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ABSTRACT: A series of regiorandom poly(3-alkylthiophenes) [P3ATs] with 4 < C < 12 alkyl carbons per
side chain are studied by shear, calorimetry, X-ray scattering techniques, and infrared spectroscopy. We show
that the tendency of alkyl groups to segregate in small alkyl nanodomains is a common feature of semicrystalline
and amorphous members of this series. Semicrystalline poly(3-dodecylthiophene) (C = 12) samples show a
pronounced lamellar structure with a coherence length of about 150 A, corresponding to staples of main chain
and alkyl nanodomains comparable to the findings for regioregular P3ATs, while the alkyl nanodomains in
amorphous P3ATs have more irregular shape and boundaries. An additional relaxation process Opg, which is
related to the dynamics of CH; units in the alkyl nanodomains, appears in amorphous samples with C = 6. Its
frequency temperature dependence is very similar to that of the opg process found in other side-chain polymers
containing alkyl groups with identical length. This is a strong argument supporting the idea that main chains and
alkyl groups separate in amorphous systems. Another interesting finding is the appearance of three distinct melting
peaks for regiorandom poly(3-dodecylthiophene) [P3DDT] at temperatures between —10 and 50 °C. Isothermal
crystallization experiments are performed, and possible reasons for the appearance of three distinct melting peaks
are considered. Similarities and differences between regiorandom and regioregular P3ATs in the semicrystalline

state are described and discussed on the basis of their microstructure.

I. Introduction

The relaxation and crystallization behavior of comblike
polymers containing long n-alkyl groups in the side chain has
been extensively studied in the past decades by various groups
focusing on different aspects.' ® Interestingly, there are dynamic
and structural features which seem to be quite common for all
these polymers and related to their microstructure. In particular,
it has been reported consistently that there is a strong tendency
of the individual alkyl groups to aggregate and to form alkyl
nanodomains with a typical dimension of about 5—30 A
depending on the length of the alkyl groups.'®!' This phenom-
enon, sometimes called nanophase separation,'*'? is reflected
in X-ray scattering data by a “prepeak” at scattering vectors in
the range 0.2 < g < 0.6 A~!. Detailed neutron scattering
experiments on a series of amorphous poly(n-alkyl methacry-
lates) do strongly support this nanophase separation picture.'*
Higher orders to the prepeak, however, are usually not observed
for amorphous samples and only seen in systems with semi-
crystalline side chains. Thus, the question whether or not the
amorphous systems are above or below the order-to-order
transition as known from block copolymers is still relevant.'
A strong argument for nanophase separation in amorphous
systems is the appearance of a relaxation process Qpg, Which
occurs in practically all these side-chain polymers'® at temper-
atures significantly below the conventional glass temperature
T,, where the polymeric material softens completely on a time
scale of minutes. The frequency temperature dependence of the
opg, process is basically main chain independent and determined
by the length of the alkyl groups, which defines the size of the
alkyl nanodomains. It has been shown'®'*?*>* that the molec-
ular reason for this low-temperature relaxation process are
motions within self-assembled alkyl nanodomains. The inter-
pretation is that the alkyl nanodomains preserve their mobility
far below the conventional glass transition, where the material
behaves macroscopically like a solid. Side-chain mobility does
not affect the overall mechanical stability as it is maintained
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by the rigid skeleton formed by frozen main chains. The features
of the dynamics within the alkyl nanodomains change usually
from a localized process with an Arrhenius-like temperature
dependence for small nanodomains (dyps < 15 A) to a truly non-
Arrhenius-like temperature dependence as typical for cooperative
relaxation processes in larger domains (dn,s > 15 A).IO This
indicates that the dynamics of the CH, units is controlled by
the size of the self-assembled confinement. Larger deviations
from Arrhenius behavior with increasing size can be understood
as an indirect hint for an increasing cooperativity of the
underlying motions and the existence of dynamic nanohetero-
geneities in glass-forming materials.'®*? In the case of very long
alkyl groups a transition from amorphous to semicrystalline alkyl
nanodomains will occur. The C value where crystallization starts
to appear depends on the properties of the main chain, which
acts as a constraining element frustrating the side chains and
leading to the stabilization of the disordered state in the case of
short alkyl groups. Side-chain crystallization starts to occur in
many atactic polymers in the range of 8—12 alkyl carbons per
side chain. The described behavior has been found qualitatively
for various homologous series of side-chain polymers like
poly(n-alkyl methacrylates),*'>*> poly(n-alkyl acrylates),'® poly (-
alkyl itaconates),®'! and hairy rod polyimides.?® The features
are similar for all these series and in part truly predictable.
Potentially, the knowledge about structure—property relation-
ships in such systems could be used to optimize the properties
of various materials containing long alkyl sequences.
Prominent examples for side-chain polymers where this
knowledge could be applicable are poly(3-alkylthiophenes)
(P3ATs, cf. Scheme 1) belonging to the class of conjugated
polymers that are environmentally and thermally stable. Poly-
thiophenes are an interesting class of materials due to their
favorable electronic, optoelectronic, thermochromic, and sol-
vatochromic properties.”*’*> Alkylation helps to improve
conductivity, processability, and solubility of thiophene-based
materials. Thus, alkyl sequences in the side chain are of major
importance for optimizing the properties of such materials. In
particular, it is reported that the three-dimensional order and
the performance of devices made from such semiconducting
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polymers strongly depend on the length of the alkyl groups and
their architecture.®® There are two main classes of poly(3-
alkylthiophenes), namely regioregular (100% head—tail—head—tail,
HT-HT) and regiorandom samples (random distribution of
sequences as shown in Scheme 1). Significant differences in
electrical and optical properties of regioregular and regiorandom
P3ATs have been reported. Because of their superior properties,
which are attributed to high crystallinity and better main-chain
packing, regioregular P3ATs are widely used and often stud-
ied.*** Calorimetric measurements on regioregular systems
show two endothermal peaks. The main peak at high temper-
atures (between 150 and 250 °C) is commonly related to main-
chain melting, and an additional peak occurring around 60 °C
has been sometimes interpreted as melting of side-chain
crystals.>*?7 The crystalline structure of regioregular thiophenes
is also extensively studied.”*~ %% A lamellar superstructure with
main-chain and side-chain-rich regions is reported.”***! It is
also often stated that the packing of regioregular P3ATs is
comblike with partly interdigitating alkyl groups. Detailed
information about the packing of the side chains is not really
available.

We will show in this paper that the features observed in many
other series of side-chain polymers with similar microstructure
do also appear in a series of regiorandom poly(3-alkylth-
iophenes) [P3AT] with 4 < C =< 12 alkyl carbons per side chain.
The samples are investigated by shear, calorimetry, and X-ray
scattering. The results are compared in detail with findings for
a series of atactic poly(n-alkyl methacrylates) [PnAMA] with
comparable side-chain lengths.'®'? It is demonstrated that the
packing behavior of regiorandom P3ATs as well as their
relaxation behavior shows many similarities to that of PnAMAs.
The results imply that these systems are suitable to study the
interplay between structure, dynamics, and crystallization in
small alkyl nanodomains. Peculiarities in the crystallization
behavior of regiorandom poly(3-dodecylthiophene) (C = 12)
indicating polymorphism are observed by calorimetry and
studied further by wide-angle X-ray scattering and infrared
spectroscopy. The results will be related to questions which are
important for a better understanding of dynamics and crystal-
lization of nanostructured polymers as well as typical problems
which are relevant for the application of thiophene-based
materials.

I1. Experimental Section

Samples. A series of regiorandom (1:1:1:1) (HT-HT:HT-HH:
TT-HT:TT-HH) poly(3-alkylthiophenes-2,5-diyl) with different
number of alkyl carbons per side chain C is studied. Poly(3-
butylthiophene) [C = 4, P3BT], poly(3-hexylthiophene) [C = 6,
P3HT], poly(3-octylthiophene) [C = 8, P30OT], poly(3-decylth-
iophene) [C = 10, P3DT], and poly(3-dodecylthiophene) [C = 12,
P3DDT] samples were purchased from Rieke Metals Inc. Important
parameters characterizing these polymers are summarized in Table
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Table 1. Characteristic Parameters for Regiorandom P3ATs

no. of alkyl T,/°C  To/°C To/°C  Tope/°C .
carbons C  (DSC) (TMDSC) (DMA)* (DMA)*  dy/A

P3BT 4 34 36 45

P3HT 6 4 9 12 —87 16

P30T 8 -22 =15 -13 —65 20

P3DT 10 —-29 —25 —59 21 (18%)

P3DDT 12 —31 —18 —49 25 (217
@ Measurement frequency @ = 10 rad/s. * Data for the as-received

samples with high degree of crystallinity.

1. The samples are synthesized using Rieke Zinc in the presence
of Pd(PPh 3), as catalyst. Further details are described elsewhere.*?

Scattering Experiments. X-ray scattering measurements in the
range 0.2 A™' < ¢ < 0.6 A~" were performed on a small-angle
instrument assembled by JJ X-rays based on a 2D detector (Bruker
HI star) and a Rigaku rotating anode with focusing optics. The
measurements were performed at room temperature (22 £ 2 °C)
under vacuum using Cu Ka radiation with a wavelength 1 = 1.54
A. Measurement time was 600 s. The instrument was calibrated
using silver behenate as reference material. The samples were
pressed significantly above 7, and melting temperature 7}, under a
hot press for 5 min. In the case of P3DDT and P3DT as-received
samples with comparably high crystallinity were measured for
comparison. Additional wide-angle X-ray scattering measurements
on P3DDT samples are performed using a SIEMENS D5000
powder diffractometer with germanium monochromator.

Dynamic Mechanical Analysis. The dynamic shear modulus
G* = G' + iG" was measured in the frequency range from 0.1 to
100 rad/s with a control strain of 0.1% using a Rheometrics RDAII
instrument. The experiments were performed on small sheets with
dimensions of about 10 x 10 x 1 mm?. All samples were pressed
in the viscous state to stripes using a hot press and then mounted
immediately in the rheometer at room temperature. Measurements
are performed between —120 and 40 °C with a step of +3 K.
Samples were annealed for 60 s at each temperature prior to the
frequency sweep. All the measurements were done under a
controlled nitrogen gas atmosphere.

Thermal Analysis. A Perkin-Elmer DSC 7 was used (i) for
cooling and heating scans with rates of d7/dt = £20 K/min and
(ii) for temperature-modulated DSC (TMDSC) measurements
performed with sawtooth modulation (time period f, = 60 s,
underlying scan rate d7/dr = 4 K/min). Samples with a mass of
about 10 mg were used and encapsulated in closed DSC pans under
a controlled nitrogen atmosphere.

Infrared Spectroscopy. Vibrational spectroscopy experiments
on P3DDT films with a thickness of about 100 um are performed
using a Bruker TENSOR 37 FT-IR spectrometer.

II1. Results

X-ray scattering data for the investigated series of regioran-
dom P3ATs are shown in Figure la. A prepeak in the range
02 A" < ¢ < 0.6 A" is observed for all samples, indicating
the existence of a characteristic length scale in the 1 nm range.
The prepeak sharpens slightly and shifts systematically to the
lower scattering vectors g with increasing number of methylene
units in the alkyl side chains. The maximum of the prepeak for
P3HT (C = 6) is observed at approximately gm.x = 0.39 A
while it appears at gm.x = 0.255 A~! for P3DDT (C=12)in
the amorphous state. According to Bragg’s law d = 27/qax
this corresponds to equivalent Bragg spacings dy, in the range
16—24.5 A. For as-received P3DT and P3DDT samples (C =
10, 12), the prepeak looks significantly sharper, indicating a
better long-range order of the corresponding structure. This
behavior is well-known from other semicrystalline side-chain
polymers where the CH, units in the alkyl nanodomains are
able to crystallize like higher poly(n-alkyl methacrylates) with
C = 12 methylene units.*> Coherence lengths ds as estimated
using the Scherrer equation are about 85 A for amorphous
samples and about 150 A for as-received, semicrystalline
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Figure 1. (a) Intensity vs scattering vector ¢ for a series of regiorandom
P3ATs (solid lines). The labels indicate the number of alkyl carbons
per side chain C. Results for as-received, semicrystalline P3DT (C =
10) and P3DDT (C = 12) samples (dashed-dotted lines) are shown for
comparison. All measurements are performed at room temperature. (b)
Equivalent Bragg spacings dyys = 277/¢may as obtained from the prepeak
positions in (a) as plotted versus number of carbon atoms per side chain
C (squares). Hollow symbols denote amorphous and solid squares
denote crystalline samples. Data for a series of atactic poly(n-alkyl
methacrylates) (small circles'®) are given for comparison. The thin line
indicates the slope, which is expected for extended (all trans) alkyl
groups. (c) Schematic pictures showing the structure of nanophase-
separated side-chain polymers in the amorphous (left) and semicrys-
talline (right) state. The situation in a single alkyl nanodomain is
sketched in the upper parts while a more global view is given in the
lower parts. Amorphous methylene sequences are indicated by light
gray and crystalline parts by dark gray.

P3DDT.* The appearance of higher orders to the prepeak in
semicrystalline samples like P3DDT shows that a lamellar
structure corresponding to staples of main chains and alkyl
nanodomains exists in these samples (Figure 1c). A straight-
forward explanation for the occurrence of a prepeak in the
amorphous members is a strong tendency of the alkyl chains
belonging to different monomeric units to aggregate and to form
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Figure 2. (a) Shear loss modulus G" vs temperature for regiorandom
P3ATs measured at a frequency of 10 rad/s. The measurements are
performed in heating with an average rate of about +2K/min. The
curves are vertically shifted (50 MPa/curve) for reasons of clarity. (b)
Relaxation temperatures vs C number for regiorandom P3ATs (full
squares). Peak maxima are taken from isochronal shear curves G"(T)
measured at 10 rad/s by fitting the data using Gaussian functions. Data
for previously measured PnAMA are shown for comparison (open
circles').

alkyl nanodomains. Demixing effects leading to the formation
of alkyl nanodomains with more irregular shape and boundaries
seem to occur already in the amorphous state.'> The average
main chain to main chain distances d,, for P3ATs and
previously studied PnAMAs'®"? are comparable, as shown in
Figure 1b. In particular, the increase of d,,, with C is similar
for both series. If compared with the all-trans length of the alkyl
chains, a nearly uniform offset seems to exist for all amorphous
members. This finding is consistent with structural models
assuming interdigitated side chains and main-chain domains,
which are responsible for the constant offset in Figure 1b.
Comparing the data for semicrystalline P3DT (C = 10) and
P3DDT (C = 12) with their amorphous counterparts, one can
conclude that d,,,; decreases slightly during crystallization. This
behavior corresponds to the expected densification of the system
during crystallization but is in contrast to the observation for
crystallizable PnAMAs where an opposite trend has been
reported and interpreted as a consequence of an increasing trans
content in the alkyl groups.***> This may indicate differences
in the packing and will be discussed in some detail below.
Dynamic mechanical measurements on our P3ATs series
show a clear dependence of the relaxation behavior on the side-
chain length (Figure 2a). The a relaxation process in shear loss
modulus “G” curves moves to lower and lower temperatures
(Figure 2b) with increasing number of CH, groups in the side
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chains. The o peak appears at about 45 °C for P3BT (C = 4)
and approaches —18 °C for nearly amorphous P3DDT (C =
12). The relaxation temperature as obtained from Gaussian fits
to “G”(T) isochrones measured at 10 rad/s saturates for higher
members of regiorandom P3ATs. A similar shift of a relaxation
process and DSC glass temperature 7, has been reported for
atactic PnAMAs. The relevant data are shown for comparison
in Figure 2b. The shift of the a relaxation process in the PnAMA
series has been related by Heijboer in the 1960s*° to an “internal
plasticization” of the main chains by the highly mobile alkyl
groups in the environment. The most interesting feature in the
shear curves for regiorandom P3ATs with C = 6 is that an
additional relaxation process (Opg) appears at temperatures below
the conventional a relaxation. This process occurs in the same
temperature frequency range where the “polyethylene-like glass
transition” apg has been reported for PnAMAs and other
polymer series with long alkyl groups in the side chain.'® The
opg process shifts systematically to higher temperatures with
increasing number of methylene units per side chain and
becomes stronger compared to the intensity of the conventional
a relaxation peak. In the case of atactic PnAMAs it has been
shown that the apg process in members with C = 8 is related
to cooperative motions of the CH, units in small alkyl
nanodomains. Thus, this relaxation process has been interpreted
as a “polyethylene-like glass transition” apg. For PnAMASs with
4 < C <8, the opg process seems to be more a Johari—Goldstein-
like*” secondary relaxation Bpg with Arrhenius-like temperature
dependence incorporating CH, units in the alkyl nanodomains.**
The appearance of similar relaxation processes in amorphous,
regiorandom P3ATs fits to the recent observation that the
frequency temperature position of the opg process in nanophase-
separated side chain polymers is practically independent of
microstructure and softening behavior of the main chains.'® The
values for the steepness index m = —d log w/d(To 10w/
Dly=r,10raars Show a significant scatter in the range m ~ 25 for
C = 6—12, which is in qualitative agreement with previous
findings for other side-chain polymers. Hence, the reported shear
data for P3ATSs support the idea that the tendency of main- and
side-chain parts to separate is a general phenomenon in comblike
polymers containing long alkyl groups. Note that there is no
clear evidence for an opg process in P3BT. In light of this fact
and the occurrence of a broad prepeak in the scattering data for
P3BT (Figure 1a), it seems to be open whether or not P3ATs
with very short alkyl groups are really nanophase separated.
An additional, tiny f process is indicated in the shear curve for
P3BT (C = 4) at about —45 °C, which is not seen for all higher
P3ATs (Figure 2a). It is hard to get further information about
the existence of this process in the higher members based on
relaxation spectroscopy data since strong contributions related
to a and apg occur in the same frequency temperature range.
One may speculate that the 3 process is hidden due to an overlap
with the two prominent relaxation processes (o and 0pg) in these
samples.

DSC heating scans for regiorandom P3ATs, performed after
removing the thermal history of as-received samples by an-
nealing at 150 °C for 5 min, show that a thermal glass transition
occurs for all samples indicated by a prominent step in c¢,(T)
(Figure 3a). As expected, the glass temperature 7,, obtained
from an equal area construction (inset of Figure 3a), decreases
with increasing side-chain length C. The 7, shift is 10—15 K
per additional CH, unit in the side chain (Table 1). For P3DDT
with C = 12 alkyl carbons per side chain, the glass temperature
is hard to estimate based on the heating scans since additional
contributions occur slightly above T;,. There are two small peaks
in ¢,(T) for this sample. TMDSC measurements are performed
in order to clarify the nature of these peaks. TMDSC results
presented in Figure 3b show real and imaginary parts of the
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Figure 3. (a) DSC heating scans (d7/dt = +20 K/min) and (b) TMDSC
data (7, = 60 s) for a series of regiorandom P3ATs. The labels indicate
the C number. The inset in (a) shows the method to calculate 7, using
an equal area construction.

dynamic heat capacity ¢,*(T) = ¢,' — ic,. Dynamic glass
temperatures T, (Table 1) are determined by fitting the peaks
in the imaginary part, which indicate the a relaxation process,
using a Gaussian function. Additional features following the
glass step are seen in the real parts ¢, for P3DT (C = 10) and
P3DDT (C = 12). This shows that the peaks in the DSC scans
are not simply overshoots resulting from nonequilibrium effects
in glass-forming materials. Interestingly, the results seem to
indicate that there are two weak melting peaks in P3DDT
including reversible contributions detectable by TMDSC. This
phenomenon is studied further below.

DSC heating scans for differently prepared P3DDT (C = 12)
samples are presented in Figure 4a. A relatively large melting
peak (I) at 44.5 °C is seen for the as-received sample, while a
two-peak feature (II and III) is observed for DSC scans
performed after slow cooling (—20 K/min). Peak III has an onset
at about —25 °C, and peak II starts at about 5 °C. The large
melting peak I at 44.5 °C, which was seen for the as-received
sample, is not observed in this case. The double-peak feature
was retraceable after fast quenching from 80 to —60 °C with a
nominal rate of —200 K/min. This indicates that even fast
quenching cannot avoid crystallization during cooling indicated
by these two weak melting peaks. In order to clarify further
details, isothermal crystallization experiments at different tem-
peratures (7, = —25, 5, and 26 °C) have been performed. This
corresponds to temperatures near the onset of the melting peaks
III, II, and I as seen in Figure 4a. The crystallization time f.
was varied between 5 min and 7 h at each temperature 7.. The
results of isothermal crystallization experiments are presented
in Figure 4b. Heating scans measured after crystallization at T,
= —25 °C show an increase of peak intensity and a shift of the
peak position with time 7. The results indicate that heat of fusion
AHy; as well as melting temperature 7,,;; do systematically
increase. A weak additional peak (II) at about 20 °C is seen in
all scans. This peak remains practically unaffected if 7. is varied.
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Figure 4. Results from crystallization experiments on regiorandom
P3DDT (C = 12). (a) DSC heating scans (d7/dt = 20 K/min) performed
on samples with different thermal history. Scans for the as-received
sample (thick solid line), a second scan after slow cooling to —60 °C
with d7/dt = —20 K/min (thin solid line), and a third scan after
quenching to —60 °C with d7/dr = —200 K/min (thick dashed line)
are compared. (b) DSC heating scans (d7/dt = 20 K/min) preformed
after isothermal crystallization for different times 7. (from bottom to
top: 5, 10, 20, 30, 60, 240, 420 min) at 7. = —25, 5, and 26 °C. The
labels I, II, and III indicate the different melting peaks.

The crystalline fraction related to this peak is probably formed
during cooling from 80 to —60 °C. Results from isothermal
crystallization experiments at 7. = 5 and 26 °C show that similar
changes with time 7. are observed for peak II and peak I,
respectively. Additional contributions at other temperatures are
not observed under these conditions. The dependence of the
heats the fusion AH;, AHy, and AHy; on isothermal crystal-
lization time 7. measured at different temperatures 7. is
compared in Figure 5. Obviously, the degree of crystallinity D,
increases in all cases on logarithmic time scales. Clear indica-
tions for a significant primary crystallization step are not
observed. The melting temperatures 7,, of the crystals grown
at different temperatures 7. are obviously not comparable; i.e.,
the crystalline state seems to depend significantly on the
crystallization conditions. In general, melting seems to appear
in the same temperature range like in case of alkanes and other
side-chain polymers containing crystallizable alkyl groups with
similar length.**** Note that the occurrence of alkyl groups,
which can crystallize either on a hexagonal or an orthorhobic
lattice, has been reported recently for eicosylated poly(ethyl-
enimine) with C = 20 alkyl carbons in the side chain.**** A
resulting question is whether the appearance of different T,
values depending on the crystallization conditions indicates
polymorphism in P3DDT, i.e., the existence of different
crystalline forms, or it is a result of other effects like differences
in crystal size.
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Figure 6. (a) Wide-angle X-ray scattering and (b) infrared spectroscopy
data for regiorandom P3DDT measured at room temperature. WAXS
data for a semicrystalline sample (open circles) and a practically
amorphous P3DDT sample produced by fast melt quenching with —200
K/min (full squares) are compared. Higher order peaks belonging to
the prepeak at 2¢,x and 3¢m.x are labeled. Results for poly(n-octadecyl
methacrylate) in the semicrystalline state (full circles) from ref 43 are
shown for comparison. IR spectroscopy data for the as-received,
semicrystalline (cryst), and the quasi-amorphous quenched (amorph)
P3DDT sample are presented. IR results for nonadecene in the molten
state (amorph, 29 °C) and in the orthorhombically packed crystalline
state (cryst, 19.5 °C) taken from ref 54 are shown for comparison.
A standard methodology to answer this question is to perform
wide-angle X-ray scattering (WAXS) measurements. The results
of such experiments on differently prepared P3DDT samples
are presented in Figure 6a. Obviously, the WAXS data do not
show a clear difference between the as-received sample, which
should have according to our DSC data a relatively large degree
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of crystallinity D, and a freshly quenched sample containing
presumably only a very small fraction of crystalline material.
The main feature in all WAXS curves is an intense amorphous
halo at 2@ = 20°—21° corresponding to g = 4ot sin(®)/A =
1.41—1.49 A~'. The shape of this halo is not significantly
affected by the chosen program. The only difference might be
a weak shoulder in the range 22° < 20 < 23° (1.56 < ¢ <
1.63 A™"). It is well-known that WAXS pattern of side-chain
polymers containing a significant fraction of hexagonally packed
methylene units in the alkyl groups are characterized by a sharp
peak at 2@ = 21° (g &~ 1.49 A™") as seen in the poly(n-octadecyl
methacrylate) [PODMA] data in Figure 6a.***°' In the case
of orthorhomically packed methylene units a second peak should
appear at around 20 = 23.5° (¢ = 1.66 A™").*’ Obviously, clear
peaks related to the crystalline fraction are not seen in WAXS
data for our P3DDT sample. The shoulder at 22° < 20 < 23°
indicates a small crystalline fraction. Information about the
packing of the crystalline methylene units, however, cannot be
extracted from WAXS data for regiorandom P3DDT. The
problem is that the relevant scattering peaks sit on top of a strong
amorphous halo since the degree of crystallinity is very small
as compared to those of other semicrystalline side-chain
polymers studied in the literature. One can estimate based on
existing information about the heat of melting for different
crystalline forms (A, = 3.07—3.4 kJ/mol,***° Ahyy, =
3.4-3.99 kJ/mol,*** Ahyien = 4.2 kJ/mol™) that at most 9%
of the CH , units are crystalline. Note that the WAXS data for
semicrystalline PODMA shown for comparison in Figure 6a
are measured on a sample containing ~30% crystalline CH,
units.***’ The presented results demonstrate that DSC is a very
sensitive tool to detect small fractions of crystalline material
that are not easily detectable by WAXS experiments.

Further attempts to verify structural changes and differences
in the crystalline packing of the methylene sequences have been
made by infrared spectroscopy. This method has been often used
to learn more about the crystalline state of alkanes,->*
polyethylene,” and long CH, sequences in side-chain poly-
mers.*” IR data for P3DDT in the spectral ranges around 720
cm™!, where CH, rocking modes have been reported for
crystalline methylene sequences,’*>> and near 1375 cm™', where
usually a CH; group deformation (U mode) and CH, wagging
modes do appear,”® are shown in Figure 6b. Results for the as-
received P3DDT sample having the highest accessible degree
of crystallinity (cf. Figure 4a) are compared with that for a
freshly quenched sample, which is practically amorphous. The
results show that there are no significant differences between
both samples. IR spectra of P3DDT in both states are quite
similar to that for molten nonodecane in this wavenumber range
(Figure 6b) and quite different from that for orthorhombic
nonadecane crystals.>® Effects that allow to analyze the structure
of semicrystalline P3DDT like a series of additional bands below
720 cm™! related to CH, rocking modes reported for crystalline
methylene sequences*®->*-* are not observed. There is also no
detectable shift of the CH; band near 1375 cm ™! and no clear
indication for the disappearance of higher CH, wagging modes
below 1375 cm™! being additional features reported for crystal-
line alkyl groups.’*Presumably, this is again a consequence of
the small degree of crystallinity of the investigated P3DDT sample.
The presented results show clearly that it is hard to get detailed
information about the structure of regiorandom P3DDT in the
crystalline state based on standard techniques like X-ray scattering
and vibration spectroscopy. More sophisticated methods like
NMR? should be applied in the future to clarify structural questions
related to the packing of CH, sequences in higher P3ATs.

IV. Discussion

Summarizing the experimental results for the investigated
series of regiorandom poly(3-alkylthiophenes), one can conclude
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that the experimental findings support physical pictures con-
sidering a strong nanophase separation tendency of main chains
and alkyl groups as derived from the results for other series of
side-chain polymers.'®'* In accordance with this picture, a
prepeak occurs in the X-ray scattering data for all studied P3ATs
that shifts systematically to smaller g values, if the number of
CH, units per side chain increases. According to the oversimpli-
fied structural model shown in Figure 1c, this indicates average
main chain to main chain distances d,,; between 16 A for P3HT
and 24.5 A for P3ADDT. On the basis of the average increase
Ad, of about 1.4 A per CH, unit and a comparison with the
length of fully crystalline CH, sequences in alkanes (Figure 1b),
one may conclude that the disordered alkyl groups are inter-
digitated and not too far from an extended conformation. The
relatively large width of the prepeak in the scattering pattern
and the absence of related higher orders in all amorphous
samples shows, however, that the underlying nanostructure is
far away from being perfect. The estimated coherence length
ds is small (~65—85 A*"), and the structure is in no case a
simple arrangement of perfect lamellar stacks. Nevertheless, the
tendency of the methylene sequences to form alkyl nanodomains
is strong and the overall situation in the system is characterized
by a pronounced periodicity in the 1 nm range. Although some
points still need further investigation,'” such a nanophase
separation picture seems to be the most natural explanation for
the existence of an independent dynamics in the alkyl nan-
odomains (Qpg) comparable to that in other side-chain polymers
with a similar microstructure. Thus, the schematic pictures in
Figure 1c might be understood as a suitable zeroth approxima-
tion to describe the structure of amorphous regiorandom P3ATs.
Similar approaches to describe the structure have been reported
for other side-chain polymers.'®'""'* Interestingly, one can
understand and predict special properties of these polymeric
systems, like special features in their dynamics, already based
on such a simplified picture.

That structure—property relationships do really exist can be
concluded from the observation that regiorandom P3ATs with
6 < C = 12 show an additional relaxation process Qpg appearing
practically at the same temperature like in other side-chain
polymers with identical length of the alkyl group. The apg
process is always found significantly below the conventional a
relaxation, i.e., mainly at temperatures where the system is in
the glassy state and the main chains are frozen. One can interpret
the apg process as a relaxation process occurring within the alkyl
nanodomains and reflecting the (more or less cooperative)
motions of many CH, units. Such a relaxation process incor-
porating only the methylene sequences is still possible although
the main chains are immobile and the polymer behaves
macroscopically like a glass. There is also no conflict in
considering two cooperative processes since they occur at
different length scales. The opg process is restricted to the alkyl
nanodomains while the o process requires cooperative motions
of complete monomeric units. It is important to mention again
that typical features characterizing dynamic glass transitions
have been found for the opg process in atactic poly(n-alkyl
methacrylates), poly(n-alkyl acrylates), and poly(n-alkyl ita-
conates) with C > 8 alkyl carbons. The non-Arrhenius-like
temperature dependence of the relaxation time and a calorimetric
activity of the apg process have been reported.'® It is hard to
prove directly whether or not similar features exist in regio-
random P3ATs. Values for the steepness index m > 16 indicate
non-Arrhenius behavior, although the uncertainties are still large
either due to the small volume fraction of alkyl groups (C < 8)
or due to their crystallization (C = 10). Crystallization may
also explain why significant calorimetric signals for the opg
process cannot be detected in the investigated P3ATs. Alter-
natively, this might be due to the fact that all noncrystallizable
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alkyl groups are too short to show significantly cooperative
motions of the CH, units. Possibly, the temperature dependence
of the opg relaxation is still close to the Arrhenius limit, and
one should talk about a fBpg process in amorphous P3ATs. The
appearance of side-chain crystallization in regiorandom P3ATs
with relatively short side chains (C &~ 10) might be related to
specialties in the microstructure of P3ATs as discussed below.

Another interesting finding is the existence of three distinct
melting temperatures for P3DDT (C = 12) depending on the
crystallization conditions. The results indicate that the crystal-
lization mechanism is strongly influenced by the crystallization
temperature (Figure 4b). The similarity of melting and crystal-
lization temperatures to those reported for alkanes**° and side-
chain polymers containing alkyl groups with comparable
length®*** implies that side-chain crystallization occurs. A
crystallization mechanism incorporating main chains like in
regioregular P3ATs seems to be unlikely since the melting
temperatures in these cases are usually much higher (150 °C <
T, < 250 °C).*® A direct proof showing that side-chain
crystallization occurs is still under investigation. Apart from
the T,,, argument, the proposed side-chain crystallization picture
is supported by indirect arguments coming from X-ray scattering
measurements in the range 0.2 A™!' < ¢ < 0.6 A™!. These
experiments show clearly that regiorandom P3DDT behaves like
other polymers undergoing side-chain crystallization. In par-
ticular, a regular order of lamellar stacks with a Bragg spacing
of about 21 A is found in semicrystalline P3DDT (Figures la
and 6a). The reasons for the appearance of three distinct melting
peaks are much more unclear. A straightforward interpretation
is to assume that different crystalline forms can occur. It would
be very interesting if methylene sequences in the hexagonal,
orthorhomic, and triclinic form (known from different al-
kanes**>) would appear for regiorandom P3DDT. A transition
from hexagonal to orthorhombic packed alkyl groups has been
reported so far only for very long side chains containing more
than 18 alkyl carbons.** The observed differences in T, might
be of the right order of magnitude, but structural evidence is
not yet accessible. Standard methods are not sensitive enough
to give useful information about the crystalline lattice in a system
with an extremely small degree of crystallinity (D, < 10% of
the CH, units). An alternative interpretation based on different
crystal sizes seems not really reasonable, since one has to explain
then why three distinct crystal thicknesses appear, which can
even coexist under certain conditions. A common observation
for all investigated crystallization conditions is that the melting
temperature increases slightly but systematically with increasing
heat of fusion AH (Figure 4b). Similar behavior has been found
for the secondary crystallization in many other side-chain
polymers containing long alkyl sequences (e.g., poly(n-octadecyl
methacrylate®®) and attributed to crystal thickening since the
Gibbs—Thomson equation predicts AT, 0 d~'. In most of these
cases, a pronouced step in the D, vs log f. curves appears which
has been interpreted as primary crystallization step. This step
is practically absent in the data for P3DDT shown in Figure 5.
A possible scenario to explain this behavior might be to assume
that (i) an extremly thin crystalline layer is growing laterally in
the alkyl nanodomains of regiorandom P3DDT and that (ii) this
crystalline layer starts immeadiately to thicken. The ratio of the
time constants for both processes determines then the curve
shape in a D, vs log ¢, plot. Other scenarios assuming that only
a very few sequences along the main chain are able to crystallize
in a similar fashion like in regioregular P3ATs seem to be
unlikely since the melting temperatures are too different from
that in regioregular P3ATs. Moreover, it is not understandable
in this picture why the ability of regiorandom P3ATs to
crystallize increases systematically with increasing side-chain
length.
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Finally, we will consider whether or not the findings for
regiorandom P3DDT can contribute to a better understanding
of the crystallization in regioregular P3ATs. The main observa-
tion is that the overall arrangements of main chains and side
chains in systems with regioregular and regiorandom micro-
structure are similar. In both types of systems, a lamellar pattern
in the scattering data occurs, indicating that main-chain and side-
chain-rich regions are arranged in stacks. The only difference
is the Bragg spacing which is a somewhat smaller in case of
regiorandom P3ATs compared to their regioregular counterparts
(dyps = 21 A for crystalline, regiorandom P3DDT vs d,,, =
26.2 A for regioregular PZDDT>®). This might be a consequence
of differences in the packing of the side chains. While our results
for regiorandom P3DDT are consistent with intercalated and
nearly extended alkyl groups, the spacings observed for regio-
regular P3ATs are significantly larger and do not fit to such a
picture. This might be understood as an argument for the idea
that the alkyl groups are “partly intercalated” and slightly
tilted.>®>* A questionable point of this model seems to be the
existence of energetically unfavorable voids. From a general
point of view, the main difference between regioregular and
regiorandom P3ATs might be that the main chains can pack on
one and the same crystalline lattice in the case of regioregular
samples, while this is impossible in regiorandom systems since
the monomeric units are attached to the main chain randomly
with head or tail. The specialty of regioregular P3ATs compared
to many other side-chain polymers with similar microstructure
could be the fact that the internal distances, including the very
regular distance between two side chains along the main chain,
fit quite well to ordinary lattices which are always preferred by
crystallizable methylene sequences. This allows regioregular
P3ATs to reach high degrees of crystalline order and perfection.
In the case of regiorandom systems, the overall arrangement of
main chains and side chains on the mesoscale is similar, but
the main chains cannot crystallize due to the randomness of
the distances between side chains along the main chain. Thus,
the alkyl groups in the side chains can only crystallize if they
are long and flexible enough similar to the situation discussed
for other comblike polymers.** In this sense, regioregular P3ATs
are more an exception as an archetype example for crystallizable
side-chain polymers containing long alkyl groups since main
chains and side chains do fit to the same lattice. This favors
crystallization and allows the systems to exist in highly ordered
states. Regiorandom P3ATs, however, are absolutely in line with
common trends followed by many other comblike polymers
thinking about the mesostructure, the general arrangement of
main chains and side chains, and common features in their
dynamics.

V. Conclusions and Outlook

Summarizing the results reported in this paper, one can
conclude that regiorandom poly(3-alkylthiophenes) show
typical features, which have been reported in the recent years
for other side-chain polymers with long alkyl groups in the
side chain. All investigated samples show in the amorphous
state a prepeak at intermediate scattering vectors 0.255 < ¢
< 0.39 A! corresponding to equivalent Bragg spacings in
the range 16 < d,, < 24.5 A. The dyps value increases
systematically with increasing side-chain length in accordance
with the idea that the alkyl groups of different monomeric
units tend to aggregate in the melt to form small alkyl
nanodomains. Apart from the conventional o relaxation at
high temperatures, which shifts with increasing C systemati-
cally to lower relaxation temperatures, an additional relax-
ation process within the alkyl nanodomains has been observed
for all members with 6 < C < 12 corresponding to the Opg
process, which is also seen for other series of side-chain
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polymers with similar microstructure like atactic poly(n-alkyl
methacrylates). This supports nanophase separation of main
chains and alkyl groups in amorphous P3ATs. While regio-
random poly(3-alkylthiophenes) with C = 4—8 alkyl carbons
per side chain are seemingly noncrystallizable, small crystal-
line fractions are observed for poly(3-decylthiophene) and
poly(3-dodecylthiophene) (C = 10, 12). Interestingly, three
distinct melting peaks between —5 and 25 °C seem to appear
in regiorandom poly(3-dodecylthiophene) depending on the
crystallization conditions. Speculatively, this indicates the
occurrence of different polymorphs in the semicrystalline
alkyl nanodoamins. An open point requiring further inves-
tigations is a better understanding of the crystalline state of
P3DT and P3DDT. In particular, it is important to demon-
strate finally that side-chain crystallization leads to different
polymorphic states. This picture is supported by various
experimental hints from calorimetry and X-ray scattering.
For a final proof one can think about either more sensitive
experimental methods, which can detect the crystalline
packing in systems containing <10% crystalline CH, units,
or experiments on regiorandom P3ATs with longer side
chains (C > 12) and higher degree of crystallinity. An answer
to the question whether or not different crystalline forms can
grow in regiorandom P3DDT might be important from two
different perspectives. First, it may contribute to a better
understanding of structural details of regioregular poly(3-
alkylthiophenes) where different crystalline forms may also
exist.>**” Second, it is interesting in the light of the recent
discussion about early stages of crystallization in bulk poly-
ethylene®” > since conventionally unstable states may appear
in equilibrium in small alkyl nanodomains. Further experimental
as well as theoretical work should contribute to a better
understanding of structural and thermodynamic aspects of
amorphous side-chain polymers containing long methylene
sequences. This would have high potential impact for future
applications since various systems with similar microstructure
are already used in different fields without clear knowledge
about existing structure—property relationships.
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