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ABSTRACT: We investigated the structural properties of anthracene containing poly(p-phenylene—
ethynylene)-a/t-poly(p-phenylene—vinylene) polymers with general constitutional unit: (—Ph—C=C—
Anthr—C=C—Ph—CH=CH—-Ph—CH=CH—),, by means of wide-angle X-ray scattering and fluorescence
spectroscopy. Interchain interactions were systematically modified by decorating the conjugated polymer
backbone with linear or branched or combinations of linear and branched alkoxy side chains. Special
emphasis is taken on an evaluation method for fiber scattering spectra that allows the deduction of important
structural details of polymer materials with limited degree of order. These include positional correlations
along the backbones, interlayer and w—a stacking distances between different chains as well as a quantifica-
tion of the degree of order in terms of number of lattice planes per domain. The polymers with all-linear side
chains attached close to the anthracenylene—ethynylene unit (AnE) show a layered structure. In contrast
attachment of branched side chains at the AnE unit leads to amorphous polymers. These structural
differences are reflected in their photophysical properties, whereby the first group of polymers exhibit red-
shifted emission as compared to the second group. The larger the 7— stacking distance the more blue-shifted
is the main emission band, but no clear correlation of the emission peak position is found with respect to the
degree of order of the 71— stacking in terms of number of r— lattice planes per domain. We also studied the
effect of annealing on the as synthesized samples and observed structural transitions, which we attribute to
side chain melting and backbone reorganization, respectively. Both transitions lead to enhanced structural
order in the polymers which can be preserved during cooling the samples back to room temperatures. Once
annealed, the polymers do not show significant structural changes over a wide temperature range, a property
which we consider to be beneficial for photovoltaic applications.

Introduction

The need and desire to develop cheap renewable energy sources
have triggered worldwide intensive research for efficient, flexible,
low cost and lightweight photovoltalc devices based on organic
semlconductmg materials.'"™* Among the various types of
organic photovoltaic cells, polymer—fullerene bulk heterojunc-
tion solar cells are by far the most successful with certified power
conversion efficiencies around 6%.>

The photophysical and photovoltaic properties of poly-
mer—fullerene active layers are to a large extent affected by the
properties of the polymer phase. Conjugated polymers show, due
to their semiflexible, liquid crystalline character supramolecular
organization with complex thermotropic and lyotropic phase
transitions.”® The electronic and optical propertles of conjugated
polymers are strongly affected by their primary molecular struc-
ture (intramolecular functionality: z-conjugation) but also by
supramolecular organization in particular by intermolecular
71— interaction (m—sn-stacking distance).” The photovoltaic
and photophysical properties of polymer—fullerene active layers
are in addmon strongly affected by the extent of microphase
separation.'® The extent of microphase separation should be
large enough to ensure sufficient charge separation. However, if
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the size of the microphase separated regions becomes too large,
the donor—acceptor interfacial area is decreased and charge
separation is hampered. Strong w— interaction (small 7—z-
stacking distance) supports unwanted strong phase separation
of the active layer components.'" In addition, it leads to a
high tendency of excitonic self-quenching and other detrimental
radiationless deactivation processes.'” Thus, a detailed know-
ledge of the temperature dependent structural properties of
conjugated polymers in particular of the 7—sn-stacking distance
is essential for the understanding of the photovoltaic perfor-
mance of polymer—fullerene solar cells.

The limited structural order in many crystallizing polymers
leads to significant line broadening and the absence or at least fast
decay of higher order scattering features. In addition scattering
contributions from the amorphous side chains, from correlations
along the backbone direction as well as from z—sm-stacking will
all contribute to the overall scattering intensity in a comparable ¢
region. Therefore, distinction of the different scattering contribu-
tions is often difficult or impossible from isotropic samples.
Uniaxial extension into fibers is a well established method in
polymer crystallography in order to separate the different con-
tributions.” However, a low degree of order, not perfect align-
ment and the isotropic contribution of the amorphous side
chains, quite often blurs the results and makes in particular
the determination of the sm—um-stacking distance impossible.
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We revisited the somewhat forgotten procedure proposed by
Milberg already in 1962, which allows the suppression of any
(arbitrary) isotropic contribution to the scattering in order to
separate the purely anisotropic scattering.'® > In this way we
were able to separate scattering features originating from correla-
tions along the fiber axis and from m—s-stacking for the
investigated system which shows limited longer ranged order
only.

The particular system under investigation are anthracene
containing poly(arylene-ethynylene)-alt-poly(arylene-vinylene)s
(PAE—PAVs) with general constitutional unit: (—Ph—C=C—
Anthr—C=C—-Ph—CH=CH-Ph—CH=CH-), studied by
means of wide-angle X-ray scattering (WAXS). This work has
been carried out with the goal to establish a correlation between
the structural ordering of donor polymers and their photovoltaic
response in polymer—fullerene bulk heterojunctions for which a
basic understanding of the bulk structural properties as well as of
their response to thermal annealing is essential. The structural
ordering is characterized in terms of positional correlations along
the backbones, interlayer and w— stacking distances between
different chains as well as by the degree of order in terms of
number of lattice planes per domain. PAE—PAYVs have proven
their effectiveness as donor photovoltaic materials in both poly-
mer—fullerene and polymer—vinazene solar cells.”>'” Their
semirigid nature moreover offers the possibility to readily tune
the m—m-stacking ability and thus their photophysical properties
by grafting of linear and/or branched side chains.

This paper is presented as follows: first, we give a short outline
of the evaluation method for fiber scattering spectra proposed by
Milberg. Second, we discuss the effect of annealing on the as
synthesized polymers on the basis of results obtained for powder
samples by means of dynamic scanning calorimetry and WAXS
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Figure 1. Sketch of the structure of the anthracene containing poly-
(p-phenylene—ethynylene)-alt-poly(p-phenylene—vinylene)s and app-
roximate dimensions of the building blocks calculated under the
assumption of a fully stretched conformation. A summary of the
attached side chains is given in Table 1.
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before we derive structural details as e.g. correlations along the
backbone direction and 7—z7-stacking distances from the WAXS
filament spectra. Last but not least, we correlate the so obtained
m—m-stacking distances with the photophysical properties of the
polymers. The photovoltaic response in polymer-heterojunctions
is discussed elsewhere.”!

Experimental Section

Samples. The synthesis of the anthracene containing poly(p-
phenylene—ethynylene)-al/t-poly(p-phenylene—vinylene)s, abb-
reviated AnE-PV, with general constitutional unit: (—Ph—
C=C—Anthr—C=C—Ph—CH=CH—-Ph—CH=CH-),, are
products from the Horner—Wadsworth—Emmons polyconden-
sation reaction of dialdehydes and bisphosphonate esters car-
ried out on the basis of a known synthetic protocol. For details
on the synthesis see refs 21 and 22. The general structure of the
polymers is depicted in Figure 1; Table 1 defines the nomencla-
ture. All polymers except for AnE-PVaa and AnE-PVac are
soluble in common organic solvents such as chloroform, tetra-
hydrofuran (THF), dichloroethane, chlorobenzene and toluene.
The chemical structures of the polymers were confirmed
through nuclear magnetic resonance, infrared- and ultra-
violet—visible spectroscopy as well as elemental analysis.
Number- and weight-average molecular weights, M, and M,
as well as the polydispersity PDI = M /M, obtained from gel
permeation chromatography (GPC) (THF as eluent, polystyr-
ene as standards) are summarized in Table 1. Thermogravi-
metric analysis reveals that the polymers are thermostable; 5%
weight loss was recorded for all polymers above 300 °C. The
polymer AnE-PVstat is a statistic copolymer comprising ary-
lene-ethynylene units and arylene-vinylene units with R! = R =
octyl and R! = R? = 2-ethylhexyl substitution (ratio 1:1:1:1) in
a statistic manner. It thus comprises a mixture of the repeating
units of the polymers AnE-PVaa, -ab, -ba, and -bb.

Thermal Analysis. Differential scanning calorimetry (DSC)
measurements were carried out on a Mettler DSC 30 with a
cell purged with nitrogen. Calibration for temperature and
enthalpy changes was performed using an Indium standard.
The temperature was changed between 0 and 250 °C with a
heating/cooling rate of 10 K/min. In total two heating—cooling
cycles were performed on each sample. Transition temperatures
were determined from the peak maxima of the first heating run
and are listed in Table S1 (Supporting Information). Thermo-
gravimetric analysis (TGA) was performed on a Mettler TA-
300-thermal analyzer operating under air atmosphere. The
samples were heated from 0 to 700 °C with a heating rate of
10 K/min. The decomposition temperatures determined at 5%
weight loss, lie above 300 °C for all polymers. Exact values for
the decomposition temperatures are listed in ref 21.

Wide-Angle Scattering Experiments. WAXS experiments
in transmission geometry were carried at a wavelength

Table 1. Properties of the Anthracene Containing Poly(p-phenylene—ethynylene)-alt-poly(p-phenylene—vinylene)s”

name AnE-PV R! R? R? R* M,, [g/mol] M, [g/mol] PDI soluble Tex [°C]
-aa octyl octyl octyl octyl b b b — 120
-ad octyl octyl decyl decyl 19300 54000 2.79 v 120
-ae octyl octyl dodecyl dodecyl 13300 26200 1.97 v 120
-ab octyl octyl 2-EHI 2-EH 40000 141600 3.54 v 120
-ac octyl octyl methyl 2-EH b b b — 120
-ba 2-EH 2-EH octyl octyl 25500 77800 3.05 v 120
-bb 2-EH 2-EH 2-EH 2-EH 15800 47200 2.98 v 120
—cc methyl 2-EH methyl 2-EH 47500 91900 1.91 v 190
-stat octyl octyl octyl octyl 27500 56000 2.04 v 120

octyl octyl 2-EH 2-EH

2-EH 2-EH octyl octyl

2-EH 2-EH 2-EH 2-EH

¢ R’ = side chains as defined in Figure 1(i = 1, 2, 3, 4; 2-EH = 2-ethylhexyl), M,, = number-average molecular weight, M,, = weight-average

molecular weight, PDI= polydispersity, their solubility in common solvents (see also Experimental Section), and T, =

filament preparation. ” Not determined.

extrusion temperature for



308 Macromolecules, Vol. 43, No. 1, 2010

/

scattered
beam

X-ray beam

Figure 2. Sketch of the transmission WAXS setup and principle of the
evaluation of the two-dimensional scattering pattern obtained for the
filaments.

A= 0.154 nm (Cu Ko radiation). A two pinhole collimation
system provides a beam of about 0.5 mm in diameter. The
diffraction pattern were recorded with a collection time of 1 h
(powders) and 3 h (filaments) on a two-dimensional area
detector (Bruker HI-STAR, 1024 x 1024 pixels). With the
detector located at a sample-to-detector distance of 7.5 cm
(determined by means of a silver behenate standard) a ¢ range
between 2 nm™ ! and 23 nm™ ! were covered (lg| = ¢ = norm of
the scattering vector). The ¢ resolution of the WAXS experiment
was estimated from the full-width-at-half-maximum (fwhm) of
the silver behenate Bragg peaks to be Agg = (0.43 & 0.02) nm ™
under the assumption that the peak broadening in the silver
behenate is solely due to limited instrumental resolution. For a
sketch of the setup, see Figure 2.

Filaments with a diameter of about 0.7 mm were prepared by
means of microextrusion at temperatures at which the polymers
are plastically deformable (190 °C for AnE-PVee and 120 °C for
all other samples). Filaments and powder samples were mea-
sured in quartz capillaries (Hilgenberg GmbH) with a diameter
of 1.5 mm. The two-dimensional data are corrected for back-
ground scattering from the quartz capillary. The detector pat-
tern obtained for the powder and filament samples were
subsequently radial averaged (over an azimuth angle of &=
0° to 360°) in order to obtain the radial averaged intensity /. For
the determination of the scattering intensities in the direction
perpendicular 7, and parallel to the filament axis fj, the data
obtained for the filaments were in addition averaged over an
azimuth angle of A® = 4£10° around the horizontal
(perpendicular to filament axis) and vertical direction (parallel
to filament axis), respectively (see Figure 2). The averaged data
are plotted as a function of the norm of the scattering vector
I | = g = 4m/A sin(0), where 20 is the scattering angle. From the
positions ¢* of the Bragg peaks the distance of the corres-
ponding crystal lattice planes d = 27/¢* can be derived. The
peak intensity as well as the widths of the Bragg peaks can be
taken as a measure of the degree of order. Because of the fact
that the density of the powder samples might vary from sample
to sample and with temperature, we consider the width of the
Bragg peaks to be the more reliable quantity for determing the
degree of order. The domain size £ can be understood as a length
scale over which positional correlations are present and can be
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estimated by the Scherrer’s formula & = 277/Ag” where Ag” is the
actual fwhm of the Bragg peak. The measured width Ag,, is due
to a convolution of the Gaussian shaped instrumental broad-
ening function and the actual width of the Bragg peaks Ag"
which can be approximated by a Lorentzian.'® The instrumental
peak broadening was estimated from a Gaussian fit to the silver
behenate Bragg peaks to be Agg = (0.43 £ 0.02) nm™ ' (see
above). On the basis of Ag,, and Agg the actual width of the
Bragg peaks Ag" of the polymer samples was determined
numerically. The number of lattice planes per domainn = &/d =
q*|Aqg* is discussed as a measure of the degree of order.

Photophysical Investigations. Fluorescence measurements
were performed with the CD900FS steady state photon count-
ing fluorescence spectrometer (Edinburgh Analytical Instru-
ments) with a high pressure xenon lamp as excitation source.
The spectral slit widths of the excitation monochromator and
emission monochromator were 0.9 and 3.6 nm, respectively. The
polymer filaments were fixed onto an adjustable xyz-support
and mounted into the spectrometer with the filament axis
parallel to the monochromator slits. The samples exhibit a very
large absorbance in the visible spectral region. In order to reduce
pre- and postfilter effects the frontal geometry was chosen for
excitation as well as for the measurement of the fluorescence.
Because of the nonuniform cylindrical shape of the filaments a
large amount of nonabsorbed excitation light as well as con-
tributions originating from nonregularly traveling excitation
light, appearing at other wavelengths superimpose the fluores-
cence. To minimize these contributions, the excitation and
emission wavelength were spectrally separated at least by 10
nm. The measured fluorescence spectra were corrected with
respect to the spectral characteristic of the spectrometer and
are presented as photon spectra but are not corrected with
respect to the flatness of the intensity distribution of the xenon
lamp in the used spectral region (500—700 nm).

Theory. In order to obtain structural information on (weakly)
oriented fiber samples Milberg proposed a simplified cylindrical
distribution function which can be easily obtained from the two-
dimensional detector pattern.'® ° The radial distribution func-
tion P(r) gives the number of interatomic vectors connecting two
scattering units at distance |r| = r. The cylindrical distribution
function P'(r,a) of an uniaxially oriented sample gives the
number of interatomic vectors connecting two scattering units
which make an angle a with the axis of orientation in real space:

1 aT
P(r) :i_/ P(r,o) sin o da (1)
0
The contribution to the total scattering intensity solely due to

nonisotropic scattering is then given by the Fourier transform of
the difference between of P'(r,a) and P(r):

| P —poexol 277 7 67

= 1(g.9) =3 Io(g) = (g @) )

Here, [by use of eq 1]

" TT
Ih(q) = / I(q, ®) sin ® dD
Jo

is the radial averaged intensity of the anisotropic two-dimen-
sional detector pattern. Thus, in the difference 7'(¢,®) all
isotropic contribution, e.g., due to nonperfect orientation or
amorphous parts of the samples, are automatically omitted.

Results and Discussion

DSC Measurements. The as prepared samples (powders)
show an endothermic transition at low temperatures
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Figure 3. Representative WAXS results obtained for the powder samples after different annealing steps. A sketch of the layered structure of the

nonamorphous AnE-PV polymers is also included.

(45 °C-75°C) and a broad exothermic transition at tempera-
tures between 170 and 250 °C in the first heating run only. No
transitions are visible in the subsequent heating and cooling
cycles. The DSC thermograms obtained during the first
heating run and a summary of the transition temperatures
are included in the Supporting Information, Figure S1 and
Table S1, respectively. In combination with the information
obtained from the scattering experiments these transitions
are presumed to originate from an order—disorder transition
(melting) of the side chains (low temperature transition) and
from a backbone-reorganization and high temperatures.
Because of the fact that these transitions are not visible in
the subsequent DSC cooling and heating runs they must
result from nonequilibrium structures frozen in as a result of
the preparation process. The absence of the low-temperature
transition in the subsequent DSC runs indicates that the side
chains are most likely not crystalline in the equilibrium
structure. The transition at high temperatures leads to
an improved interlayer stacking which is preserved during
cooling the sample back to room temperature and therefore
can be assumed to be the equilibrium structure (see also
scattering results). The backbone reorganization transition is

not visible for the samples which are according to the
scattering results amorphous.

Bulk Properties: Effect of Annealing. We investigated the
effect of annealing on the structural properties of the copo-
lymers AnE-PV. WAXS experiments were performed on the
as synthesized powders at room temperature, (1), at 100 °C
that is above the side chain melting temperature, (2), and at
210 °C where the anthracene containing copolymers are
known to undergo backbone reorganization, (4). In order
to study the effect of annealing on the structural properties at
room temperature, the samples were cooled down back to
room temperature and measured again after each annealing
step (3 + 5). Figure 3 shows the WAXS spectra taken at
different steps of the annealing procedure for some repre-
sentative samples: AnE-PVaa, -ab, -ba, and -cc and -stat. A
summary of the scattering spectra of all samples is given in
the Supporting Information (see Figure S2).

The WAXS experiments (combination of powder and
filament experiments) reveal that the polymers AnE-PVaa,
-ad, -ae, -ac, and -ab bearing linear octyl side chains at R!
and R? on the more rigid part of the conjugated backbone,
i.e. the arylene-ethynylene segment, as well as the statistic
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copolymer AnE-PVstat arrange in a stacked structure. This
layered structure comprises w—am-stacks of the backbones
(m—m-stacking distance d,,—,) which are separated by inter-
layers (distance di,,;) built by the side chains. For a sketch of
the structure see Figure 3. The first sharp Bragg peak
originates from interlayer stacking (see Figure 3 and Figure
S2). The distances of the crystal lattice planes diner = 27/
g er can be obtained from the positions ¢, of the Bragg-
peaks. Table 2 summarizes the interlayer distances dy .. The
peak intensity as well as the widths of the Bragg-peaks can be
taken as a measure of the degree of order. From the actual
widths of the Bragg peaks Ag .. (corrected for instrumental
broadening, see Experimental Section) the interlayer corre-
lations length &er = 27/Ag¥ e as well as the number of
interlayer lattice planes per domain njyer = &inter/dinter (S€€
Table 2) as a measure of the degree of order can be calcu-
lated. The peak positions ¢, the peak widths Ag# . and
the correlation lengths &, are listed in Table S2
(Supporting Information). Correlations along the backbone
direction, contributions from the (amorphous) side chains as
well as from w—s-stacking all appear as broad peaks in the
same ¢ region (10 nm '— 18 nmfl) and, thus, cannot be
separated for the powder samples. They will be discussed in
the context of the results obtained from filament samples (see
below).

The degree of order, measured in terms of N, increases
when the samples are annealed at temperatures above the
side chain melting temperature and backbone reorganization
temperature, respectively. An enhanced order can be pre-
served after both annealing steps if the sample is cooled back
to room temperature. For the polymers with all linear
substitution (AnE-PVaa, -ad, -ae) annealing results in an
increase in the degree of order by about 60% to 90% after the
first and an additional 100% to 140% after the second
annealing step. Interestingly, the polymer with the shortest
(octyl) and longest (dodecyl) side chains attached to the
vinylene unit [AnE-PVaa (1;,, =~ 18) and -ae (njer ~ 12)]
show a higher degree of order after both annealing steps
than AnE-PVad (7, =~ 7) carrying decyl side chains. At
T = 210 °C a particularly long ranged order is found for the
polymer AnE-PVae (n;,..; = 24) which cannot be preserved
when cooling back to room temperature. The partly asym-
metric substituted polymer AnE-PVac show a comparable
behavior. After the first annealing step the degree of order
increases by almost 200% to nj,er ~ 9 but heating to the
backbone recrystallization temperature leads to no further
improvement: the improved order at 210 °C (njyer &~ 15)
cannot be preserved when cooling back to room temperature
(Minter ~ 10). Obviously, in the polymers AnE-PVae and -ac
with the longest linear side chains or an asymmetric sub-
stitution at the vinylene unit, respectively, the optimal ar-
rangement of the backbone is disturbed below the side chain
melting temperature when the side chains, that are more
flexible at temperatures above the side chain melting tem-
perature, strive for optimal packing.

The samples AnE-PVab and AnE-PVstat containing
bulky 2-ethylhexyl side chains exhibit a smaller improvement
of the order at room temperature in response to annealing
(about 50% to 60% after the first and another 70% to 80%
after the second step). However, remarkably is the degree of
order (njner &~ 15) of the statistic copolymer AnE-PVstat
after both annealing steps which compares very well to that
of AnE-PVaa with all octyl substitution having the highest
degree of order. This is even more notable if one consi-
ders that the statistic copolymer contains a mixture of the
repeating units of the polymers AnE-PVaa, -ba, -ab, and
-bb and that the polymers AnE-PVba and AnE-PVbb with

Table 2. WAXS Results Obtained for the Powder Samples at Different Steps of the Annealing Procedure”
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interlayer distance and corresponding number of lattice planes 7, per domain. RT denotes room temperature. Distances are given in nanometers.
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2-ethylhexyl side chains attached to the arylene-ethynylene
units are amorphous (see below).

The polymers AnE-PVba and AnE-PVbb with bulky,
branched 2-ethylhexyl attached to the arylene-ethynylene
moiety exhibit only two broad peaks corresponding to the
nearest neighbor correlations of the backbones and side
chains, respectively. They show basically no long-range
order (Mjner & 1). The small sharp peak on top of the first
broad Bragg peak observed for the sample AnE-PVbb
reveals some crystalline fraction (see Figure S2 in the Sup-
porting Information) in the as synthesized sample which
however (almost) disappears if the sample is annealed at
210 °C. The as synthesized polymer AnE-PVba also shows a
second peak corresponding to a somewhat longer-ranged
structure. This peak cannot be resolved anymore as soon as
the sample is annealed at 100 °C.

The asymmetric substituted sample AnE-PVec, ie., R' =
R? = 2-ethylhexyl and R> = R* = methyl, shows a distinct
behavior. It is amorphous at temperatures up to about
100 °C. However, when the sample is annealed up to the
backbone recrystallization temperature it reorganizes into a
stacked structure comparable to that of the polymers bearing
linear octyl side chains at R' and R? (AnE-PVa.). The degree
of order (nj,r & 6) can be preserved when the sample is
cooled back to room temperature.

The absolute values for the interlayer stacking distances
determined after both annealing steps - which we consider to
correspond to the equilibrium structure - can be compared to
the calculated length of the fully extended side chains /g plus
the heigth of the phenyl ring (/p, & 0.24 nm). For details on
the calculation see Scheme S1 in the Supporting Informa-
tion. The interlayer distance is always smaller than 2/g¢c + [ py,.
If the side chains were in a fully extended conformation, this
would require a structure where the side chains from neigh-
boring back bones would either have to strongly interdigitate
or to exhibit a significant tilt relative to the backbone. Since
the endothermic peak of the side chain melting is missing in
the higher DSC runs there should not be significant side
chain crystallization leading to structures where the stacked
side chains arrange in well-defined digitated or tilted struc-
tures. Most likely they digitate in a loose manner. This would
be in accordance with the observation of phenyl ring correla-
tions between the stacked backbones and some preferred
orientation of the side chains perpendicular to the backbones
(see discussion of the filament scattering results). As ex-
pected as longer the linear side chains attached to the
vinylene unit as larger the interlayer stacking. However,
the increase in diy, is small (5%). Shorter (even though
more bulky) 2-ethylhexyl side chains or even asymmetric
substitution involving a small methyl group lead to a reduc-
tion of the interlayer spacing. Only for the fully asymmetric
substituted polymer AnE-PVce the interlayer distance sug-
gests an extended conformation of the side chains, provided
that the stacking takes place in such a way that 2-ethylhexyl
and methyl group stack on top of each other and build the
interlayer

Filaments: Determination of 7—s Stacking Distances. The
limited structural order in polymer crystals leads to signifi-
cant line broadening and the absence (fast decay) of higher
order scattering features. In addition scattering contribu-
tions from the amorphous side chains, from correlations
along the backbone direction as well as from z—zm-stacking
all contribute to the overall scattering intensity in a compar-
able q region. Therefore, distinction of the different scatter-
ing contributions is often difficult or impossible from
isotropic samples. Microextrusion does not induce crystal-
lization, it rather leads to an alignment of the microdomains
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in such a way that the backbones are oriented along the fiber
axis. Thus, the amorphous samples AnE-PVbb and -ba do
not show any alignment after extrusion. The two-dimen-
sional detector pattern are isotropic (see Figure S3).
Only first order correlation peaks corresponding to the
mean interbackbone spacing and the mean side chain dis-
tance, respectively, are visible. A two-dimensional detector
pattern (AnE-PVab) which is representative for those ob-
tained for the extruded filaments of the nonamorphous
samples is shown in the left part of Figure 4. The correspond-
ing q-cuts are also included: the radial averaged intensity 7 as
well as 7, and [j obtained for the direction perpendicular and
parallel to the filament axis, respectively. To Figure 4 analo-
gous presentations for all samples are summarized in Figure
S3 (Supporting Information). The sharp Bragg peaks at low
q values in horizontal direction are due to interlayer stack-
ing. At larger g values, peaks corresponding to w—zs-stacking
should appear in the same direction whereas Bragg peaks
resulting from correlations along the polymeric backbone
should appear in the vertical direction. No clear Bragg-peaks
can be resolved in the high q region even though the scatter-
ingis clearly asymmetric as can be seen from respective ¢ cuts
(see Figure 4 and Figure S3). The limited degree of structural
order of the samples, but in particular the isotropic scattering
contributions from the amorphous side chains appearing in
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Figure 4. Representative WAXS results (AnE-PVab) obtained for the
filament samples. Left: two-dimensional detector pattern. Right: corre-
sponding ¢ cuts, £ (blue) and 7, (red), as well as the radial averaged
intensity / (black).
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the same ¢ region as well as not perfect alignment of the
microdomains after microextrusion makes a direct evalua-
tion of the unisotropic scattering spectra impossible.

However, one can discriminate isotopic contributions by
subtraction of the radial averaged (® = 0 to 27) intensity
I from I and I,. In order to obtain sufficient statistics the
latter were averaged over an azimuth angle A® = + 10°
around the vertical (I to filament axis) and horizontal (L to
filament axis) detector direction, respectively (see Figure 2).
In this way the purely anisotropic scattering contributions
parallel Ij, and perpendicular 7, to the filament axis are
obtained (see also Theory Section). Figure 5 presents the
results for all nonamorphous samples. Table 3 and 4
summarize the lattice plane distances as well as the number
of planes per domain determined from the peak positions
and widths observed in £, and 7,,. The peak positions, the
peak widths and the resulting correlation lengths are pre-
sented in Table S3 (Supporting Information).

The q cuts perpendicular to the filament axes 7,, show
peaks originating from interlayer and w—am-stacking. The
interlayer stacking has been already discussed on the basis of
the results obtained for the powder samples. The interlayer
stacking distances di ., of the filaments are summarized in
Table 3. Despite for the polymers AnE-PVaa and ac there is
within the error bars quantitative agreement between the
interlayer distances obtained for the filaments and corre-
sponding annealed powder samples, respectively. Note that
extrusion has been performed at 190 °C for AnE-PVce and
120 °C for all other samples in order to allow for plastic
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Figure 5. Scattering intensities perpendicular and parallel to the fila-
ment axis after subtraction of the isotropic contribution. The lines
denote the peak positions listed in Table S3. For better visibility the
curves are shifted along the y-axis.
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deformation. Deviations observed for the two samples,
AnE-PVad and -ac, are most likely due to the fact that the
annealing of the powder samples was performed at a lower
temperature (100 °C) than that used for extrusion. The
interlayer distances determined for the filaments are appro-
ximately 6% (AnE-PVad) and 5% (AnE-PVac) larger than
the values determined for the corresponding annealed
powder samples.

The m—m-stacking distances d,,—,, are presented in Figure
6. Table 4 summarizes the d,—, values as well as the
corresponding number of lattice planes per domain n,_.
The m—am-stacking distances are found to be the same d,—, =
(0.380 4= 0.002) nm for the polymers carrying all-linear side
chains (AnE-PVaa, -ad, -ae) as well as the partly asymmetric
substituted polymer AnE-PVac. The polymers AnE-PVab
and the polymer AnE-PVstat containing bulky, branched
2-ethylhexyl side chains have larger m—m-stacking distances,
dr—n= 0.386 and 0.393 nm, respectively. w—m-stacking
domains comprise 5 to 7 m—s-stacking layers for the polymer
with all-linear side chains (AnE-PVaa, -ad, -ae) and about
3 to 4 layers for the polymer containing bulky, branched
2-ethylhexyl side chains (AnE-PVab and -stat). Thus, even
though the polymer AnE-PVstat shows comparable degree
of order as the polymer AnE-PVaa in respect to interlayer
stacking the degree of order in respect to w—sm-stacking is
reduced and the m—s-stacking distance increased.

The asymmetric substituted polymer AnE-PVce shows a
distinct behavior. Note that extrusion was performed at
190 °C. Two peaks originating most likely from two poly-
morphs are observed: one with d,—,= 0.379 nm which
corresponds well to the value found for the polymers carrying
linear side chains whereas the second has a significantly lower
m—am-stacking distance d,—,= 0.344 nm. The lower 7—-
stacking distance goes hand in hand with a higher degree of
order. Positional correlations are lost over 8 (d,—, = 0.344 nm)
and 3 (d,—,= 0.379) lattice planes, respectively. The latter

Table 4. Emission Data of the AnE-PV Polymers Ordered with
Respect to Decreasing Emission Maximum together with the 7—n-
Stacking Distances d,,_,, and Corresponding Numbers of Lattice
Planes n,,_,, per Domain”

polymer AnE-PV Afo—0) Afo—1y dr—n [/ —
-cc 695 0.379 +0.004 32405
0.344 +0.002 8.44+0.8
-aa 620 685 0.380+0.002 6.5+0.5
-ad 625 685 0.380+0.002 47+0.3
-ac 620 685 0.381 +0.002 32403
-ae 620 680 0.380+0.002 47+0.2
-ab 620 680 0.386+0.002 42+0.2
-stat 620 675 0.3934+0.003 3.7+£04
-ba 650
-bb 605 650

“Underlined are the main emission peaks. Wavelength and distances
are given in nanometers.

Table 3. WAXS Results Obtained for the Filaments from 7, , and [, ,*

q cut AnE-PVaa -ad -ae -ab -ac -cc -stat

I, dipa 0.61£0.01 0.63£0.01 0.63£0.01 0.624+0.01 0.61 £0.01 0.61£0.01 0.62+0.01
Mio,1 3.7£03 2.7+0.2 23+0.1 45+0.5 39404 44104 5.5+0.7
dion 0.50+£0.01 0.51+0.02
N2 33403 32404
dios 0.4540.01 0.45+0.01 0.4540.01 0.43+0.01 0.4540.01 0.4740.01 0.4340.01
Mio,3 2.7£0.2 2.7£0.2 29+0.2 6.2+0.8 22402 2.74+0.2 2.74+0.2

L, inter 1.77£0.01 1.99£0.01 1.95+0.01 1.76 £0.01 1.60£0.01 1.53+£0.01 1.61 £0.01
Tinter 48+0.3 3.1+0.2 43+0.2 47+0.2 52404 54403 8.240.5

“diner = interlayer distance and dj,;, = stacking distances along fiber axis (i = 1, 2, 3) as well as the corresponding number of lattice planes per
domain, 7, and ny,, ;. Alignment temperature was 190 °C for AnE-PVee and 120 °C for all other samples.
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Figure 6. m—x stacking distances obtained for the nonamorphous
AnE-PV samples. Values are listed in Table 4.

value corresponds well to the value found for the polymers
carrying linear side chains at the arylene-ethynylene segment.

From Iy, correlations in the direction of the fiber axis
(backbone direction) can be determined. At maximum three
scattering contributions can be approximately distinguished.
The first peak [denoted (1) in Figure 5] corresponds
to a length scale of dj,;~ 0.62 nm which agrees well with
the dimensions of the phenylene—vinylene (PV) and pheny-
lene—ethynylene (PE) building units. Assuming a fully
extended conformation, the size of the PE and PV unit can
be estimated to be 0.71 and 0.66 nm, respectively (see
Figure 1). For details on the length estimation see Scheme
S1in the Supporting Information. However, experimentally
smaller dimensions are found (e.g., for poly(phenyl vinylene)
0.605 nm).>* Thus, most likely there is to some extent a
preferred stacking of the phenyl rings along the backbone
direction. Interestingly, if one compares the number of lattice
planes, ny,; and n,_,, better ordering in respect to 7&—a-
stacking does not necessarily lead to stronger correlations
along the polymer backbone. Polymers with bulky 2-ethyl-
hexyl side chains attached to the vinylene unit (AnE-PVab,
stat) as well as asymmetric substituted polymers (AnE-PVac,
-stat) exhibit stronger correlations (n, ;% 4—6) than poly-
mers carrying linear side chains only (7,2~ 2—3). Obviou-
sly, heterogeneous substitution imposes a more correlated
arrangement of the backbones (relatively to each other) than
attachment of side chains which are similar in nature
(all linear). Two further peaks corresponding to length
scales smaller than the backbone building unit can be
resolved, corresponding to lattice spacings (2) di,~ 0.50
nm and (3) dj,; with values of approximately 0.43 nm
for the polymers containing bulky 2-ethylhexyl side
chains, 0.45 nm for the polymers with linear side chains at
the arylene-ethynylene segment, up to 0.47 nm for the
asymmetric substituted polymer. These values for d, 5 cor-
respond well to the side chain stacking distance found
for alkyl substituted semiflexible polymers.>* The fact that
the side chains most likely contribute to the scattering /j,,
indicates that there is some preferred orientation of the side
chains perpendicular to the direction of the main chain.
The second peak (d,» ~ 0.50 nm) cannot be assigned
yet. However, it can only be clearly resolved for the poly-
mers containing branched 2-ethylhexyl side chains (AnE-
PVab, -stat) not including the asymmetric substituted poly-
mers (AnE-PVac, -cc).

Photophysics. The polymer filaments exhibit a well
measurable fluorescence with characteristic spectra in the
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Figure 7. Excitation (top) and emission spectra (bottom) of the
extruded fibers. Intensities are normalized to the peak intensities. For
better visibility the spectra are shifted along the y-axis.

region from 560 to 800 nm. The shape of the spectra is
essentially independent from the excitation wavelength
after excitation in the region from 450 to 600 nm. With
excitation above 600 nm in the region of the fluorescence
band only the longer wavelength part of the fluorescence
band is visible. Because of the unknown absorbed intensity
and the strong scattering effects no conclusions on the
fluorescence efficiency of the different polymers can be
drawn. Fluorescence excitation spectra were measured in
the region from 500 nm up to approximately 700 nm with
emission wavelengths around 700 nm. They show a nearly
flat intensity curve from 500 to 600 nm, but a pronounced
increased intensity at longer wavelengths. This and the
strong overlap of the excitation and emission spectra (see
Figure 7) lead to the conclusion that at least two different
emitting species on or near the surface of the polymer
filaments exist, in which the more red absorbing one exhibits
a higher fluorescence efficiency. However, measurements of
the emission and excitation spectra from microtome- (mt-)
sliced plane sections of filaments showed, that the cylindrical
shape of the filaments does not significantly degrade the
results obtained under our experimental conditions and that
the results are also representative for the interior of the
filaments.’

A general red shift of the emission spectra going from the
solutions over the thin films to the extruded fibers is obser-
ved. The solution and thin film results are presented in ref 21.
This is attributed to enhanced planarization of the conju-
gated backbones and organization in the bulk materials. The
emission spectra of the nonamorphous sample (AnE-PVaa,
-ab, -ac, -ad, -ae, and -stat) (see Figure 7) consist in general of
two broad, vibronic features with the main peak located
between 575 and 585 nm and a blue-shifted shoulder located
between 520 and 525 nm. The emission peaks determined by
a Gaussian fit are provided in Table 4 (rounded in 5 nm steps
taking into account the broadness of the peaks) together with
the m—am-stacking distance, d,—, and the number of lattice
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planes per domain n,_,. The data are ordered in respect to
decreasing main emission band.

The energy difference of approximately 1300 cm™' be-
tween the two bands is similar to that found between the 0 —
0 and 0 — 1 transitions in the solution and thin film emission
spectra.>'®> Thus, we can readily assign the shorter wave-
length band to the S;y — Sy radiative decay, originating
from isolated backbone fluorophores, and the longer wave-
length band as a superposition of the S;o— Sy, transition and
excimer-like emission resulting from enhanced planarization
and closer organization of the backbones in the bulk materi-
als. This interpretation is consistent with the observation
that the emission spectrum of the polymer AnE-PVece with
the smallest 7—s stacking distance only shows one peak at
695 nm. No emission from isolated backbone fluorophores is
observed. The emission spectra of the amorphous samples
AnE-PVba and -bb (Sl() - S()Q, 605 nm, Slo_’ S()], 650 nm) are
significantly blue-shifted compared to those obtained for the
nonamorphous samples. In the sample AnE-PVbb the S;, —
Soo radiative decay originating from isolated backbone
fluorophores represents the main emission peak. Thus, the
differences in m—m-stacking are well correlated with the
emission properties of the polymers. With the exception of
the polymer AnE-PVae (with the longest linear side chain
attached to the vinylene unit) one obtains that as higher the
d,— value the more blue-shifted is the main emission band.
No correlation is found in respect to the degree of order of
the m—s-stacking in terms of number of w—u lattice planes
per domain.

Conclusions

We studied anthracene containing poly(p-phenylene—ethynyl-
ene)-alt-poly(p-phenylene—vinylene) polymers with general consti-
tutional unit: (—Ph—C=C—Anthr—C=C—Ph—CH=CH—-Ph—
CH=CH-),, for applications as donor materials in organic photo-
voltaics by means of wide-angle X-ray scattering as well as by
fluorescence spectroscopy. In order to tune the interchain interac-
tion (r—am-stacking distance) and thus their structural and photo-
physical properties linear, branched as well as mixed linear and
branched alkoxy side chains, respectively, have been attached to the
backbone. The motivation of this study has been to characterize the
structural properties of these materials and to establish a correla-
tion to the emission properties of the polymers. Structural proper-
ties include the 7—7- and interlayer stacking, correlations along the
backbone as well as the degree of order of the stacking.

Special emphasis has been taken on an evaluation of fiber
spectra that allows the deduction of structural details of polymer
materials which most often show limited degree of order and thus
are difficult to evaluate due to line broadening and absence of
higher order scattering features. In addition isotropic scattering
contributions due to not perfect alignment and from the amor-
phous side chains often blur the results and make in particular the
reliable determination of the w—zm-stacking distance impossible.
We revisited the somewhat forgotten procedure proposed by
Milberg already in 1962 which allows the suppression of any
(arbitrary) isotropic contribution to the scattering from fiber
spectra. In this way, the purely anisotropic scattering contribution
can be separated.® 2 By this method, which we would like to
establish in the area of organic photovoltaics, we were able to
separate scattering features originating from correlations along the
fiber axis as, e.g., phenyl—ring correlation between different chains
along the backbone direction and from s—m-stacking, respec-
tively. Furthermore, it allows the quantification of the degree of
order in respect to the number of lattice planes per domain.

The polymers with all-linear side chains attached close to the
anthracenylene—ethynylene unit (AnE) show a layered structure
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comprising w—-stacks of the backbones which are separated by
interlayers built by the side chains. In contrast, attachment of
branched side chains at the AnE unit leads to amorphous
polymers. These structural differences are reflected in their
photophysical properties. The emission spectra show broad
emission peaks: one characteristic for isolated backbone fluoro-
phores and a second peak resulting from a superposition of the
Si0 = Sp; transition and excimer-like emission. The latter peak
results from enhanced planarization of the backbones due to self-
organization. In the amorphous polymers the contribution of
isolated backbone fluorophores becomes dominant whereas it is
suppressed in case that the 7—z-stacking distance becomes small.
The higher the d,—, value the more blue-shifted is the main
emission band. However, no clear correlation of the emission peak
position is found with respect to the degree of order of the 7—x
stacking in terms of number of 77— lattice planes per domain.

We also studied the effect of annealing and observed structural
transitions which can be attributed to melting of the amorphous
side chains and backbone reorganization, respectively. Both
transitions lead to enhanced order in terms of interlayer stacking.
For most polymers the increased order is preserved during
cooling back to room temperature, but in some cases a decrease
in structural ordering is observed. The decrease of structural
ordering is believed to result from a distortion of the polymer
backbone resulting from the strive of the side chains to find
an optimum arrangement. Once annealed, the polymers do not
show significant structural changes upon further heating. Struc-
tures that are stable over a wide temperature range should also
lead to a more stable performance of polymer-based photovol-
taic devices and, thus, should be beneficial for commercial
applications.
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