), (600),andsooninFigure3a-c] along 
the equatorial direction. These reflections arise from the 
first-, second-, and higher-order reflections from the large- 
length 1623,206, and 25.9-A interlayerd-spacing of PSHT, 
P30T, and P3DDT, respectively. Sample-to-sample vari- 
ations in this value were found to be 4%. From 
measurements of the azimuthal angular full width at half- 
maximum, the c-axis mosaic spread is -15'. Since the 
degree of polymerization is relatively low, significant 
improvements in this orientation may be possible by 
drawing films of higher molecular weight. The other major 
equatorial feature [labeled as (h20)'sl is a broad "peak" 
centered at 23.4' and roughly corresponds to an intra- 
layer chain-to-chain stacking distance of 3.8 A. 

Scattering intensities from evenly spaced 1 = 1, 2, and 
3 layers are also apparent in these contour maps, and this 
distance corresponds to a ~7.9-A repeat along the chain 
axis (or c-axis) of the polymer. Along the 1 = 1 layer, two 
or three identifiable scattering features can be resolved 
[labeled as (hk1)'sl. These features, in combination with 
the absence of scattering along the meridional direction, 
indicate that 3D interchain correlations are present. For 
the 1 = 2 layer line, most of the scattering intensity is 
localized along or near the e-axis direction. In the case of 
P3HT and P30T, flat-film photographs with slightly 
higher resolution are able to distinguish a series of closely 
spaced reflections in this 1 = 2 layer line,29 further evidence 
for bulk ordering ofthese polymercompounds. ForP3HT, 
a considerable portion of the 1 = 2 scattering intensity lies 
offthe e-axisdirectionso thatanalysisofmeridionalscans 
may lead to anomalously short e-axis repeats.lg 

Allof these localized scatteringfeaturesrest atop diffuse 
scattering halos centered at  low 28 angle and about 28 = 
22". Scans to higher angles resolve additional amorphous 
scattering features.30 Previous studies indicate that at 
least two different structural components are present in 
P3AT samples. Thesmall-angle halo (which is quite weak) 
arises primarily from packing of the polymer chains in 
disordered and/or "amorphous" regionsI6 while the wide- 
angle halo is thought to arise from hydrocarbon structural 
disorder within all portions of the films. At least three 
sources of alkyl-chain disorder can be identified head- 
to-head side-chain bonding, disruption of the alternating 
thiophene units, and side-chain conformational disorder 
(both static and thermal). These are depicted in Figure 
4. NMRstudiessuggest thatupto25% ofthe alkylchains 
are configured with head-to-head bondingarrangementa.l* 
There is also a systematic increase in the relative pro- 
portion of the wide-angle halo intensity with elongation 
ofthe P3AT alkyl-chain length. Qualitatively, this implies 
that there is an increase in the overall hydrocarbon disorder 
within the longer alkyl-substituted materials. 

Inadditionto theuniaxialanisotropyinduced bytensile 
drawing, the cast films themselves may also exhibit an- 
isotropy. Two constant X-ray intensity contour maps, 
within the equatorial plane of representative stretched 
P3HT and P3DDT samples, are shown in Figure 5. In 
these films the large-length interlayer repeat is oriented 
approximately 45-60' away from the surface parallel with 
an equatorial mosaic of -40'. The scattering feature 
centered at  28 = 23.4' has a broader angular profile and 
is most intense for the scattering vector perpendicular to 
the surface normal. If these d-spacings are representative 
ofthe interlayer and intralayer spacings, respectively, then 
the broad 23.4' feature represents a collection of closely 
spaced peaks from a projected two-dimensional unit cell 

I "I 

Figure 3. Contour maps of constant X-ray intensity between 
the equatorial (hkO) plane and the e-axis for stretch-oriented (a) 
PSHT, (b) P30T, and (e )  P3DDT samples. In all cases the (hkO) 
plane is vertical and the c-axis is horizontal. 

cases the c-axis of the polymer is horizontal and the 
equatorial plane lies along the vertical. In general, only 
atotalof6-10 localized scatteringfeatwesare individually 
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Figure 4. Various possible organizations of the monomer units 
in P3AT's: (a) ideal head-btail bonding configuration, (h) 
alternating head-to-head and tail-to-tail bonding configuration, 
(e) example of a reflection asymmetry in which the thiophene 
ring trans alternation is disrupted, (d) example of alkyl-chain 
disorder. 

with nearly orthogonal axes. Inspection of the high-angle 
side of this peak in Figure 3a (denoted by arrows) also 
identifies weak striations in the scattering profiles of 
P3DDT. We have investigated and tentatively identified 
the origin of this equatorial anisotropy hy varying both 
the solvent and substrate during moderatelyrapid casting. 
The only consistent finding is that macroscopic stresses 
arising from anisotropic shrinkage during the casting 
process are responsible. When casting on glass substrates, 
the films shrink dramatically in thickness but are con- 
strained in their overall area. Hence, mechanical pro- 
cessing seems the most likely method which will yield 
improved 3D texturing of cast films. This is in contrast 
to the centrifuged precipitates of marginalsolutions which 
exhibit pronounced intrinsic anisotropic morphological 
proper tie^.^^ 

In Figure 6 (or Figure 7). the individual layer line 
intensity profiles have been extracted from the P3DDT 
contour map and plotted as a function of the Bragg 
scattering angle, 28. The 1 = 0 profile is representative of 
the projected polymeric structure orthogonal to the 
polymer chain axis. The dramatic intensity reduction 
between the (200) and (400) reflections results primarily 
from the l/sin O2 functionality of the Lorentz factor (as 
discussed in the next section). Additionally, we note the 
relativelynarrowradialwidths of these reflections. Using 
the DebyeScherrer relation as applied to the (200) 
reflection, an estimated 180-A coherence length for this 
P3DDT sample is obtained. For the P30T sample (in 
Figure 8) the coherence length becomes 240 A, and for the 
P3HT sample (in Figure 9) this value is 170 A. There is 
also a functional increase in the relative widths of the 
various high-order (h00) reflections with increasing h. This 
suggests that strain and/or paracrystallinity effects are 
present.8 A quantitative analysiswas notundertakensince 
only three reflection orders could be clearly resolved. 

B. Structural  Characteristics and Modeling of 
P3AT's. 1. Calculat ion of WAXS Dif f rac t ion  
Profiles. Calculation of wide-angle X-ray scattering 
profile intensities for comparison with polymer film and 
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Figure 5. Contour map  of constant X-ray intensity about the 
equatorial plane from transmission to reflection geometry (as 
indicated by Figure 2) for selected (a) P3HT and (b) PBDDT 
samples. 

fiber diffraction data has a well-established methcdolcgy.3* 
Due to the structural complexity intrinsic to these side- 
chain-substituted P3AT compounds, this study has been 
restricted to analysis of scattering features which arise 
from clearlyrepresented periodicities in the polymer host. 
All other scattering features are treated collectively as 
constituents in various background profiles. Additionally, 
these models and subsequent structure factor calculations 
do not, as yet, incorporate intramolecular and intermo- 
lecular packing energies. 

The method ofcomputingX-raystrueturefaeton,closely 
follows the procedure outlined in ref 33. For all P3AT's 
studied we assume that there is an appropriate 3D unit 
cell in which the chain axis of the polymer lies parallel to 
the c-axis. All intramolecular atomic positions are con- 
sidered invariant except for the introduction of a minimal 
set of free parameters. These are discussed in greater 
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Figure 6. Experimental (dots) and calculated (lines) diffraction 
profiles (including background) for P3DDT using the lattice 
reflections (vertical bars) employing a model which assumes no 
main chain, 4~ = 0, or side chain, 6d = 0, rotation. All 1 # 0 
curves have been shifted for clarity. 
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Figure 7. Experimental (dots) and calculated (lines) diffraction 
profiles for P3DDT according to the parameters displayed in 
Table I using the lattice reflections (vertical bars) superimposed 
on a background profile. The arrows about 26 = 25' identify 
various distinguishable (h20) reflections. The other arrow points 
to a weak scattering peak of unknown origin. All 1 # 0 curves 
have been shifted for clarity. 

detail in the next section. Individual lattice reflection 
intensities, Icdc(hkZ), were calculated using 

Icdc(hkl) = P(6) L(6) IF(hkO12 (1) 

whereF(hkl) is the structure factor, 6 represents the Bragg 
angle, P(6) is the polarization factor, and 

(2) 

is the Lorentz factor appropriate for powder samples. More 
complex forms of the Lorentz factor can be utilized for 
highly oriented polymer samples,33 but  the large c-axis 
mosaics in these P3AT samples limited their usefulness. 

L(6) = l /sin2 6 cos 6 
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Figure 8. Experimental (dots) and calculated (lines) diffraction 
profiles for P30T according to the parameters displayed in Table 
I using the lattice reflections (vertical bars) superimposed on a 
background profile. All 1 # 0 curves have been shifted for clarity. 
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Figure 9. Experimental (dots) and calculated (lines) diffraction 
profiies for P3HT according to the parameters displayed in Table 
I using the lattice reflections (vertical bars) superimposed on a 
background profile. All 1 # 0 curves have been shifted for clarity. 

Correction factors for changes in scattering volume were 
not employed. In the case 1 = 0 the samples were fully 
illuminated by the incident beam while for nonzero 1 this 
factor is, given our specific treatment and limitations of 
t he  experimental data, not generally necessary. The  
explicit form of the structure factor is 

N 

F(hkZ) = z f j ( S i n  6/x) eXP(ibhk,'?j)hf(G),k,) (3) 
/=1 

in which there are N atoms within the unit cell, X = 1.542 
A, G h k l  is a reciprocal lattice vector, i j  is the position of 
the j t h  atom, f j  is the atomic form factor?* and M(&ki) 
is an anisotropic Debye temperature factor. The  actual 
values for Debye parameters are, at best, qualitative and 
are not explicitly stated in the text. In addition, the actual 
number of requisite Fourier sums can be reduced by taking 
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advantage of any translational symmetries between chem- 
ical subunits within the lattice basis. 
As a result of the large unit cells employed, all structure 

factor calculations exhibited many closely spaced lattice 
reflections which were necessarily superimposed. Rather 
than perform a deconvolution of this data35 or direct 
comparison with the entire experimentally obtained 
constant intensity contour a customized hybrid 
procedure was implemented that achieved reasonable 
computational turnaround times so that a variety of 
structural models and subtle modifications could be rapidly 
investigated. In general, all nonzero intensity lattice 
reflections, Idc(hkl) were convoluted with a combined 
Lorentzian and Gaussian function 
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8B. These parameters are shown schematically in Figure 
1. In reality the actual physical situation is expected to 
be considerably more complicated, and hence only the 
average direction of the alkyl side-chain orientation is of 
meaningful significance. 

Since P3DDT samples exhibit scattering profiles which 
have the most well-defined (hkO) features [h, k # 01, they 
allow for a critical evaluation of the various degrees of 
freedom within the context of a comprehensive 3D unit 
cell. Nominally, a chain or c-axis repeat of 8.0 A can be 
determined from the position of the various layer linea, 
and an approximate interlayer chain spacing of 3.8 A can 
be estimated from the position of the 23.4O peak. The 
absence of measurable X-ray intensity along (or near) the 
meridional direction of both the 1 = 1 and 1 = 3 layer 
profiles implies that an oblique angling of neighboring 
alkylthiophene chains within individual stacks.30 Because 
of the main-chain and side-chain interactions which impose 
this staggering within the individual layers, this ordering 
tends to dominate the formation of nonequatorial scat- 
tering features. Hence, (Okl) scattering peaks tend to be 
most clearly resolved. Recent work of Mardalen et aL31 
shows that qualitative agreement of the scattering inten- 
sities can be obtained if a model incorporating complete 
planar disorder between layers is employed. In this (our) 
paper, as well as that by Tashiro,2O the alkylthiophene 
structure is approached from the alternative perspective 
of interlayer ordering. Clearly the actual situation must 
be intermediate to these two extremes. 

Nonprimitive orthorhombic unit cells were typically 
employed, but lower symmetries were also investigated. 
The specific unit cell employs a doubling of the layer repeat 
so that both positive and negative chain axis rotations 
were equally represented in an esthetic manner. In general, 
the 28 regions of interest for these calculated structure 
factors were not sensitive to this structural characteristic. 
This basic model also incorporates a doubling of the b- 
axis with a c/2 intralayer staggering of adjacent thiophene 
chains and suggests a higher symmetry configuration than 
that of ref 31. In full there are eight monomers per 
(nonprimitive and unconventional) unit cell. 

If the plane formed by the side-chain backbone (as- 
suming an all-trans conformation) is coplanar with that 
of the thiophene backbone, the observed 25.9-A inter- 
layer spacing in P3DDT requires either interdigitation 
from neighboring stacks or a tilting of the alkyl chains 
within a particular layer. In Figure 6 we display the 
calculated structure factor profiles for a model which 
includes no main-chain rotation and no side-chain reori- 
entation away from the interlayer parallel. Clearly this 
model fails for all data except for scattering intensity along 
the 1 = 2 layer line. Simple rotations about the chain axis 
improve the intensity ratios of the (hOO) reflections but 
do not achieve good agreement elsewhere. 

Figure 7 displays the calculated structure factor using 
a structural model which best matches the 1 = 0, 1,2,  and 
3 experimental scattering data. For this P3DDT sample 
the lattice parameters and other associated free parameters 
are listed in Table I. We again reiterate that the broadened 
2 3 . 4 O  peak is a linear superposition of closely spaced (h20) 
reflections. Hence, the actual intralayer spacing is found 
to be 7.67 A. Although there is considerable discretion in 
choosing an appropriate background, the specific func- 
tionality of the various layer lines is extremely well 
represented. Moreover, we note that there is considerable 
sensitivityto the actual choice of bond angle, setting angle, 
and dihedral angle. To match the measured absolute non- 
equatorial scattering intensities, a smaller scaling factor 

(4) 
1 (1 - s) 

+ 4( 28 -:8hk1)2 

where s is the relative Gaussian-Lorentzian weighting, w 
is the full width at  half-maximum of the peak, and 8hkl is 
the Bragg angle of a particular reflection. The calculated 
radial profiles for each given 1 layer line were obtained 
using 

whereBl(28) is anarbitraryandslowlyvarying background 
profiie. The widths, d ~ l ,  of the isolated scattering features 
were adjusted independently (or by using a functional- 
ized peak to peak coupling) while an average fixed width 
was assumed for all superimposed lattice reflections. This 
composite calculated scattering profile, combined with an 
appropriate background, could then be compared directly 
with scattering data from various layer lines which had 
been extracted from the constant X-ray intensity contour 
maps. Initially only the equatorial (hkO) scattering data 
were examined, but then weighted (and appropriately 
scaled) 1 = 1,2, and 3 layer line profiles were incorporated 
into the fitting procedure. The relative deviation, R, was 
minimized according to the expression 

where W is a relative weighting factor. It is important to 
note that the 1 # 0 scattering profiles are presented with 
respect to the actual Bragg angle 28 and not in terms of 
their component equatorial wavevector parallel to the (hkO) 
plane. 

2. Modeling Results. The integrated intensity ratios 
of the various peaks are ultimately representative of the 
actual atomic positions. The general features of the 
scattering data support a planar conformation of the 
thiophene rings, and infrared absorption studied6 suggest 
a large proportion of trans-planar bonding configurations 
for the alkyl side chains a t  room temperature. If these 
basic characteristics are rigidly enforced, then the only 
remaining allowed structural degrees of freedom are in 
the lattice parameters, rotation about the polymer chain 
axis (i.e., a setting angle, $R), rotation of the alkyl side 
chain about the C-C bond which connects to the thiophene 
backbone (a dihedral angle, BD), and, finally, changes in 
this C-C bond angle with respect to the chain axis direction, 
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Table I 
Refined P3AT Unit Cell Parameters (T = 20 “C) 

lattice param cell param (deg) density (g/cm3) 
sample a (A) b (A) c (A) a (deg) 4 R  e d  @b calc exptl 

P3HT 33.6 7.66 7.7 90 5 89 105 1.12 1.10 
P30T 41.3 7.63 7.7 90 6 84 106 1.06 1.02 
P3DDTa 51.9 7.74 8.0 90 13 82 100 1.03 1.01 

a Values of a = 52.00 A, b = 7.74 A, c = 7.9 A, and 0 = 86O provide a slightly improved fit. 

(in this case, 0.5) has been used for all these lattice 
reflections. This implies that at least some scattering 
intensity has been transferred into the amorphous halo. 
Alternatively, we could employ an even more complex 
model which includes individual Debye factors for the 
various constituents or even a fractional occupancy by 
various atoms within the unit cell basis. At present either 
enhancement would yield only minimal improvements and 
would not substantially alter the overall quality of the 
actual fits or of our general conclusions. 

I t  is interesting to note there is anisotropy in the 22O 
amorphous halo itself. Along the equatorial direction its 
intensity maximum is closest to 26 = 22O, while along the 
c-axis it shifts to 2 1 O .  This implies that the alkyl-chain 
disorder is not isotropic but must be coupled to the 
orientation of the thiophene backbones and suggests that 
alkyl-chain disorder exists within both the ordered lamel- 
lar regions as well as within truly amorphous portions of 
the polymer. 

Analogous calculations have been performed for both 
P3HT and P30Tsamples. As a consequence of the shorter 
alkyl-chain lengths and correspondingly smaller unit cells, 
there should be more pronounced separations of the various 
reflections which comprise the nonequatorial scattering 
data. In general, these features tend to be more poorly 
resolved. For equatorial scans the (hkO) [h, k # 01 
reflections were also less clearly distinguishable. This is 
due, in part, to the reduced coherence length of the shorter 
alkyl P3HT sample in combination with a theorized 
increase in the layer to layer fluctuationsM (which typically 
yields the asymmetric Warren line shape). The best-fit 
unit cell parameters are compiled in Table I. In particular, 
P3HT is rather insensitive to the relative layer to layer 
positioning. Comparisons of the experimental profiles with 
those calculated are shown in Figures 8 and 9 for P30T 
andP3HT respectively. As was the case for P3DDT, there 
is relatively good agreement between the experimental 
and calculated curves. In PBHT, layer lines up to 1 = 6 
were also examined (not shown) with good results. Using 
these lattice parameters, the specific density of the polymer 
can be determined, and these values also compare favorably 
to those obtained experimentally by flotation techniques. 

The amorphous halo, now centered nearer 23O, also 
shows the basic angular variations as seen in P3HT and 
P30T samples with a gradual shift of approximately 3 O  
as the scattering vector is changed from the equatorial to 
meridional directions. Surprisingly, the relative propor- 
tion of amorphous to ‘crystalline” scattering is least in 
well-annealed PBHT samples. Thus, while the 3D orga- 
nization is poorest in this compound, the fraction of 
hydrocarbon disorder is lowest. This seeming contradic- 
tion can be qualitatively explained by suggesting that there 
must be two independent ordering processes which occur 
within these lamellar systems. The first involves stacking 
of the thiophene chains to yield a nested alkyl packing. 
The second is an additional ordering of the hydrocarbon 
chain ends. For the P3DDT, the additional conforma- 
tional flexibility available allows for improved end-group 
packing with a net disruption of the alkyl-chain ordering. 

In support of this secondary “crystallization” is the 
presence of endothermic peaks (on heating) in differential 
scanning calorimetry scans of P3DDTm at temperatures 
near 50 OC. 

The increased side-chain disorder within the longer alkyl 
P3AT samples implies that the head-to-tail coupling 
disorder along the thiophene main chains is a relatively 
unimportant factor in the overall 3D ordering process. In 
fact, the models of Figures 7-9 all employ alternating head- 
to-head, tail-to-tail alkyl linkages between the two 
thiophene units on a chain (see Figure 4b). Slightly poorer 
fits for the 1 = 1 layer lines are obtained with conventional 
head-to-tail linkages. Similarly, superstructures incor- 
porating three head-to-tail linkages for every one head- 
to-head (or tail-to-tail), and thereby approximating the 
experimentally determined bonding disorder, also give 
equally acceptable fits. Consistent with the presence of 
this structural inhomogeneity is the persistence of a weak, 
broad scattering feature centered near 26 = 4.5O in me- 
ridional scans, parallel to the polymer chain axis, for P3HT, 
P30T, and P3DDT samples. This peak corresponds to a 
repeat of 15 A or nearly every four monomer units. 

The existence of an additional structural ordering at 
the side-chain ends may also suggest a possible explanation 
for the absence of 3D crystallization in structurally related 
compounds. For instance, di-n-alky1,alkyl’polysilanes do 
not form 3D structures if the alkyl-chain mismatch is by 
more a one CH2 unit.37 As a further example we note that 
the mesomorphic properties of all-hydrocarbon polymers 
which contain biphenyl mesogens are also extremely 
sensitive to the side-chain taillengths.% Materials in which 
the end-group ordering process is disrupted are unable to 
form three-dimensionally ordered materials. 

While our primitive model cannot reproduce the char- 
acteristic scattering features arising from disorder in the 
P3AT samples, it does accurately model the intensity 
variations along the layer lines for any well-defined pe- 
riodicities. The single most important feature of the 3D 
interlayer ordering is in the relative positioning of the 
alkyl chains. For PSDDT, the nesting of adjacent stacks 
tends to position the alkyl chains as shown in Figure l b  
with a well-defined staggering of the chain ends in the a-c 
plane and a more subtle positioning within the a-b plane. 
In this construction the relative interlayer shift parallel 
to the b-axis is by 614. 

C. Temperature-Dependent Studies. SinceP3DDT 
exhibits the most pronounced 3D organizational features, 
the equatorial (hkO) scattering profiles were also examined 
at both elevated and reduced temperatures. On heating, 
P3DDT has been found to undergo a transition to a liquid 
crystalline state in which only the equatorial reflections 
remain.20 The experimental scattering profiles are shown 
in Figure 10 in comparison with the best-fit structure factor 
calculations at  selected temperatures. In general, most of 
the observed changes are consistent with variations in the 
lattice constants. There is a slight systematic failing of 
the proposed model a t  reduced temperatures. In short, 
the best-fit lattice parameters do not give entirely satis- 
factory fits to the pronounced features of the region of 28 
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Figure 10. Experimental (dots) and calculated (lines) equatorial 
diffraction profiles for PBDDT at various indicated tempera- 
tures. Note that different samples were used for the elevated 
and reduced temperature runs. The arrow points to  an additional 
temperature-sensitive scattering peak of unidentified origin. Also 
note that the bottom two profiles are the same experimental 
data but with different calculated profiles (see text). 

Table I1 
Refined PQDDT Unit Cell Parameters 

lattice param cell param (deg) 

temp (OC) a(& b ( A )  6R e d  ob 
Sample 1 

-130 50.2 7.65 15 81 100 
-80 50.1 7.68 15 81 100 
-40 50.4 7.69 15 82 100 
-20 50.7 7.69 14 82 101 

0 50.8 7.73 14 82 102 
20 51.1 7.72 14 82 102 

25 52.5 7.75 13 82 100 
40 53.9 7.73 11 83 100 
55 55.6 7.67 9 78 102 
70 57.4 7.67 7 77 102 
85 57.8 7.67 6 77 102 

100 58.0 7.67 6 76 102 
115 58.3 7.67 5 76 102 
125 58.6 7.67 5 76 102 

Sample 2 

between 25' and 28'. Decreasing the intralayer repeat b 
improves the fit to the experimental data in this portion 
of the spectrum (at the bottom of Figure 10) but then does 
not accurately reproduce the scattering intensity at  a 
slightly lower 20 angle. Table I1 contains a listing of the 
measured lattice parameters most consistent with the 
experimentally measured peak positions and various unit 
cell parameters as determined by structure factor calcu- 
lations. 

Thermal heating initiates a variety of significant struc- 
tural changes. In addition to position shifts of the various 
equatorial reflections, there is a systematic increase in the 
intensity of the amorphous halo centered at  2 2 O ,  indicative 
of the increased alkyl chain order, and a smooth shift to 
lower angle. The most dramatic changes occur in the 
vicinity of 50 "C. In particular, the intralayer spacing 
increases most rapidly in this temperature region while, 
somewhat surprisingly, the intralayer spacing exhibits a 
negative coefficient of thermal expansion. In addition, 
there is a notable loss of distinguishability in the (hkO) [h, 
k # 01 reflections. This alteration implies the loss phase 
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coherence between adjacent alkylthiophene stacks. In- 
creased temperature also causes areduction in the intensity 
of a relatively weak scattering peak at  8 . 5 O  (as indicated 
by the arrows in Figures 7 and 10). The origin of this peak 
is still, a t  present, unknown. 

These structure factor calculations imply that few 
internal unit cell changes (i.e., ob, 4 ~ ,  dd) occur at  reduced 
temperature. Most variations in these parameters are 
confined to temperatures in the range of 25-70 OC. In 
this region there are reductions in both the polymer chain 
setting angle and in the dihedral angle. Nominally these 
shifts provide for the greater than average increases 
observed in the interlayer d-spacing. 

Finally, P3DDT is also somewhat unusual in that there 
is an anomalous narrowing of the (hOO) reflections on 
heating20 which was not clearly observed in a similar study 
of P3HT samples.16 In fact, the maximum coherence 
length is found to exceed 400 A in this mesomorphic state 
or, equivalently, over 17 layer repeats. While some of this 
narrowing may be attributed to simple thermal annealing 
effects, there is still significant rebroadening of these 
profiles on cooling. 

The existence of the aforementioned secondary ordering 
a t  the alkyl-chain ends provides a straightforward mech- 
anism by which this last structural feature may be 
rationalized. In the context of competing interactions, 
enhanced local ordering a t  the layer interface enforces 3D 
ordering while disrupting the intralayer stacking of the 
alkyl chains and interfering with the long-range order along 
the layer perpendicular. Analogous transformations are 
found to occur in other low-dimensional composite ma- 
terials in which competing interactions exist.39 Melting 
of P3DDT is clearly a two-step process in which the 
increased side-chain motion, and a concomitant increase 
of gauche conformations, initially disrupts the local 
ordering at  the alkyl-chain ends. The net result is a ther- 
motropic mesophase characterized by decoupled free 
"floating" layers. This specific transition does not appear 
to strongly influence P3DDT's thermochromic properties 
since there are no anomalous changes in the UV-visible 
absorption spectra at  these temperaturese20 Continued 
alkyl-chain "melting" at  higher temperatures eventually 
disrupts the lamellar stacking of the polymer itself, 
resulting in a true polymer melt. In contrast, the melting 
transformation of P3HT cast-film samples should not 
exhibit such clearly defined thermally derived steps 
because of the observed lack of clear 3D ordering. This 
difference may also give rise to distinct differences in the 
doping-induced structural transformations.22 As a final 
comment we note that the sluggish structural kinetics on 
cooling seem to involve primarily ordering at  the side- 
chain end groups. 

IV. Conclusions 
Through the use of structural models and detailed 

structure factor calculations we have obtained an enhanced 
understanding of the key aspects of structural ordering 
within one class of side-chain-substituted polymeric 
compounds. The principle result is that the side-chain 
orientation must include chain tilts away from the layer 
perpendicular which nearly eliminates interlayer alkyl- 
chain interdigitation. If this side-chain orientation is 
assumed, then all nonamorphous scattering features, 
equatorial and nonequatorial, can be accurately repro- 
duced. 

We have also presented evidence for the existence of a 
second structural feature intrinsic to P3AT's with longer 
alkyl side-chain lengths. Specifically, the data suggest 
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that an additional (and independent) structural ordering 
occurs at the alkyl-chain interface between adjacent alkyl- 
thiophene layers. The disruption of this interface destroys 
any appreciable interlayer ordering in P3DDT samples 
and gives rise to a liquid crystalline state with certain 
enhanced structural properties. P3HT does not show clear 
evidence of this ordering process while P30T appears to 
be closest to the alkyl-chain length which defines a 
crossover region. 
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