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A Strategy for Revealing the Packing in Semicrystalline w-Conjugated
Polymers: Crystal Structure of Bulk Poly-3-hexyl-thiophene (P3HT)**

Dmytro Dudenko, Adam Kiersnowski, Jie Shu, Wojciech Pisula, Daniel Sebastiani,
Hans Wolfgang Spiess, and Michael Ryan Hansen*

Polymers with extended m-conjugation and low band gaps are
of broad scientific interest because of their promising
applications as semiconductors in organic electronic devices.
Examples include organic photovoltaic (OPV) cells, organic
field-effect transistors (OFETs), and organic light-emitting
diodes (OLEDs) with optimized properties toward light
harvesting, charge-carrier mobility, and light emission,
respectively.!) Such polymers with lamellar m-stacks exhibit
phase separation with regions of high and low order, that is,
with crystalline and amorphous domains. This behavior is
typically referred to as semicrystallinity, which is well known
from polyolefins.”! The specific organization of the macro-
molecules depends on the processing conditions.’! Heteroge-
neous packing is also observed in photoconducting, columnar
structures based on discotic aromatic compounds.! However,
because the charge transport in such systems critically
depends on the local packing,! structural details at the
atomic level are of the utmost importance for material
development. X-ray diffraction (XRD), which is well estab-
lished in this area, requires high order, like that of single
crystals. Even from a fiber diagram, only information about
the relative assembly on a crystallographic lattice or chain-to-
chain and m-m stacking distances can be derived.’) Thus,
a “multi-technique” approach is required to elucidate such
structures.”’

Recently, the combination of nuclear magnetic resonance
(NMR) spectroscopy and quantum-chemical calculations of
NMR properties, such as isotropic chemical shifts, J-cou-
plings, and quadrupolar coupling parameters, has been
established as a powerful approach to elucidate the structure
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of microcrystalline materials with atomic resolution,”® often
referred to as NMR crystallography.”! In our study, we extend
this approach to include XRD to handle semicrystalline
polymers, for which single crystals are not available, placing
emphasis on m-conjugated polymers. Our strategy is based on
the use of XRD to assess long-range order from powder or
fiber diagrams, and to employ high-resolution 'H and “C
solid-state NMR spectroscopy to acquire molecular con-
straints. The latter technique exploits the sensitivity of NMR
spectroscopy toward local packing and conformations
through 'H and “C NMR chemical shifts and '"H-'H dipole-
dipole couplings (DDCs).'"! Quantitative and specific pack-
ing information is obtained from quantum-chemical calcu-
lations of chemical shifts with the aid of nucleus-independent
chemical shift (NICS) maps.'! The NICS approach is
particularly suited to quantify m—m stacking with "H NMR
chemical shifts as a fingerprint of lamellar structures in
polymers with extended m-conjugation. Specifically, we eval-
uated how the local magnetic fields are shielded (or
deshielded) by neighboring chains within a stack. This
evaluation enabled us to analyze the experimentally observed
differences between solution- and solid-state 'H NMR chem-
ical shifts. Thus, we were able to identify packing models that
are compatible with both the long- and short-range con-
straints, as obtained from XRD and solid-state NMR
spectroscopy. Below, we demonstrate that a determination
of the space group from XRD in combination with the
spectroscopic and computational methods allowed us to fully
determine the structure for such semicrystalline polymers.
In order to illustrate the potential of our strategy, we
chose poly-3-hexyl-thiophene (P3HT) as a prominent exam-
ple. It is one of the most frequently studied semiconducting
polymers because of its widespread applications in organic
electronic devices, resulting from its facile processability, high
charge-carrier mobility (up to 0.1 Vem?s™'), and environ-
mental stability."? P3HT is a semicrystalline polymer that
consists of a m-conjugated backbone with head-to-tail
arrangement of the polythiophene units and pendent alkyl
side groups.'”! Three thermodynamically stable phases were
reported for P3HT, termed phase I, II, and III. They are
characterized by 3D crystalline order, 2D crystalline order
with disordered side chains, and a layered phase of smectic
symmetry, respectively.* Herein, we focus on phase I of
P3HT, because this is the thermodynamically stable phase
that is observed after annealing. Therefore, phase I is the most
relevant structure for organic electronics, in which annealing
of the cast material is often performed."! We compare two
P3HT samples with different molecular weights and regio-
regularities: P100 (Sepiolid™ P100, My =60.0 kgmol™,

Angew. Chem. Int. Ed. 2012, 51, 11068 -11072


http://dx.doi.org/10.1002/anie.201205075

PDI=22, regioregularity=94%) and P200 (Sepiolid™
P200, My, =25.0 kgmol ™, PDI = 1.6, regioregularity > 98 %)
obtained from BASF, Ludwigshafen.

Numerous XRD studies on P3HT provided insight into
the crystalline structure of both bulk and thin-film samples, in
addition to establishing relationships between molecular
structure, packing, processing conditions, and charge-trans-
port properties.'?**) P3HT in bulk and in thin films predom-
inantly crystallizes in a monoclinic structure. Brinkmann and
co-workers recently reported a space group of P2,/c along
with unit-cell parameters a=1.60nm, b=0.78nm, c=
0.78 nm, and y=86.5° from electron diffraction on an
epitaxially grown P3HT thin film."" However, the unit-cell
parameters reported from XRD on bulk P3HT samples are
somewhat smaller (¢ =1.57 nm, b =0.77 nm, ¢ =0.77 nm),!'*
thus indicating that structural parameters of epitaxially grown
thin films may not be fully applicable to bulk P3HT. XRD of
bulk polymers allows the analysis of the crystalline structure
and the estimation of the phase composition at the same time.
This is particularly important for P3HT, because recent
studies of this polymer using NMR spectroscopy or differ-
ential scanning calorimetry (DSC) led to quite different
degrees of crystallinities.!”

To determine the unit-cell parameters and crystallinity for
the two different P3HT samples, the diffractograms were
deconvoluted into the individual contributions of amorphous
and crystalline parts, as shown in Figures 1 and S1 (in the
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Figure 1. Powder X-ray diffractogram for P3HT (P100). The inset
shows the derived monoclinic unit cell (¢ ==90°, y=287°) with red
numbers corresponding to the cell dimensions in nanometers. For
further details see the Supporting Information.

Supporting Information) for P100 and P200, respectively. The
analysis gave a monoclinic unit cell with lattice constants of
0.76 nm, 0.77 nm, and 87° for b, c, and vy, respectively. The a-
constants showed small differences for P100 and P200, with
1.63 and 1.64 nm for P100 and P200, respectively. This result is
in agreement with previously reported values for P3HT with
number-average molecular weights (M,) ranging from 15 to
30 kgmol 2.1 We attribute the small differences in a-
constants for P100 and P200 to the difference in regioregu-
larity (94% vs. >98%), resulting in a different packing of
hexyl side chains.>*1¥]
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In order to further characterize the packing in P100 and
P200, we recorded small-angle X-ray scattering (SAXS)
diagrams (see Figure S2). The absence of characteristic
reflections in the SAXS curves suggests that as-synthesized
P3HT adopts the form of nanowhiskers, as reported earlier.!"”
Recrystallization of P100 from the melt led to a lamellar
structure with a long spacing of about 14 nm (see Figure S2).
In contrast, SAXS patterns recorded for P200 before and after
melt-crystallization are identical. This indicates that recrys-
tallization of P200 does not alter its nanostructure.

Figure 2 shows solid-state NMR spectra of P100 and P200.
They include 2D homonuclear 'H-'H double-quantum/
single-quantum (DQSQ) correlation spectra (Figure 2a and
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Figure 2. 2D '"H-"H DQSQ correlation and 2D "C{'H} FSLG-HETCOR
spectra for the two different P3HT samples, P100 (a,b) and P200
(c,d), recorded at 20.0 T using spinning frequencies of 15.0 and

25.0 kHz, respectively. a, c) One rotor period of BaBa recoupling was
used. b,d) A cross-polarization time of 3.0 ms was employed. The
labels A, Cr, and HS refer to amorphous, crystalline, and hexyl side
chain, respectively. The asterisk in (d) indicates an artifact from the
carrier frequency.

c), and 2D heteronuclear “C{'H} frequency-switched Lee-
Goldburg heteronuclear correlation (FSLG-HETCOR) spec-
tra (Figure 2b and d) for measuring the spatial proximities of
proton—proton and proton—carbon atoms.” In the former
spectra, two intense 'HNMR resonances are observed:
a broad one centered at approximately 6.5 ppm (thiophene
protons), and a second one centered at approximately
1.5 ppm (hexyl side chains). These signals are spatially close,
as shown by the strong cross-correlation peaks located at both
sides of the diagonal (dpo= 8.0 ppm). Moreover, the signal
from the thiophene protons at around 6.5 ppm is split into two
overlapping resonances that are centered at 6.9 and 6.0 ppm.
Only the signal at 6.0 ppm displays an autocorrelation peak
on the diagonal (see Figure 2a and c). In liquid-state NMR,
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the thiophene protons resonate at J;,=6.96 (Figure S4).
Thus, the weak signal at 6.9 ppm in the solid phase of P3HT is
assigned to the amorphous fraction, which shows only limited,
if any m—m stacking. However, the signal at 6.0 ppm in the
solid phase of P3HT is shifted by 0.96 ppm to high field, which
is characteristic of signals that are subjected to m— stacking,
and is assigned to m—m-stacked P3HT polymer chains in the
crystalline regions. Furthermore, the autocorrelation peak for
the signal at 6.0 ppm demonstrates that the thiophene protons
in the crystalline fraction of P3HT have an internuclear
distance below 4.0 AU This result indicates an intermolec-
ular contact between adjacent layers of P3HT chains within
a stack, because the shortest intramolecular distance between
thiophene protons in regioregular P3HT is approximately
6.0 A.

The semicrystalline nature of P3HT is best appreciated
from the 2D *C{'H} FSLG-HETCOR spectra in Figure 2b
and d. Here, the >*C NMR resonances from the crystalline
regions appear as sharp resonances, while those from the
amorphous fraction manifest themselves as shoulders to
higher frequencies, most pronounced for the carbon site
that bears the thiophene protons (labeled orange). This result
illustrates that this position is particularly sensitive to local
packing. Moreover, the ®C resonances in the 2D “C{'H}
FSLG-HETCOR spectra are narrower for P200 than for
P100. This observation shows that the local ordering of the
polymer chains is higher in P200 with higher regioregularity,
thus reducing defects in the m-conjugation along the P3HT
polymer backbone.” These observations suggest that the
specific regioregularity plays a role that is as important as the
molecular weight with respect to the long-range charge-
transport properties of P3HT.™

Next, we addressed the different kinds of crystallinity for
P3HT, as deduced from XRD, NMR spectroscopy, and DSC.
The analysis of the diffractograms allows the determination of
relative crystallinity indexes (X,**P) by comparing integral
intensities of coherently scattered X-rays from the crystalline
and amorphous parts (Figures 1 and S1). This comparison
gives X, ®P values of 0.36 and 0.62 for P100 and P200,
respectively. From solid-state NMR spectra, the crystallinity
is obtained by deconvolution of 'H magic-angle spinning
(MAS) NMR spectra (Figure S5 and Table S3), giving X ¥
of 0.26 and 0.37 for P100 and P200, respectively. Interestingly,
the crystallinity from DSC (X,”5¢), determined for P100 and
P200 from melting peaks in DSC traces (Figure S3) of 0.05
and 0.13, respectively, are much lower than X,**” and X V¥~,
This result suggests that the reported enthalpy of melting for
P3HT of AH,,'™ =99 T¢I is most likely overestimated, as
already noted by Pascui et al.,l'"”! and that further elucidation
of the crystallization mechanism for P3HT should be consid-
ered. The crystallinities from XRD and NMR analyses also
differ; the values from NMR spectroscopy are systematically
lower than those from XRD. This is easily reconciled, as the
X-ray reflections from the crystalline parts are much easier to
quantify than the scattering from the amorphous regions.”"
X RP should be considered as the 3D crystallinity index,
whereas X,V reflects the absolute degree of m—m stacking
(1D) present in P3HT, a highly relevant parameter when
addressing the charge-transport properties for P3HT. X YR is

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

strongly related to how well the st-conjugated P3HT polymer
backbones stack, how ordered the stacks are, and most
importantly, how good the spatial overlap between neighbor-
ing P3HT chains is.*!

To combine the molecular constraints from solid-state
NMR spectroscopy and the unit-cell parameters from XRD,
we performed ab initio molecular dynamic (MD) simulations
and NICS map calculations under periodic boundary con-
ditions (see the Supporting Information for details). These
calculations take the dimensions of the monoclinic unit cell
with five polythiophene layers for the periodic boundary
conditions into account. Our model stacks were further
simplified by truncating the hexyl side chains to methyl
groups. Specific NICS maps were calculated for the position
of the innermost thiophene layer. The three packing models
considered for P3HT include the simple stacking of P3HT
polymer chains (Figure 3a), displacement of every P3HT
layer by one thiophene unit (Figure 3b), and flipping of every
other layer (Figure3c), corresponding to the symmetry
operations of the space group P2,/c.?) The red and green
arrows between thiophene protons in Figure 3 correspond to
distances above or below 4 A, respectively. Clearly, only the
models presented in Figure 3a and c fulfill the distance
constraint (<4.0 A), and the model in Figure 3¢ is favored
because of its better space-filling properties for the hexyl side
chains. A direct fingerprint of the packing organization in
P3HT can be obtained from the NICS maps (Figure 3). These
maps show that the "H NMR chemical shifts for the thiophene
protons (marked by a dashed black circle) are shielded in the

Figure 3. Packing models for P3HT considered in this work and their
corresponding NICS maps. The NICS color bar quantifies the NMR
chemical shift offset of the nuclei in a polymer chain induced by the
electronic ring currents of all neighboring chains. Red and green
arrows illustrate "TH-"H distances above and below 4.0 A, respectively.
The thiophene protons, marked by dashed black circles on the NICS
maps, give rise to homonuclear correlation peaks if the internuclear
distance is below 4.0 A.
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range from 1.1 to 1.6 ppm, depending on the packing
structure. This observation demonstrates the strong sensitiv-
ity of the thiophene proton chemical shift toward the packing
in P3HT, which again is in favor of the packing in Figure 3c. It
is highly rewarding that the only model that fulfills both the
distance constraint and the NICS map criteria is also the only
structure that is consistent with the space group P2,/c.

The final structure for phase I of P3HT is shown in
Figures 4, S6a and b. It accommodates extended hexyl side
chains, consistent with the “C{'H} cross-polarization (CP)/

Figure 4. a) Schematic drawing of a semicrystalline polymer with
regions of high (black) and low (grey) order. b) View along the stacked
P3HT structure, illustrating the alternating packing of P3HT polymer
chains. Green arrows indicate thiophene 'H-'H distances below 4 A
(Figure 2). For clarity, not all hexyl side chains are shown. Fractional
atomic coordinates can be found in the Supporting Information.

MAS NMR spectra spectra (Figure S7), which show predom-
inantly frans conformations. Moreover, it deviates from the
structure derived for epitaxially grown P3HT thin films,' in
which in particular the n—mn stacking distances differ signifi-
cantly, that is, 3.4 A versus 3.9 A determined here. The short
stacking distance of 3.4 A requires a 26° tilt of the P3HT
backbones with respect to the b-axis, accompanied by a shift
of 1.9 A along the c-axis (see Figure 8 in Ref. [16]). Both of
these structural features are absent in our structure (Figures 4
and S6), based on the observed 'H NMR chemical shifts,
which are particular sensitive to tilted m-stacks.'® NICS
calculations for the epitaxial P3HT structure (see Figure S6c)
show that the thiophene protons would then be shifted by
1.9 ppm to lower frequencies. This significant shift is not
observed for bulk P3HT and large tilt angles can therefore be
excluded. Thus, the differences between the two structures
suggest that the packing of P3HT in epitaxially grown thin
films might not represent that of the bulk structure. It remains
to be seen, which of the two structures is present in
P3HT:PCBM photovoltaic blends. Work along these lines is
in progress.

In this work, we introduced a new systematic strategy for
revealing the local packing in semicrystalline m-conjugated
polymers. Our strategy takes advantages of a “multi-tech-
nique” approach, in which unit-cell parameters are derived
from XRD, and molecular constraints are determined from
solid-state NMR spectroscopy. The parameters derived from
this strategy include the space group, that is, one of the first
steps in a conventional approach to solve a crystal structure,
distance constraints from 'H double-quantum NMR, and
chemical shifts. These experimental results are unified by
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quantum-chemical calculations, enabling the verification of
specific packing models insilico and quantification of -
stacking effects. To introduce our strategy, we fully deter-
mined the bulk structure for phasel of P3HT, which
crystallizes in the space group P2,/c. Our approach can be
compared with that employed for solution structures of
biomacromolecules through distance constraints (NOE) and
NMR chemical shifts.””) This, however, requires a large
number of NOE constraints, whereas in a crystalline solid, the
periodicity described by the space group gives access to the
full 3D structure from only a few constraints. Thus, our
strategy, which we propose to term “multi-technique crystal-
lography”, can be applied in general to provide quantitative
insights into the packing of semicrystalline polymers with
specific intermolecular packing features, such as hydrogen
bonds or stacking of aromatic moieties.
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