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ABSTRACT: The planar, aromatic nature of the backbone of conjugated polymers endows
them with anisotropic properties. Here we show that the resonant X-ray diffraction of a sulfur-
containing semicrystalline conjugated polymer at the sulfur K-edge is highly anisotropic, with
strong modulation of diffracted intensity depending upon the relative orientation of the
polarization of the incident beam with respect to the diffracting crystal planes. Through
determination of the anisotropic resonant scattering factors, we can spectroscopically reproduce
the observed resonant anisotropic scattering effects based on a proposed unit cell geometry for
the polymer.

Conjugated polymers have been intensely studied over the
past few decades for application in polymer solar cells,

field-effect transistors, light-emitting diodes, and thermo-
electrics.1 The optoelectronic properties of conjugated polymers
derive from the planar conjugated nature of the backbone.1

Flexible alkyl side-chains impart solubility, with many
conjugated polymers exhibiting a semicrystalline nature.2,3

The molecular packing of conjugated polymer chains strongly
influences the optical and electronic properties of these
materials, and being able to accurately characterize molecular
packing is critical for establishing structure−function relation-
ships.4 While many conjugated polymers are semicrystalline,
they are also paracrystalline with few diffraction peaks
observable with conventional X-ray diffraction. Recently we
reported strong resonant diffraction effects at the sulfur K-edge
of a well-studied conjugated polymer.5 The sulfur K-edge is
located in the “tender” X-ray regime, with an energy of ∼2500
eV corresponding to a wavelength of ∼0.5 nm. This enables
diffraction peaks corresponding to d-spacings of down to 0.5 nm
to be probed; while this is insufficient to directly observe π−π
stacking peaks, it is sufficient to study lamellar stacking peaks
and backbone stacking peaks in conjugated polymers. The
additional information provided by the modulation in diffracted
intensity with energy enabled us to discern between different
proposed unit cell packing geometries. Anisotropy in the
observed resonant diffraction was also noted but was not
explored in any depth or adequately explained. Aided by
improved data quality from a thicker sample and independent
measurement of the anisotropic atomic scattering factors, here
we report on and account for the spectroscopic signature of
anisotropic scattering.

The chemical structure of the polymer studied, poly([N,N′-
bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5′-(2,2′-bithiophene)), P(NDI2OD-T2), is de-
picted in Figure 1a. P(NDI2OD-T2) is a semicrystalline
electron transporting polymer with a relatively high electron
mobility6,7 and relatively high crystallinity.3,8 Like many
conjugated polymers, it adopts a lamellar crystal structure,9

with layers of extended π-stacked backbones separated by layers
of alkyl side-chains. The alkyl-stacking direction is indexed as the
a-axis of the triclinic unit cell, with the π−π stacking direction
indexed as the b-axis and the backbone direction indexed as the
c-axis (see Figure 1b). P(NDI2OD-T2) has two sulfur atoms per
repeat unit, which make it suitable for resonant diffraction
experiments at the sulfur K-edge.
Resonant X-ray diffraction was performed in transmission on

films 630± 30 nm thick supported by silicon nitride membranes
with 100 nm membrane thickness. Even with this thicker
sample, the X-ray transmission is still >98% through the sulfur K-
edge, (see Figure S1 in the Supporting Information). Films were
spin-coated from chlorobenzene (30 g/L, 2000 rpm spin speed)
onto glass slides coated with a water-soluble layer of sodium
polystyrenesulfonate (NaPSS). Films were then annealed at 210
°C for 20 min in a nitrogen glovebox and then subsequently
floated off onto deionized water and transferred to silicon nitride
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membranes. P(NDI2OD-T2) was supplied by Raynergy Tek
Inc. with a molar mass of Mn = 85.5 kDa and dispersity of Đ =
2.1. (Certain suppliers, commercial equipment, instruments, or
materials are identified in this paper to foster understanding.
Such identification does not imply recommendation or
endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.)
Resonant diffraction measurements were performed at the

Soft Matter Interfaces (SMI) beamline (Beamline 12-ID) at the
National Synchrotron Light Source II.10 Samples weremeasured
with the silicon nitride membranes normal to the incident beam.
Experiments were performed in vacuum with two-dimensional
scattering patterns recorded on a Pilatus 300K-W detector.
Scattering patterns were measured as a function of energy by
varying the photon energy between 2445 and 2500 eV, with
steps of 0.25 eV taken through the sulfur K-edge between 2470
and 2480 eV. The electric field vector of the incident polarized
X-ray beam was in the horizontal plane, coinciding with the x-
axis of the experiment frame, with the y-axis coinciding with the
beam direction and the z-axis being directed in the vertical
direction. Further details of the experiment and data reduction
can be found in our previous paper5 and in the Supporting
Information.
The two-dimensional transmission X-ray scattering pattern of

the P(NDI2OD-T2) film taken at 2450 eV (just below the sulfur
K-edge) is shown in Figure 1c. The P(NDI2OD-T2) film
exhibits a “face-on” texture,8 with grazing incidence wide-angle
X-ray scattering data provided in Figure S4. The first peak at q∼
0.25 Å−1 is the (100) peak, while the peak at q ∼ 0.5 Å−1 is a
composite of the (001) peak at 0.46 Å−1 and the (200) peak at
0.49 Å−1 8 (see also Figures S2 and S3). Spin-coated
P(NDI2OD-T2) films lack any long-range in-plane alignment,
with the nonresonant scattering pattern taken at 2450 eV
showing isotropic scattering features in the qxz plane. As the X-

ray energy is moved through the sulfur K-edge, the intensity of
these peaks is strongly modulated (see Video S1). Prominent
diffraction anisotropy is also observed as the X-ray energy is
moved through the sulfur K-edge, with variations in the relative
magnitude of diffraction along qx (i.e., parallel to the electric field
vector) and along qz (i.e., perpendicular to the electric field
vector). While there is not macroscopic in-plane alignment of
the crystallites, by observing the scattering pattern on a two-
dimensional detector, we can discriminate between crystallites
with backbones parallel and perpendicular to the polarization of
the incident beam. For example, the intensity of the (001) peak
observed on the detector along the qx direction directly
corresponds to polymer crystallites whose backbones are aligned
with the qx direction and hence are parallel to the beam
polarization. Conversely, the intensity of the (001) peak in the qz
direction corresponds to polymer crystallites whose backbones
are aligned with the qz direction and hence are perpendicular to
the beam polarization. Thus, by sampling the diffraction
intensity along the qx and qz directions, we can selectively
analyze crystallites with backbone alignment parallel and
perpendicular to the beam polarization. Figure 2a plots the
variation in the radially averaged diffraction intensity of the
(100) peak along with variations in the parallel (along qx) and
perpendicular (along qz) diffraction intensities of the (100)
peak. (Details of data reduction and peak fitting to produce the

Figure 1. (a) Chemical structure of the polymer P(NDI2OD-T2). (b)
Schematic of the unit cell geometry and proposed unit cell packing of
P(NDI2OD-T2) with the b-axis out of plane after Lemaur et al.9 (c)
Transmission X-ray scattering pattern of a P(NDI2OD-T2) film taken
at an energy of 2445 eV.

Figure 2. Energy dependence of diffraction intensity for (a) the (100)
peak and (b) the (001) peak. Symbols represent experimental data
while solid lines represent calculated intensities. Black symbols and
lines represent radially averaged intensity; red symbols and lines
represent intensity in the direction parallel to the electric field vector of
the beam; green symbols and lines represent intensity in the direction
perpendicular to the electric field vector of the beam.
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results of Figure 2 are provided in the Supporting Information.)
Figure 2b similarly plots the variations in diffraction intensity for
the (001) peak. Both (100) and (001) peaks exhibit strong
modulation in diffraction intensity as the X-ray beam is moved
through the sulfur edge. For each peak, there are also striking
spectroscopic differences between the scattering parallel and
perpendicular to the polarization of the X-ray beam, reflecting
different interactions of crystallites with the X-ray beam
depending on the relative orientations of the crystallites with
respect to the beam polarization. For the (100) peak, the parallel
scattering intensity is ∼1.8 times the perpendicular intensity at
2476.25 eV, with this anisotropy reversing at 2477.75 eV with
the perpendicular intensity then ∼2 times as intense as the
parallel intensity. For the (001) peak, the parallel intensity is
∼1.4 times the perpendicular intensity at 2476.75 eV, with this
anisotropy reversing at 2478 eV with the perpendicular intensity
then ∼2.4 times as intense as the parallel intensity.
To understand the origin of the observed diffraction

anisotropy, we turn to the theory of resonant diffraction. The
intensity of an observed reflection h = (h, k, l) is proportional to
the magnitude of the structure factor squared, that is

∝ | |h hI F( ) ( ) 2 (1)

The structure factor depends upon the type and relative position
of the atoms in the unit cell:

∑ π= ·h h rF f i( ) exp(2 )
j

j j

atoms

(2)

where rj is the location of the j
th atom in the unit cell and f j is the

energy dependent atomic scattering factor of the jth atom.
Changes in scattering intensity at resonance come about due to
the energy dependence of the atomic scattering factors. The
atomic scattering factors have a real and imaginary components
which can be expressed as

= + ′ + ″f f f if0 (3)

following the convention of the protein crystallography
community.11 The real component of the atomic scattering
factor is split into an energy-independent component f 0which
can be approximated by the atomic number Za in the forward
scattering limitand an energy-dependent component f ′. The
imaginary component of the atomic scattering factor f″ is related
to the imaginary component of the refractive index and can be
experimentally determined from absorptionmeasurements, with
the real component f ′ determined via the Kramers−Kronig
relationship.11 Note that the energy dependence of the atomic
scattering factors is related to the bonding in the material, and so
they are not purely “atomic” and need to be measured for each
different polymer studied as they will each have different
chemistry.
For anisotropic materials such as conjugated polymers, the

atomic scattering factors are tensors; as well as being energy-
dependent, f ′ and f″ will take different values depending on the
orientation of the polarization of the X-ray beam relative to the
unit cell.12 While dichroism of the X-ray absorption of
conjugated polymers is well-known,13 anisotropic resonant
diffraction effects have not been previously described, nor have
the anisotropic atomic scattering factors been determined. In
general, for a triclinic unit cell, the tensors f ′ and f″ will have six
independent elements:12

′ =

′ ′ ′

′ ′ ′

′ ′ ′

″ =

″ ″ ″

″ ″ ″
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i

k

jjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzz

i

k

jjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzz
f f

f f f

f f f

f f f

f f f

f f f

f f f

,
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u uv uw

uv v vw

uw vw w (4)

where the u- and w-axes are parallel to the a and c* directions
and the y-axis is orthogonal to u and w.12 To experimentally
determine f ′ and f″, a minimum of six X-ray absorption spectra
need to be measured with different orientations of the X-ray
polarization relative to the unit cell. To this end, angle-resolved
X-ray absorption measurements at the sulfur K-edge have been
performed on aligned P(NDI2OD-T2) films prepared by blade
coating.14 These X-ray absorption measurements were also
performed at the SMI beamline by using the Pilatus area
detector as a fluorescence detector. Seven spectra were acquired
with different relative orientations of the electric field vector
with respect to the alignment direction, with further details
provided in the Supporting Information. Following the
approach of Bricogne et al.,12 the full absorption tensor was
calculated with the cross-terms found to be negligible. Based on
the absorption spectra corresponding to the polarization aligned
along the three principal axes, the atomic scattering factors were
calculated (see the Supporting Information for more details).
The results are shown in Figure 3, with f u′ and f u″ being

applicable when the X-ray polarization is parallel to the lamellar
stacking direction, f v′ and f v″ being applicable when the X-ray
polarization is parallel to the π−π stacking direction, and f w′ and
f w″ being applicable when the X-ray polarization is parallel to the
backbone stacking direction. Based on previous observations
and calculations of the X-ray absorption spectra of thiophene
and thiophene-containing molecules and polymers,15−18 the
large peak in the f w″ spectrum corresponds to the 1s → (S−
C)σ* peak whose transition dipole moment is predominantly
directed along the backbone.19 The dominant peak in the f v″
spectrum that is∼1 eV lower in energy corresponds to the 1s→
(S−C)π* peak whose transition dipole moment is oriented
perpendicular to the thiophene ring and hence perpendicular to
the polymer backbone. These assignments are also consistent
with angle-resolved measurements of thiophene molecules on
metal surfaces.20 The higher energy peaks such as those that are
prominent in the f w″ spectrum are likely associated with 1s →
(C−C)σ* transitions. Using these anisotropic scattering factors,
we are then able to calculate the expected resonant diffraction

Figure 3. Anisotropic resonant scattering factors for the sulfur atoms in
P(NDI2OD-T2).
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profiles for the (100) and (001) peaks for scattering parallel and
perpendicular to the polarization of the incident beam. This is
achieved by computing |F(h)|2 according to eqs 1 and 2 by using
f w′ and f w″ for polymer chains whose backbones are aligned
parallel to polarization of the beam (that produce a (100) peak
along qz and a (001) peak along qx), and f u′ and f u″ for polymer
chains whose backbones are aligned perpendicular to the
polarization of the beam (that produce a (100) peak along qx and
a (001) peak along qz). The “Anti (R, S)” unit cell from Lemaur
et al.9 was used for the atomic positions, with further details of
the calculations provided in our previous publication.5

The calculated anisotropic scattering profiles are shown as
solid lines in Figure 2. Excellent agreement is found between the
experimental profiles and the simulated profiles, with all
spectroscopic features reproduced. The deviations from the
radially averaged profiles are all accurately predicted along with
the observed relative intensities of the spectral features. First-
principles calculations of X-ray absorption21,22 at the sulfur K-
edge are proposed which will help provide further physical
insight into the spectral features observed and to connect the
resonant diffraction effects to molecular anisotropy.
In summary, we have reported for the first time the

spectroscopic signature of anisotropic resonant diffraction of a
conjugated polymer at the sulfur K-edge. By determining the
anisotropic scattering factors from measurement of the proper-
ties of aligned films, we have also been able to theoretically
reproduce the observed anisotropic resonant diffraction
features, demonstrating the direct correspondence between
the anisotropic X-ray optical properties of these materials and
their anisotropic diffraction. Understanding of anisotropic
resonant diffraction is an important step in the development
of resonant tender X-ray diffraction to probe molecular
conformations within the unit cell of conjugated polymers.
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