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New Concepts

Conjugated polymers possess a level of disorder which makes it hard to extract definitive information 
about the molecular packing within the unit cell from conventional X-ray diffraction. Resonant X-ray 
diffraction exploits energy-dependent variations in diffraction intensity across an absorption edge to 
extract more information from the few diffraction peaks that are available. Here we show that by 
harnessing additional polarization-dependent effects, the molecular orientation of the planar 
conjugated backbone with respect to the unit cell axes can be resolved. Understanding and exploiting 
this anisotropic resonant X-ray diffraction provides a new way to interrogate the crystalline structure 
of conjugated polymers, and is shown here to provide fresh insight into the crystalline packing of even 
the most well-studied conjugated polymer, P3HT.
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Resolving the backbone tilt of crystalline poly(3-hexylthiophene) 
with resonant tender X-ray diffraction
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Nagaraj Nayak,d Anil Kumar,d Peter A. Gilhooly-Finn,e, f Christian B. Nielsen,e Lars Thomsen,g 
Subhayan Roychoudhury,h Henning Sirringhaus,c David Prendergast,h and Christopher R. McNeill*b 

The way in which conjugated polymers pack in the solid state 
strongly affects the performance of polymer-based optoelectronic 
devices. However, even for the most crystalline conjugated 
polymers the precise packing of chains within the unit cell is not 
well established. Here we show that by performing resonant X-ray 
diffraction experiments at the sulfur K-edge we are able to resolve 
the tilting of the planar backbones of crystalline poly(3-
hexylthiophene) (P3HT) within the unit cell. This approach exploits 
the anisotropic nature of the X-ray optical properties of conjugated 
polymers, enabling us to discern between different proposed 
crystal structures. By comparing our data with simulations based 
on different orientations, a tilting of the planar conjugated 
backbone with respect to the side chain stacking direction of 30 ± 
5° is determined.

Introduction

Conjugated polymers possess electronic and optical properties 
that make them suitable for application in polymer solar cells, 
light emitting diodes, transistors and thermoelectrics.1-3 The 
pairing of optoelectronic properties typically found in inorganic 
semiconductors with physical properties associated with 
polymers provide conjugated polymers with unique qualities 
that are enabling low-cost, light-weight, mechanically flexible 

electronic devices. Many high performance conjugated 
polymers are semicrystalline, and it is well-established that the 
precise molecular-scale organization strongly affects the 
resulting semiconducting properties such as charge carrier 
mobility.4 Our ability to determine the molecular packing of 
conjugated polymer chains, even in crystalline domains is 
limited. While the packing of small molecule organic 
semiconductors can be precisely determined by measuring 
single crystals with X-ray diffraction and applying so-called 
direct methods, conjugated polymers possess a degree of 
disorder that prohibits such an approach. Even for the most 
ordered semicrystalline conjugated polymers there are not 
enough diffraction peaks for proper refinement of the crystal 
structure.5 Moreover, conjugated polymers can exhibit multiple 
low energy polymorphs that complicates analysis.6

The packing of semicrystalline conjugated polymer thin films 
has been studied with electron microscopy and X-ray diffraction 
techniques,7-9 though the useful information extracted from 
diffraction studies is typically limited to the dimensions of the 
unit cell and the orientation of crystallites with respect to the 
substrate. Recently we demonstrated the potential of resonant 
X-ray diffraction experiments for unlocking information about 
the molecular organization of conjugated polymer chains within 
the unit cell.10 Resonant diffraction exploits energy-dependent 
modulations of X-ray diffraction intensity as the X-ray energy is 
scanned across an elemental absorption edge.11 Conjugated 
polymers are typically based on light elements such as carbon, 
oxygen and nitrogen which have absorption edges in the soft X-
ray regime (~100 eV to 2000 eV); this limits their exploitation in 
resonant diffraction experiments due to their long wavelength. 
Many semiconducting polymers however contain sulfur as 
heteroatoms, with the sulfur K-edge located at ~2500 eV in the 
tender X-ray regime. This energy corresponds to a wavelength 
of ~0.5 nm which is small enough to permit interrogation of 
diffraction peaks corresponding to side chain stacking and 
backbone stacking. In our previous experiments we have 
demonstrated the ability of resonant X-ray diffraction at the 
sulfur K-edge to discern between different molecular 
conformers of the well-studied electron transporting polymer 
P(NDI2OD-T2).10 We have also described how the anisotropic X-
ray absorption properties of conjugated polymers such as 
P(NDI2OD-T2) result in highly anisotropic resonant diffraction 
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behaviour, with strong polarization dependent effects.12 
Furthermore, we have developed a numerical model that 
enables prediction of the resonant diffraction behaviour based 
on a given crystal structure enabling the predictions of 
molecular packing simulations to be directly compared with 
experiment. To summarise our progress with resonant tender 
X-ray diffraction so far, we have (i) shown how resonant 
diffraction can provide information about the relative positions 
of the resonant scatterers within the unit cell,10 and (ii) 
described the strong anisotropy of resonant diffraction and how 
it can be understood in terms of the anisotropic atomic 
scattering factors.12 In this contribution we show how the 
anisotropic scattering features can be interpreted which allows 
for a resolving of the titling of the conjugated backbone within 
the unit cell. This is analogous to angle-resolved NEXFAS 
spectroscopy13 which can determine the tilt angle of molecules 
with respect to a substrate, except that here we are able to 
selectively interrogate the crystalline fraction of the sample, 
and determine a tilt angle with respect to the unit cell axes.

Fig. 1 (a) Chemical structure of P3HT. (b, c) Proposed unit cells looking down the 
c axis after Kayunkid et al.,14 (b) and Dudenko et al.,15 (c). The red line represents 
the a axis of the unit cell (side chain stacking) while the green line represents the 
b axis of the unit cell (- stacking). The angle  is the angle between the a and b 
axes. (d) Schematic geometry of the transmission wide-angle X-ray scattering 
geometry used.

In this manuscript we also turn our attention to the most 
well-studied conjugated polymer, regioregular poly(3-
hexylthiophene) (P3HT), see Fig. 1(a) for chemical structure.16 
P3HT has been studied for over 30 years in polymer solar cells,17 
field-effect transistors18 and thermoelectrics.19 Despite its 
performance in many of these applications being eclipsed by 
newer materials, it is still a relevant material and more recently 
has found application as the hole transport layer in efficient and 
stable perovskite solar cells.20 Crystalline P3HT is known to 
exhibit different crystalline polymorphs.21 Like most conjugated 
polymers, P3HT has a relatively planar conjugated backbone 
and pendant alkyl side chains. The main function of the pendant 
side chains is to enable solution processability, but these side 
chains also strongly influence the supramolecular organization 
of conjugated polymer chains. Due to the chemical 
incompatibility between the aliphatic side chains and 

conjugated backbones, P3HT assembles into layers of -stacked 
backbones separated by layers of side chains. P3HT exists in two 
main crystalline forms distinguished by their side chain 
packing.21 Form I is characterized by a larger side chain stacking 
distance of ~16 to 17 Å corresponding to non-interdigitated side 
chains. Form II has a much shorter side chain stacking distance 
of ~13 Å with interdigitated side chains.22 Form I is found to 
form during the casting of thin films (as found in devices) while 
Form II requires special preparation conditions that promote 
the slow growth of crystals. Form I has thus been regarded as 
the kinetic product while Form II can be regarded as the 
thermodynamic product.4

Despite the importance of P3HT there is a lack of consensus 
regarding the exact unit cell packing of its crystalline forms. 
Even for Form I, there are different proposed structures which 
differ by their side chain angle, backbone tilt and relative 
position of adjacent backbones. Molecular 
mechanics/dynamics simulations of the solid state packing of 
P3HT indicate that the backbone adopts a planar all-trans 
conformation with extended side chains.4, 23 A range of 
structural models have been proposed on the basis of the 
refinement of diffraction data often in combination with 
molecular modelling.14, 15, 24-29 Two of the most refined models 
in terms of specifying precise locations for all atoms within the 
unit cell are given by Kayunkid et al.14 and Dudenko et al.15 who 
both propose that Form I of P3HT has a monoclinic unit cell with 
P21/c space group and two chains per unit cell. Both models 
have similar unit cell dimensions of 16.0/16.3 Å 
(Kayunkid/Dudenko) for the a axis (side chain stacking 
direction), 7.8/7.7 Å for the b axis (-stacking direction) and 
7.8/7.6 Å for the c axis (backbone stacking direction), with   = 
86.5°/87.0° (see Fig. 1). With these unit cell parameters two 
polymer chains are accommodated along the b axis, along with 
two offset chemical repeats along the c axis. Although these two 
models propose similar unit cell parameters, the model of 
Kayunkid et al. has a substantially larger tilting of the polymer 
backbone within the unit cell (tilt) compared to that of Dudenko 
et al., as shown in Fig. 1(b, c). The tilting of the conjugated 
backbone by ~ 25° with respect to the unit cell axes as proposed 
by Kayunkid et al. concurs with the findings of molecular 
dynamics simulations.4, 23 A substantial tilting of the backbone 
was excluded however by Dudenko et al. on the basis of solid 
state NMR data, with a more recent crystal structure proposed 
by Yao et al. also having minimal backbone tilt.29 It should be 
noted that the tilting of the backbones in the model of Kayunkid 
et al. is also accompanied by a lateral displacement of 
neighbouring thiophene rings which will have an impact on the 
charge transfer integral.30 Hence these different crystal 
structures should result in different electronic properties.

The sensitivity of near-edge X-ray absorption events to 
bond-specific molecular orientation provides a fresh 
opportunity to probe tilting of the P3HT backbone within the 
unit cell. In a near-edge X-ray absorption fine structure 
(NEXAFS) spectroscopy experiment, the absorption strength 
corresponding to a specific electronic transition depends upon 
the orientation of the transition dipole moment with respect to 
the polarization of the incident X-ray beam.13 The transition 
dipole moment for a given transition is determined by the 
geometry of the initial and final orbitals and has a specific 
orientation with respect to the molecular frame of the polymer 
backbone. While conventional NEXAFS spectroscopy can 
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measure the average tilt angle of the polymer backbone with 
respect to the substrate, it is equally sensitive to both 
amorphous and crystalline chains which limits its ability to 
specifically interrogate the crystalline phase.31 Furthermore, 
thin film samples with a high degree of texture (preferential 
orientation of the unit cell axes with respect to the substrate) 
are also required. This same bond-orientation sensitivity 
however is encoded in energy dependent resonant diffraction 
data. Moreover, this energy dependence of resonant diffraction 
data is associated exclusively with the crystalline fraction of the 
sample giving resonant X-ray diffraction the potential to 
exclusively probe the molecular orientation of the P3HT 
backbone with respect to the unit cell axes.

In this paper, we describe the use of resonant X-ray 
diffraction at the sulfur K-edge in combination with first-
principles calculations of X-ray absorption to resolve the 
molecular tilt of the polymer backbone in crystalline P3HT. 
These first-principles calculations enable us to determine the 
orientation of the transition dipole moments associated with 
the sulfur K-edge NEXAFS spectrum of P3HT with respect to the 
molecular frame of the P3HT backbone, and thus to establish 
the characteristic signature of the principal X-ray absorption 
spectra corresponding to polarization of the X-ray beam along 
the three orthogonal axes of the molecular frame. These 
simulations are then used to inform the reconstruction of the 
anisotropic atomic scattering factors from experiments. 
Comparing our experimental resonant diffraction data with 
simulated resonant diffraction profiles we find that a 
substantial tilting of the P3HT backbone is required to explain 
the experimental results.

Results and Discussion
Resonant diffraction experiments were performed on thin films 
in a transmission scattering geometry, see Fig. 1(d). Films were 
prepared by dissolving P3HT powder in chloroform and spin-
coating onto glass substrates pre-coated with a water soluble 
sacrificial layer of sodium polystyrene sulfonate. Films were 
then typically annealed in a nitrogen glove box to 250 °C which 
is above the melting point and then slowly cooled at 1 °C per 
minute through the crystallization temperature. Melting was 
confirmed by a colour change from dark purple to bright 
orange, with the sample changing colour again to dark purple 
after recrystallization. After annealing, films were floated off in 
deionized water and transferred onto silicon nitride 
membranes. Films annealed at other temperatures were also 
studied, though melt-annealing improved the signal intensity 
due to an increased degree of crystallinity and stronger in-plane 
scattering intensity which is important for transmission 
experiments. The characteristic side chain spacing derived from 
the position of the (100) peak for all samples were similar at ~ 
17 Å consistent with Form I packing. Batches of P3HT with 
different molar mass were also studied with further 
experimental details and experimental results provided in the 
Electronic Supplementary Information (ESI).

Fig. 2 (a) to (d): Two-dimensional WAXS patterns taken at (a) 2450 eV, (b) 2475.75 
eV, (c) 2477.5 eV and (d) 2500 eV. (e) Energy dependence of the diffraction 
intensity of the (100) peak across the sulfur K-edge. Black squares represent the 
radially averaged diffraction intensity. The red circles represent diffraction 
intensity along qhor corresponding to the electric field vector E being parallel to the 
side chain stacking direction. The green triangles represent diffraction intensity 
along qver corresponding to the electric field vector E being perpendicular to the 
side chain stacking direction.

Fig. 2 presents typical resonant diffraction data obtained for 
a 500 nm thick melt-annealed film with molar mass of Mn = 10 
kg/mol, Ð = 1.6 and a regioregularity greater than 98%. This 
batch of P3HT was produced by BASF (P200) and appears to be 
identical to one of the batches studied by Dudenko et al.15 
Although this film is relatively thick, X-ray absorption by the film 
is less than 5% and we do not observe any significant variation 
in our data for different film thicknesses (see ESI). Parts (a) to 
(d) in Fig. 2 show example transmission wide-angle X-ray 
scattering (WAXS) patterns taken at different energies across 
the sulfur K-edge. (Note that throughout this manuscript the 
reported energy values are in terms of the SMI beamline 
energy; compared with calibrated spectra taken at the Soft X-
ray beamline at the Australian Synchrotron all energy values are 
shifted higher by about 4 eV.) A single peak is seen at ~ 0.36 Å-1 
which corresponds to the (100) side chain stacking peak of 
“face-on” oriented chains. Grazing incidence WAXS patterns of 
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this sample can be found in the ESI. As the X-ray energy is 
scanned across the sulfur K-edge from 2450 eV (below) to 2500 
eV (above) changes in the diffraction intensity and background 
intensity are observed. An increase in background intensity is 
seen crossing the sulfur K-edge due to an increase in X-ray 
fluorescence from the sample. The energy dependence of this 
background fluorescence enables us to measure a sulfur K-edge 
spectrum of the sample, as described previously.10 Pronounced 
changes in the diffraction intensity of the (100) peak are also 
seen which are quantified by peak fitting. Fig. 2(e) plots the peak 
area of the (100) peak quantified by peak fitting that accounts 
for the varying background, based on 1-dimensional radially 
averaged line profiles, as well as for line profiles taken along the 
horizontal and vertical scattering directions. In addition to 
strong modulation of the diffraction intensity, we also observe 
pronounced diffraction anisotropy, with very different resonant 
diffraction profiles seen corresponding to diffraction in the 
horizontal direction and diffraction in the vertical direction. This 
diffraction anisotropy originates from the polarized X-ray beam 
(with the electric field vector (E) oriented in the horizontal 
direction) interacting differently with crystallites oriented with 
(100) direction parallel to E (corresponding to diffraction along 
qhor) and crystallites oriented with (100) direction perpendicular 
to E (corresponding to diffraction along qver).12 This diffraction 
anisotropy can also be seen in the 2D scattering patterns, with 
diffraction being more intense in the horizontal direction at an 
energy of 2475.75 eV (Fig. 2(b)), whereas diffraction is more 
intense in the vertical direction at an energy of 2477.5 eV (Fig. 
2(c)). Below the absorption edge (i.e. at 2450 eV) and above (i.e. 
at 2500 eV) the diffraction intensity is equal along these two 
directions. The data of Fig. 2 is also provided as a Movie in the 
ESI. It is important to appreciate that due to the geometry of 
the experiment, diffraction observed along the qhor direction 
arises exclusively from crystallites of P3HT with side chain 
stacking direction oriented parallel to E, whereas diffraction 
observed along the qver direction arises exclusively from 
crystallites of P3HT with side chain stacking direction oriented 
perpendicular to E. Thus although there is no macroscopic in-
plane alignment of crystals in spin-coated samples, it is possible 
to separately measure diffraction from crystallites oriented 
with side chain stacking direction parallel and perpendicular to 
E.

Spectroscopically, the resonant diffraction profiles shown in 
Fig. 2(e) are characterised by dips and peaks at different 
energies. For the radially averaged profile, there is a sharp 
minimum at 2475.5 eV and a sharp peak at 2477.5 eV with 
broader oscillations in intensity at higher energies. The resonant 
diffraction profile corresponding to diffraction with E parallel to 
the (100) direction is characterised by two minima at 2476 eV 
and 2477.5 eV, with similar oscillations at higher energies. The 
resonant diffraction profile corresponding to diffraction with E 
perpendicular to the (100) direction is characterised by a sharp 
minimum at 2475.5 eV and strong peak at 2477.5 eV. Thus these 
profiles corresponding to different orientations of the (100) 
direction relative to E are characterized by different 
spectroscopic features. Measurements on batches of P3HT with 
different molar mass also show the same spectroscopic features 

(see Fig. S3 in the ESI). In the following, these spectroscopic 
features will be related to different resonant transitions in P3HT 
and their associated anisotropic X-ray absorption properties.

To fully account for the anisotropic diffraction data of Fig. 2 
requires knowledge of the anisotropic atomic scattering factors. 
The intensity of a particular reflection  is 𝒉 =  (ℎ,𝑘,𝑙)
proportional to the square of the magnitude of the structure 
factor, i.e.,

      (1)𝐼(𝒉) = |𝐹(𝒉)|2

The magnitude of the structure factor varies with energy due to 
the energy dependence of the atomic scattering factors:

      (2)𝐹(𝒉) = ∑𝑎𝑡𝑜𝑚𝑠
𝑗 𝑓𝑗exp (2𝜋𝑖𝒉 ∙ 𝒓𝑗)

Here rj is the position vector of the jth atom in the unit cell 
(expressed in fractional coordinates) and fj is the energy-
dependent atomic scattering factor of the jth atom. The intensity 
of a particular reflection thus depends on the strength of X-ray 
scattering from each atom as parameterized by fj, and the 
relative position of the atoms in the unit cell along the   (ℎ,𝑘,𝑙)
direction. The unit cell models of Kayunkid et al. and Dudenko 
et al., for example, provide atomic position data which can be 
used for rj, and thus with knowledge of fj the resonant 
diffraction data can be computed. The output of calculations 
using different molecular models for rj can then be compared 
with experiment.10

Fig. 3 (a) Atomic scattering factors  and  of the sulfur atoms in P3HT based on 𝑓′ 𝑓′′
fluorescence NEXAFS data from the resonant diffraction experiment on the spin-coated 
sample in Figure 2. (b) Comparison of the calculated resonant diffraction profiles based 
on the unit cell models of Kayunkid et al. and Dudenko et al. with the experimentally 
observed radially averaged (100) peak area. The simulations in part (b) were performed 
using the atomic scattering factors in part (a).
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The atomic scattering factor f describes scattering of X-rays 
from an atom relative to that of a free electron. As well as being 
energy-dependent, the atomic scattering factor is complex and 
can be expressed as:

      (3)𝑓 = 𝑓0 + 𝑓′ +𝑖𝑓′′
The term f0 is independent of energy and can be approximated 
by the atomic number, reflecting the fact that a sulfur atom with 
16 electrons will scatter 16 times more strongly than a single 
free electron (ignoring effects due to the bound nature of those 
electrons). Electrons in an atom however are bound, and cannot 
be simply treated as free electrons. In particular, close to X-ray 
absorption edges there are strong interactions between the 
incident X-ray beam and the electrons which are described by 
the energy-dependent term . The imaginary part, , 𝑓′ +𝑖𝑓′′ 𝑓′′
describes absorption by the sample and can be determined 
directly from X-ray absorption spectroscopy measurements. 
The energy-dependent real component, , can then be 𝑓′
determined via the Kramers-Kronig relationship.32

Fig. 4 (a) Results of first-principles calculations of the X-ray absorption spectra of 
P3HT for different orientations of the incident X-ray polarization relative to the 
frame of the planar conjugated backbone. The inset defines the axes of the 
molecular frame which have been used to define the principal axes of the 
backbone. These calculations were performed on crystalline P3HT using the 
Kayunkid unit cell. (b) Experimentally derived principal X-ray absorption spectra 
of P3HT for different X-ray polarizations. 

For the carbon and hydrogen atoms in P3HT, tabulated 
values for f can be used as the X-ray energy is far enough away 
from any absorption edges. For the sulfur atoms in P3HT, f was 
determined from X-ray absorption spectroscopy 

measurements. For spin-coated samples such as those of Fig. 2, 
the NEXAFS spectrum derived from the fluorescence observed 
by the detector provides a spectrum that is radially averaged 
over all in-plane orientations. Fig. 3(a) shows the energy 
dependent radially averaged values of  and  derived from 𝑓′ 𝑓′′
the fluorescence data for the sample of Fig. 2. This data then 
enables calculation of the expected radially averaged resonant 
diffraction profiles corresponding to the models of Kayunkid et 
al. and Dudenko et al. The model of Kayunkid et al. predicts a 
stronger (100) diffraction intensity than that of Dudenko et al. 
by roughly a factor of two, see Fig. S6. However, since the 
observed diffraction intensity is not calibrated on an absolute 
scale, the predicted relative scattering profiles are compared to 
the experimental data in Fig. 3(b). Both predicted profiles were 
scaled to best fit the data using a least-squares approach. Better 
agreement (in terms of lowest sum-of-squares) is found 
between the data and the profile simulated using the model of 
Kayunkid et al., with 2 values of 0.20 for the Kayunkid model 
and 0.86 for the Dudenko model. In particular, the model of 
Dudenko et al. predicts a larger relative oscillation in the 
diffraction intensity than is experimentally observed. Although 
the Dudenko model better matches the data at higher energies, 
it is the resonant behaviour between 2470 eV and 2480 eV that 
is most sensitive to changes in the position of the resonant 
scatters (i.e. the sulfur atoms). The different predictions of the 
two models as shown in Fig. 3(b) are derived solely on basis of 
the relative positions of the sulfur atoms along the side chain 
stacking direction. The better agreement provided between the 
radially averaged data and the predictions of the Kayunkid 
model is the first indication that tilting of the molecular 
backbone provides a better explanation of the resonant 
diffraction data. Further scrutiny is provided by considering the 
full anisotropic scattering data, which requires knowledge of 
the anisotropic scattering factors.

To provide connection between the spectroscopic features 
observed with resonant diffraction and the underlying 
anisotropic molecular transitions at the sulfur K-edge, first-
principles calculations of X-ray absorption33 have been 
performed. Fig. 4(a) shows the calculated X-ray absorption 
profiles of crystalline P3HT (using the Kayunkid unit cell) 
corresponding to polarization of the X-ray beam oriented along 
the principal axes of the molecular frame of the polymer 
backbone. The inset to Fig. 4(a) defines the axes of the 
molecular frame, with x being oriented parallel to the 
thiophene ring plane but perpendicular to the backbone 
direction, y being oriented perpendicular to the thiophene ring 
plane, and z being oriented parallel to the backbone direction. 
The ability to define a coordinate frame for the P3HT backbone 
is enabled by the planar backbone of P3HT.

The three calculated X-ray absorption profiles are very 
distinct with spectroscopic features unique to each direction. 
Below 2480 eV each profile has a characteristic peak that is at a 
distinct photon energy. For polarization parallel to the x axis the 
dominant peak is at ~2478 eV with no strong resonances below 
this energy. For polarization parallel to the y axis the peak is 
located at 2476.5 eV, while for polarization parallel to the z axis 
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the peak is located at 2477 eV. The resonance at 2477 eV with 
polarization parallel to the backbone axis is particularly strong, 
consistent with previous observation that the dominant peak in 
the sulfur K-edge spectra of thiophene containing polymers is a 
1s  * transition12 rather than a 1s  * which is typically 
found at the carbon K-edge.31 First-principles calculations have 
also been performed on gas phase thiophene molecules which 
return qualitatively similar results in terms of dominant peaks 
and peak positions, see Fig. S7, however performing 
calculations on crystalline P3HT fully accounts for solid state 
effects. Calculations on crystalline P3HT using the Dudenko unit 
cell return similar results, see Fig. S8. Further details of the first-
principles calculations are provided in the ESI.

Fig. 5 Atomic scattering factors  and  corresponding to orientation of the X-ray 𝑓′ 𝑓′′
polarization along the three principal axes of the coordinate frame of the planar 
conjugated backbone.  

Fig. 6 Comparison of the calculated resonant diffraction profiles based on the unit cell 
models of Kayunkid et al. and Dudenko et al. with the data for the case when the X-ray 
polarization is perpendicular to the side chain stacking direction.

Fig. 4(b) presents experimentally derived X-ray absorption 
spectra of P3HT along the three principal molecular axes, x, y, 
and z. These spectra were determined by measuring angle-
resolved spectra of highly aligned films (prepared by mechanical 
rubbing) and edge-on oriented spin-coated films, with full 
details provided in the ESI. In short, as the z axis aligns with the 
polymer backbone direction, a spectrum with E preferentially 
aligned with z can be acquired by measuring a highly aligned 
sample with X-ray polarization parallel to the rubbing direction. 

For the x direction, angle-resolved spectra of edge-on oriented 
films were measured as a function of polar angle, with the 
contribution along the x direction greatest at grazing angles. A 
difference spectrum was calculated by comparing spectra at 
normal and grazing angles which was then used to extrapolate 
the measured spectrum until the unique spectrum shown in Fig. 
4(b) was obtained with zero resonance intensity at 2477 eV and 
below. The remaining y spectrum was generated based on the 
principle that the three component spectra should sum to 
reproduce a spectrum acquired at the so-called “magic angle.”13 
There is good consistency between the experimentally derived 
and simulated spectra. In particular, the z spectrum has a 
dominant characteristic peak at 2477 eV, with the y spectrum 
having its characteristic peak at a lower energy (2476.5 eV). 
Furthermore, the x spectrum has a distinct peak at higher 
photon energy (2478.5 eV) with zero resonance intensity at 
lower energies where the other two spectra have their 
characteristic peaks. Note that the simulated spectra in Fig. 4(a) 
do not include absorption resulting from transitions from 1s 
orbitals to the vacuum which results in a step-edge like 
absorption profile that accounts for the intensity in the 
experimental curves at photon energies greater than 2490 eV 
that is not present in the calculated curves. 

Fig. 5 presents the corresponding atomic scattering factors 
based on the X-ray absorption spectra shown in Fig. 4(b). As the 
z axis is perpendicular to the side-chain stacking direction,  𝑓𝑧′
and  can be directly used to calculate resonant diffraction 𝑓𝑧′′
profiles corresponding to the case when the polarization of the 
X-ray beam is perpendicular to the side chain stacking direction 
(corresponding data are the green triangles in Fig. 2(e)). Fig. 6 
compares the calculated scattering profiles with the data with E 
perpendicular to the side chain stacking direction. Excellent 
agreement is found between the data and the simulations 
utilizing the atomic positions from the Kayunkid model. The 
Dudenko model again predicts a larger relative oscillation in the 
data than what is observed experimentally.

Fig. 7 Influence of backbone tilt angle tilt on the calculated resonant diffraction profiles 
with comparison to data for the case when the X-ray polarization is parallel to the side 
chain stacking direction.

To reproduce the anisotropic resonant diffraction profile 
observed with E parallel to the side chain stacking direction, it 
is necessary to consider the possibility that the molecular axis x 
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does not line up with the side-chain stacking direction [100]. In 
the case of the Dudenko unit cell, these two directions are 
parallel, and hence the observed scattering profile (red circles 
in Fig. 2(e)) should be accurately reproduced using  and  𝑓𝑥′ 𝑓𝑥′′
from Fig. 5. However poor agreement is seen between the 
spectroscopic features seen in the data and the predictions 
based on a lack of backbone tilt. Fig. 7 compares the observed 
data (here the data presented is averaged over multiple data 
sets to improve the signal to noise ratio) with simulations using 
different molecular tilts of the backbone with respect to the unit 
cell axes. The data is characterized by two dips in the near-edge 
region, a smaller one at 2476 eV and a larger one at 2477.5 eV. 
The atomic scattering factors  and  are unable to 𝑓𝑥′ 𝑓𝑥′′
reproduce the dip at 2476 eV and predict a stronger dip at 
2477.5 eV than is observed experimentally. Spectroscopically, 
the dip at 2476 eV is associated with the y spectrum while the 
dip at 2477.5 eV is associated with the x spectrum. By 
combining linear combinations of these two spectra in the right 
proportion (and determining the corresponding atomic 
scattering factors), the resonant diffraction profile can be 
calculated based on different tilting of the molecular frame 
relative to the unit cell. Fig. 7 compares the calculated resonant 
diffraction profiles as a function of backbone tilt angle, tilt, with 
the experimental data. Varying the tilt angle brings about a 
continuous change in the relative prominence of these two 
spectroscopic features, with a value of tilt = 30 ± 5° based on 
how closely the simulations match to the data. This angle is in 
good agreement with the value of 26 ± 5° reported by Kayunkid 
et al. and rules out the model of Dudenko et al. that has no 
backbone tilt. Note that atomic positions from the Kayunkid 
model were used in the calculations of Fig. 7. To check for how 
sensitive the calculations are to the exact atomic positions used, 
the calculations were repeated but using the atomic positions 
of the Dudenko model. A similar outcome was achieved (see Fig. 
S18) with a tilt angle of tilt = 30 ± 5° again spectroscopically 
inferred. This observation indicates that the effects due to the 
anisotropic X-ray properties are able to more clearly distinguish 
between these two models as opposed to the effects due to the 
variations in the atomic positions. Note that our results do not 
prove the Kayunkid model, as we missing results for the (0k0) 
and (00l) directions and so cannot test the atomic position 
information along these directions. The (020) and (002) peaks 
are not accessible at the sulfur K-edge (the structure factor of 
the (010) and (001) peaks are zero), however resonant 
diffraction of poly(3-hexyl)selenophene34 at the selenium K-
edge is an intriguing possibility. Thus there could be other valid 
structures with a similar backbone tilt that would agree with our 
data, but they would also have to agree with other diffraction 
data on P3HT. 

By understanding and exploiting the anisotropic X-ray 
optical properties of P3HT which relate to the molecular frame 
of the planar polymer backbone, we have shown that resonant 
X-ray diffraction is able to unambiguously resolve the tilting of 
the P3HT backbone within the unit cell. This approach will work 
for any sulfur-containing crystalline polymer with planar 
conjugated backbone, or planar subsection of the backbone 

that exclusively contains sulfur. For example, even though the 
polymer P(NDI2OD-T2) does not have a planar backbone,35 the 
two thiophene units are co-planar allowing interrogation of the 
tilting of these thiophene units with respect to the unit cell axes. 
Indeed, the resonant diffraction profile of P(NDI2OD-T2) with E 
parallel to the side chain stacking direction also shows two 
characteristic near-edge dips, but in this case with the lower 
energy dip at 2476 eV being more prominent than the dip at 
2478 eV.12 Based on the observations here, a stronger dip at 
2476 eV would indicate a larger tilting of the thiophene units in 
the unit cell of P(NDI2OD-T2) as compared to P3HT. For 
polymers without an appropriate heteroatom for resonant 
tender X-ray analysis, chemical labelling for example via 
chlorination (the Cl K-edge is at ~ 2800 eV) could provide a 
means of probing molecular orientation within the unit cell. In 
such a case, the X-ray absorption would be expected to be 
strongest with E aligned parallel to the C-Cl bond axis. For 
polymers without a planar backbone, judicious chemical 
labelling of a subsection of the backbone could also permit 
analysis of the molecular orientation of said subsection within 
the unit cell. It is increasingly common for high performance 
donor polymers used in polymer solar cells to contain multiple 
heteroatoms36, 37 which could permit the use of multiple edges 
to separately probe the molecular orientation of subsets of the 
backbone.

Conclusions
The combination of resonant tender X-ray diffraction studies 
and first-principles calculations of X-ray absorption provide a 
new way to probe the molecular orientation of planar 
backbones within the unit cell of semicrystalline conjugated 
polymers. With knowledge of the anisotropic X-ray optical 
properties of the polymer backbone, the observed anisotropic 
resonant diffraction profiles can be interpreted. For Form I of 
crystalline P3HT studied here, a tilting of the planar backbone 
of 30 ± 5° with respect to the side chain stacking direction was 
determined, in agreement with the unit cell proposed by 
Kayunkid et al.
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