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Abstract
An improved understanding of fundamental chemistry, electronic structure, morphology, and dynamics in polymers
and soft materials requires advanced characterization techniques that are amenable to in situ and in operando studies.
Soft X-ray methods are especially useful in their ability to non-destructively provide material or chemical moiety
specific information. Analysis of these experiments, which can be very dependent on X-ray energy and polarization,
can quickly become complex. Complementary modeling and predictive capabilities are required to properly probe
these critical features. Here, we present relevant background on this emerging suite of techniques. We focus on how
the combination of theory and experiment has been applied and can be further developed to drive our understanding
of how these methods probe relevant chemistry, structure, and dynamics in soft materials.
Keywords: polymer, resonant scattering, resonant reflectivity, NEXAFS, XPCS, simulations, in situ

1. Introduction
The intricate connections among chemical structure,
local intermolecular and global morphology, and kinetics in polymeric materials determine the fundamental
properties of many polymer-based applications. These
include flexible electronics [1–4], gas separations [5–
7], polymer electrolytes for batteries, fuel cells and water desalination [8–10], and lithographic patterning [11–
13] just to name a few. It has remained challenging
to fully understand the relationships between chemistry
and structure, and the growing demand to characterize
polymers under in situ or in operando conditions relevant to a specific application and as a function of time
creates additional challenges. Probing detailed information such as this requires advanced characterization
methods that need to be complemented by theory. Energy tunable soft X-rays are the basis for a unique set
of tools that are sensitive to molecular and electronic
structure, spatial and orientation information, and timeresolved dynamics.
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Soft X-rays span an energy range that includes the
core-level 1s electronic transitions (K edges) of some
of the most common elements found in polymers, for
example, carbon, nitrogen, and oxygen. Soft X-ray
spectroscopy has an inherent ability to not only selectively probe for the presence of these elements, but
also be sensitive to various bonding environments, functional groups, and the orientation of chemical moieties.
In addition to the chemistry, soft X-rays can be used
for energy-dependent scattering experiments that probe
spatial information and characteristic length scales that
range from a few to hundreds of nanometers. The
interdependence of spectroscopy and scattering allows
for unique capabilities to understand, for example, the
length scales associated with certain components, moieties or molecular orientations. However, understanding the relationships that connect molecular structure,
spectroscopy, and scattering can be very complex, and
complementary simulations are needed to build fundamental knowledge and help interpret experiments. An
improved ability to leverage theoretical predictions will
enable soft X-ray methods to move forward into the
realm of in situ characterization and bridge the gaps
among chemistry, morphology, and dynamics in polymers and soft materials in general.
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2. X-ray absorption spectroscopy and resonant scattering probe chemistry and structure
2.1. Connections between X-ray absorption and scattering contrast
Near edge X-ray absorption fine structure (NEXAFS) spectroscopy and resonant soft X-ray scattering
(RSoXS) and reflectivity (RSoXR) are naturally complementary techniques, and information regarding a materials absorption properties is needed to understand
RSoXS and RSoXR. Unlike hard X-ray scattering or
electron microscopy where contrast arises due to differences in electron density, at energies near an absorption edge the complex index of refraction, n(E) =
1 − δ(E) + iβ(E), and hence scattering contrast, varies
significantly as a function of energy. NEXAFS data provides information related to β, and this can be extended
in energy range and scaled based on a material’s composition using the Henke atomic scattering factor database
[14]. The real part of the index of refraction, δ, can
be calculated from β through a Kramers-Kronig integral relation and the resulting contrast between different
phases, ∆δ2 + ∆β2 , determined as a function of energy.
This procedure is often done for organic systems, and
an example is shown in Figure 1. It is clear that at energies near an absorption edge, scattering contrast even
between materials with similar electron densities can be
greatly enhanced. This is one of the main advantages
that soft X-rays have for characterizing polymers. However, the detailed connections between a materials absorption properties and resonant scattering can be challenging to discern, for example, contributions from specific chemical moieties or orientation effects. This is an
area where progress in effective combination of theoretical predictions and experiments are needed to improve
advanced characterization.
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Figure 1: Measured NEXAFS data can be scaled and extended with
the Henke database, as shown in (a). The inset shows a log-log plot
to demonstrate how the Henke database is used to approximate values at energies outside of where NEXAFS data was collected. The
real part of the complex index of refraction, δ, determined through
a Kramers-Kronig relation, is plotted with the imaginary part, β,
in (b). The example here is for a polythiophene, poly[3-(ethyl-5pentanoate)thiophene-2,5-diyl].

space imaging of thin films via scanning transmission
X-ray microscopy (STXM) [24–31].
NEXAFS spectra can be difficult to understand in detail, and complementary simulations are especially useful to help discern features such as contributions from
specific atoms to certain peaks or intensity changes due
to X-ray polarization and molecular orientation. Many
recent studies utilize density functional theory (DFT)
[32, 33] for predicting core-level transitions. Although
DFT is limited to ground state properties and reliable
predictions of excited states are more difficult [34], it
has proven successful for simulations of X-ray absorption spectroscopy [35, 36]. The advantages of combining NEXAFS calculations with experiment have already
shown success for polymer systems. Simulations based
on a single polymer repeat unit can already be helpful
in deconvoluting overall NEXAFS spectra into contributions from atoms at unique sites allowing for a better
understanding of features such as relative peak intensi-

2.2. Core-level X-ray absorption spectroscopy
Fundamental knowledge of NEXAFS is a prerequisite to also understanding RSoXS and RSoXR. The subtleties in scattering contrast between polymers stems
from the unique absorption profiles of each material.
Since NEXAFS is sensitive to specific functional groups
and bonds, materials that are composed of the same elements, for example polystyrene and polyethylene which
both contain just carbon and hydrogen, can have very
distinct NEXAFS profiles. NEXAFS is itself a useful
tool in polymer science, and has been widely used to examine thin film properties such as surface composition
[15–18] and molecular orientation in ordered polymers
[19–23]. Furthermore, absorption differences between
polymers can be utilized for chemical sensitivity in real
2

ties and origins of peak splitting [37, 38]. Calculations
can aid in determining the overall and intrachain orientation in polymers. For instance chains in rub-aligned
poly(tetrafluoroethylene) (PTFE) on gold tend to adopt
a helical over a zig-zag conformation, and this is determined by comparing experimental results to simulations of model oligomers in both geometries [39]. However, the chain conformation of PTFE may vary depending on specific sample preparation conditions. Calculations that take into account different electric field polarization directions can reveal overall chain axis orientation, for example, along the rubbing direction [40].
NEXAFS is sensitive not only to structure and orientation, but also changes in chemistry. Chemical reactions, such as site specific bond scission and ionic fragmentation, can occur as a result of core excitation [41].
This allows NEXAFS to inherently be an in situ probe
of soft X-ray induced chemical reactions and has been
demonstrated for poly(methyl methacrylate) (PMMA)
and poly-(isopropenyl acetate) (PiPAc) where a combination of experiment, DFT calculations and molecular
dynamics help understand scission of the C-O bond and
its relation to potential energy surfaces and bond elongation upon X-ray absorption [42].
Complementary NEXAFS predictions are also beneficial for functional polymers such as semiconducting [44] and ion conducting polymers. In semiconducting polymers electronic structure and molecular orientation are especially important for charge transport
and NEXAFS can provide information on these properties. Additional complications need to be considered
since the electronic wavefunctions in conjugated polymers are often delocalized over many repeat units [45].
Interpreting the NEXAFS profiles of complex molecular species is often based on the building block model,
where a compound is broken down into local subunits
(diatomic at the simplest level) to interpret overall spectra [46, 15, 47]. However, NEXAFS spectra of complex
molecular species and polymers are often more complicated than the building block model predicts [48],
especially in materials like semiconducting polymers
with their delocalized π electrons [49, 50]. This highlights the need for X-ray absorption spectroscopy simulations for these materials. Only limited work has been
done to predict NEXAFS of semiconducting polymers,
but these studies demonstrate its potential and utility.
For example, simulations have been able to help assign
core-level transitions needed for orientation analysis
[43, 20] (Figure 2), and help make connections between
excited state delocalization and the formation of free
charges versus excitons [51]. The combination of theory and experiment for X-ray absorption spectroscopy

a)

b)

c)

d)

Figure 2: Simulated carbon K edge spectra of N,N’-diphenyl urea (1)
and ethyl N-phenyl carbamate (2) are shown in (a). These calculations
based on monomer units help understand transitions in the experimental data of the polymer. These were done using the GSCF3 package which is based on the improved virtual orbital approximation that
takes into account the core-hole in the Hartree-Fock approximation.
The overall simulated spectra is shown (Sum) as well as the contributions from each distinct carbon atom. Reprinted from Ref [38], with
permission from Elsevier. An example of nitrogen K edge experiment
and simulations of a pyridal[2,1,3]thiadiazole-containing conjugated
polymer, PCDTPT, is shown in (b). Simulations were performed using the eXcited electron and Core Hole (XCH) approach [35]. Contributions from different electric field directions indicate that the first
three peaks are π∗ in character. This is supported by angle-dependent
experiments of aligned PCDTPT shown in (c). The lowest energy
electronic final state orbitals for the three distinct nitrogen atoms in
PCDTPT are shown in (d), revealing the varying degree of delocalization possible in semiconducting polymers. Adapted with permission
from Ref [43]. Copyright 2015 American Chemical Society.
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in functional polymers is still in its early stages, and
opportunities exist to improve fundamental understanding of how factors such as delocalized wavefunctions,
charge transfer, and backbone geometry influence NEXAFS spectra. Examples of polymer-based applications
that can take advantage of soft X-ray probes are presented in section 4.

of the polarization dependent absorption cross section.
Structural parameters such as the molecular tilt angle,
monolayer thickness, and packing structure were determined by fitting to experimental RSoXR [60], as shown
in Figure 3a and 3b.
Complementary to reflectivity, RSoXS has recently
emerged as an effective characterization tool for a range
of soft materials, including polymeric systems [61–
64, 21, 52, 65–67]. RSoXS has seen popular use for thin
films of conjugated polymer and complex organic semiconductor blends [68–72]. RSoXS has the ability to interrogate in-plane and out-of-plane structure since information from multiple scattering angles can be collected
simultaneously on a two-dimensional detector and experiments can be done in transmission and grazing incidence geometries. Similar to RSoXR, RSoXS takes
advantage of the energy and orientation dependent complex index of refraction near absorption edges to achieve
high contrast and chemical sensitivity. Consequently,
it is important to understand the complex index of refraction of the materials of interest, at least based on
NEXAFS measurements. Even a basic understanding of
the absorption differences among individual polymers
or components in a blend is sufficient to distinguish
differences in characteristic length scales, such as the
core vs. outer layer in structured polymer nanoparticles
[73] and distinct spacing of various phases in a cylinder
forming triblock copolymer [64] or a mesoporous block
copolymer film [74].
The transmission geometry and multiple scattering angles detectable in an RSoXS experiment enable
unique aspects of molecular orientation to be probed.
This allows RSoXS to go beyond RSoXR and investigate in-plane orientation with polarized incident Xrays. A unique feature in polarized scattering that is
often seen, especially in semicrystalline polymers, is
anisotropic two-dimensional scattering patterns (varying intensity as a function of azimuthal angle for a given
Q), which have been attributed to molecular alignment
at domain interfaces or fibrillar bulk ordering [75]. This
anisotropic scattering occurs in samples that are globally isotropic in-plane and the direction of scattering
intensity anisotropy changes with incident X-ray polarization direction, suggesting this feature arises due to
core-level transitions with specific dipole moment directions and local molecular arrangement. Several cases
of scattering anisotropy have been observed in blends
of conjugated polymers and polymer-fullerene blends
[68, 71, 70, 76, 72, 75], but it can also be observed in
a single semicrystalline polymer, as shown in Figure 3.
Depolarized diffuse scattering at large scattering vectors
and energies near absorption edges reveals short-range

2.3. Resonant reflectivity and scattering
RSoXS and RSoXR take advantage of the unique
core-level absorption profiles of polymers to provide
statistically averaged characteristic length scales related
to many factors including but not limited to, phase separation or molecular orientation [52]. As discussed in
section 2.1, there are important connections between the
real (δ) and imaginary (β) parts of the complex index
of refraction that need to be understood. At this fundamental level, RSoXR can be combined with NEXAFS, atomic scattering factors from the Henke database,
and the Kramers-Kronig relation to accurately determine δ and the index of refraction of a polymer in a selfconsistent manner without the need for separate mass
thickness measurements [53]. The unique features in
the index of refraction can be leveraged in RSoXR to
gain chemical specificity by tuning the incident X-ray
energy and probe orientation or composition through the
depth of thin film. For example, RSoXR can characterize roughness or interfacial width of buried polymer interfaces in bilayer or block copolymer systems [54–56],
which would be difficult to probe with hard X-ray reflectivity, and likely require chemical modification through
deuteration for neutron based experiments. RSoXR is
able to assist in characterizing phase separated block
copolymers to, for example, help distinguish between
vertical and parallel lamellae [57].
Many polymers, including conjugated or liquid crystalline polymers, have asymmetric properties and absorption peaks that correspond to transition dipole moments with well-defined directions that are localized to
specific chemical moieties. The control of X-ray polarization that undulator insertion devices provide allows
RSoXR an opportunity to probe molecular orientation
through the depth of a film, and this has been shown for
polymers [58] and organic ionic liquids [59]. However,
these properties also make it more difficult to properly
determine the optical constants from NEXAFS data, and
X-ray reflectivity can prove useful as a reference and
comparison for ab initio calculations of the dielectric
tensor [58]. This has also been demonstrated for a selfassembled monolayer of 1,4-benzenedimethanethiol on
gold, where the film’s anisotrpic dielectric constants
were determined based on ab initio DFT simulations
4
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Figure 3: Polarized soft X-ray reflectivity and scattering are sensitive to incident X-ray energy, molecular orientation, and overall structure. A
model of a self-assembled monolayer of 1,4-benzenedimethanethiol (BDMT) is shown in (a). Molecules were assumed to be standing up with
planes parallel to each other and a tilt angle relative to the surface normal, θtilt . The anisotropic absorption cross section was calculated for a single
molecule using DFT within the StoBe code [36]. In the lower panel of (a), the components of the absorption cross section, σ xm , σyn , and σzm ,
correspond to the electric field vector pointing along the xm , ym , and zm axes of the molecule, respectively. Grazing incidence (8◦ ) reflectivity as a
function of energy is shown in (b). Experimental data for s-polarization (top panel) and p-polarization (bottom panel) are compared to simulations
(solid traces) for a 1.5 nm thick BDMT film with varying molecular tilt angles. Reprinted with permission from Ref [60]. Copyright 2014 by
the American Physical Society. Semicrystalline polymers often have anisotropic two-dimensional polarized scattering patterns. The experimental
NEXAFS spectra of poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) is shown in (c). This is compared to XCH-calculated spectra of
a PVDF oligomer, broken down into contributions from the two distinct carbon atoms. Experimental two-dimensional RSoXS patterns depicted in
(d) reveal scattering anisotropy that changes with energy. Calculated final state orbitals at energies close to corresponding scattering patterns are
shwon in (e). This highlights how an understanding of NEXAFS transitions and transitions dipole moments are connected to polarized RSoXS.
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orientation fluctuations of functional groups, as shown
for atactic polystyrene [77]. Anisotropic scattering patterns can reveal orientation in liquid crystalline materials, for example, the half-pitch in a bent core liquid
crystal that forms a twisted smectic layer structure [78].
Furthermore, resonant scattering can uncover the spatial
periodicity in a twist-bend liquid crystal phase that has
no modulation in electron density [79].
A full understanding of the origins of this phenomenon is still underway [75], and challenges exist
due to the many details present, ranging from an understanding of the core-level transitions and orientation
dependence on the level of individual atoms and functional groups, to intermolecular interactions and local
and global phase separation and structure. A complicated problem such as this highlights the need for theoretical developments to help understand subtle connections between spectroscopy and scattering, and push the
capabilities of soft X-ray characterization forward.

In addition to elements with 1s absorption edges in
the soft X-ray regime, many polymers contain elements
with higher energy absorption K edges, for example
phosphorus (2.145 keV) and sulfur (2.472 keV). Even
though these K edges start to go beyond the energy
range of many soft X-ray beamlines, there is much interest to increase capabilities in this “tender” X-ray (2
keV-7 keV) regime. Although typically less common
due to the limited number of endstations that can perform XAS or RSoXS near the sulfur and phosphorus
K edges, notable work has been done on sulfur edge
XAS to probe molecular orientation of semiconducting oligothiophenes such as α-sexithiophene [80–82],
polythiophenes [83–85, 20], and low-bandgap donoracceptor polymers [84, 20, 86]. Assigning the transitions near the sulfur K edge is difficult not only because
of the limited body of work published, but also due to
challenges such as π∗ and σ∗ peaks being very close in
energy. For example, thiophene based molecules exhibit 1s→ π∗ and 1s→ σ∗ (C-S) transitions that are very
close in energy and hard to distinguish experimentally
[80, 87, 88]. Complementary XAS simulations have
seen only minimal use for the sulfur edge [86, 88], but
the framework based on DFT used for other elemental
edges, like carbon and nitrogen, works well at the sulfur K edge as well. Additionally, the L edge of sulfur
(about 160 eV-190 eV) is in an energy range accessible at soft X-ray beamlines and offers further opportunities to understand electronic structure and molecular
ordering [88, 89]. However, L edge calculations pose
added challenges and is an area that would benefit from
further developments. Predictions of L edge spectra require treatment via full relativistic spin-orbit coupling
and accurate description of the relaxation of a core-hole
electron, which is difficult for conventional plane-wave
DFT methods [90].
Resonant scattering near the sulfur K edge has potential for providing complementary structural information
of polymers and soft matter. It has proven useful in elucidating the internal structure of liquid crystals [91–93].
Resonant scattering at the sulfur K edge has rarely been
used in polymers, and only proof of principles has been
demonstrated [94]. There is room for growth in this
area not only for experimental development, but also to
expand our understanding of materials properties that
may be revealed through theory and experiment in this
regime of relevant X-ray energies.

3. Looking ahead: combining chemistry, morphology, and dynamics
The combination of X-ray absorption spectroscopy
with resonant reflectivity and scattering undoubtedly
can reveal critical information about chemistry and morphology in polymers and soft matter, not only in the
bulk, but also in thin films and at interfaces. There
is a need to understand this information in situ during
relevant operating conditions and as a function of time
to elucidate structural dynamics and chemical kinetics.
This will require even more insights from theory in order to go beyond modeling results after data collection
to predicting spectroscopy and scattering a priori.
3.1. Going beyond the carbon K edge
The majority of work done on XAS and RSoXS of
polymers focuses on the carbon K edge since carbon
is the most prevalent atomic species in these materials. There are often other elements present in polymers, for example, nitrogen, oxygen, fluorine, and sulfur, that can provide very useful complementary information. Moreover, since there tends to be fewer of
these elements in distinct bonding environments compared to carbon, theoretical modeling and experimental
data analysis can be more straightforward. For example, the nitrogen K edge can be used to quantify orientation in a planar conjugated polymer [43], as shown in
Figure 2. In this case, nitrogen atoms are only present
on the [1,2,5]thiadiazole[3,4-c]pyridine moiety in the
backbone making NEXAFS simulations, peak assignment and orientation analysis less complicated.

3.2. Simulating resonant X-ray scattering patterns
Scattering can be more challenging to interpret because information about characteristic length scales related to molecular packing, orientation, and morphol6

ogy are also encoded in scattering patterns. Simulations
of scattering patterns in the hard X-ray regime, where
scattering contrast is dominated by differences in electron density, have become prevalent [66, 95–97], but
very little has been done to predict soft X-ray scattering for polymer and soft material systems. The origins
of anisotropic scattering seen with polarized incident
X-rays has been explored for a rigid-rod type conjugated polymer system [75]. Gann et al. simulated twodimensional scattering patterns for various morphologies for a blend of a rigid-rod polymer, such as poly(3hexylthiophene) (P3HT), and an isotropic fullerene-like
molecule (PCBM). The morphologies included spherical domains of one component in a matrix of the other,
and vice versa, as well as a fibrillar polymer structure
in an amorphous matrix. The orientation of the polymer
chains relative to the fullerene domain at the polymerfullerene interface was also varied. The simulations
alone can reproduce similar anisotropic scattering patterns (Figure 4) and help understand experimental observations [75]. This demonstrates how scattering patterns can be predicted based on a known morphology,
but determining the precise morphology of a sample
with unknown structure remains much more challenging.
Scattering experiments performed in transmission geometry typically probe in-plane structure, but variation
of incident angle in combination with the contrast enhancement near resonance can allow for accurate determination of depth-dependent morphologies in ordered
systems. This has been demonstrated for self-assembled
block copolymer thin films, where resonant criticaldimension small angle X-ray scattering combined with
thorough data fitting reveal the specific domain morphology of vertical lamella through the film thickness
[98, 99].

Figure 4: Simulated resonant scattering patterns at different energies
(260 eV, 285.2 eV, 286 eV, and 289 eV) for various model morphologies. The morphologies shown are aligned P3HT fibrils in an amorphous PCBM matrix (A-D), P3HT molecules with cofacial alignment (face-on) (E-H) or chain axis perpendicular (edge-on) (M-P)
to embedded PCBM domains, and embedded P3HT domains in a
PCBM matrix with cofacial interfacial alignment (I-L) or perpendicular alignment (Q-T). Experimental scattering patterns of a spun-cast
P3HT:PCBM blend are shown (U-X) at different X-ray energies (270
eV, 285.2 eV, 286 eV, and 289 eV). All of the two-dimensional scattering patterns shown are plotted as qz (y-axis) vs. qy (x-axis) ranging
from -1 nm−1 to 1 nm−1 . Reprinted from Ref [75].

3.3. In situ and time-resolved studies for dynamics and
chemical kinetics
Advancements in polymer and soft matter based applications and technologies often depend on an understanding of how chemistry and morphology evolve in
response to specific processing conditions, for example, thermal annealing, strain, solvent evaporation, or
electrical biasing. Although examining structure preand post-processing is critical, a full understanding of
structure development and chemical changes requires
advanced in situ or in operando characterization that
can probe dynamics and chemical kinetics. In situ and
time-resolved investigations are more frequently done
with hard X-rays [66, 100–103] since experiments do
not need to be done under vacuum at these energies. The
7

high vacuum chambers used for soft X-ray experiments
makes in situ studies much more challenging, and further complications arise for scattering due to limitations
on sample-detector distance.
The growing capability to quickly collect large data
sets, especially for in situ experiments, creates a need
for fast and even real-time data processing methods.
This is actively being developed, especially for high
throughput hard X-ray scattering beamlines. Packages
such as HipGISAXS connect data collected at beamlines
to supercomputers for on-the-fly analysis and modeling [104, 95, 105], opening new doors to increasing the
efficiency of synchrotron experiments and understanding experimental results. Similar advancements are
needed to complement soft X-ray techniques as highthroughput, in situ, and more complicated experiments
become the norm.

also intrinsically sensitive to chemistry in addition to
characteristic length scales and in situ RSoXS studies
are needed to reveal information not easily probed by
hard X-ray scattering and for continued progress to understand the fundamental processes related to relevant
applications.
3.3.2. Probing changes in interfacial structure and
chemistry
Resonant reflectivity and scattering are useful tools
for investigating interfacial phenomenon such as interfacial width in polymers and molecular orientation at
domain interfaces as discussed in sections 2.3 and 3.2.
These capabilities lend themselves to future work that
understands interfacial processes under operating conditions or as a function of time, building off capabilities
of in situ NEXAFS as discussed in section 3.3.1. For
example, in a block copolymer, it is known that a neutral solvent that is equally soluble in both blocks reduces
the non-favorable interactions between blocks A and B,
lowering the Flory-Huggins interaction parameter, χAB .
The interfacial width, aI , is related to χAB by

3.3.1. In situ X-ray absorption spectroscopy
Simulations of core-level spectroscopy have already
proven critical in elucidating changes in chemical bonding in situ. Metal-organic frameworks (MOFs) are
coordination polymers with inherent pores from the
cage-like structure that can be appended with certain
chemistries, such as an amine functionality to selectively adsorb CO2 to great capacity, and possibly serve
as a catalytic center to derive useful chemicals from the
greenhouse gas. MOFs have received immense research
attention, and recent developments have focused on the
in situ monitoring of gas sorption in this hybrid organic
membranes from a structural and electronic point of
view. Recent work on a diamine-appended MOF reveals
a unique ‘phase-change’ that occurs upon adsorption
of CO2 . This leads to large CO2 separation capacities
that can be attained with small temperature swings and
low regeneration energies. This behavior is attributed
to the formation of ammonium carbamate chains that
form along the pores of the MOF due to adsorbed CO2
molecules that insert into metal-nitrogen bonds [106].
This unique chemistry was determined based on X-ray
spectroscopy measurements performed in situ at the nitrogen and oxygen K edges with varying amounts of
CO2 and compared to first-principles predictions on different adsorption structures. Theory verifies the specific
bonding configuration needed to produce the observed
changes in the NEXAFS spectra. In this case, the carbamate formed has a quasi-trigonal planar nitrogen and
is bound to the metal through the oxygen atom [107], as
shown in Figure 5. This underscores the need for predictive calculations to understand the subtle chemical
and bonding environment changes that can be revealed
by NEXAFS. The tunable energies in RSoXS make it

2b
aI = p
6χAB
where b is the segment length [108–110]. The energy tunability of RSoXS allows chemical sensitivity
between distinct blocks, and this can be leveraged to
selectively probe interfaces. The value of the invariant,
Q, defined for an isotropic material as
Z ∞
1
Q= 2
q2 I(q)dq,
2π 0
is reduced for diffuse phase boundaries relative to sharp
interfaces [111]. Therefore, the invariant can be used to
track changes in interfacial width as a function of various processing parameters. An example for cylinder
forming polystyrene-block-poly(2-vinyl pyridine) (PSb-P2VP) (Mn = 40-b-18 kg/mol) exposed to tetrahydrofuran (THF) (a nearly neutral solvent) to improve
long-range order is shown in Figure 6, similar to systems studied previously [101]. This demonstrates the
utility of using XAS and RSoXS to track not only interface localized changes in structure, but also changes in
chemistry under in situ conditions.
3.3.3. Time-resolved dynamics with photon correlation
spectroscopy
The time scales and dynamics of many polymers
are dominated by complex rheological processes spanning length scales from nanometers to micrometers. In
8
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Figure 5: Experimental (a) nitrogen K edge and (b) oxygen K edge NEXAFS spectra of the MOF mmen-Mg2 (dobpdc) in vacuum (activated) and
in the presence of 36.1 Torr CO2 gas. Note the oxygen K edge spectra was taken after exposure to CO2 . The main changes in the nitrogen K edge
spectra (red arrows) upon CO2 adsorption include a more pronounced pre-edge feature near 402.3 eV, an increase in intensity of the main peak
near 405.4 eV and its blushift by about 1 eV, and the appearance of a broad feature between 411 and 419 eV. The major change in the oxygen K
edge spectra is an increase in overall intensity and a new π∗ peak near 532.9 eV. All of these changes are captured in the DFT calculated spectra at
298 K (c,d) when the CO2 insertion structure chemistry (e) is assumed. Electronic final state orbitals corresponding to the transition near (f) 402
eV and (g) the π∗ peak in the oxygen K edge spectra is shown for the insertion structure. Red arrows indicate the excited atom. Similar electron
density distributions in both cases suggest the electronic structure is similar for transitions from both nitrogen and oxygen excitaitons. Reproduced
from Ref [107] with permission of The Royal Society of Chemistry.
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Figure 7: Plot showing the frequency-scattering wave vector domains
accessible by various spectroscopic dynamic techniques. Special emphasis is placed on differentiating the current status of XPCS from the
projected improvements upon completion of upgrades to synchrotron
facilities. Taken from [112].
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addition, the hierarchical internal structure inherent to
many polymeric materials causes them to flow over
long timescales, but respond elastically on much shorter
timescales [112]. This behavioral crossover can span
several orders of magnitude, thus calling for experimental techniques that are equally adept at accessing dynamic information over many scales. Recently, a coherent scattering technique known as photon correlation
spectroscopy (PCS) has been increasingly applied to the
X-ray photon regime and is an exceptionally well-suited
tool to interrogate polymer dynamics over such scales.
In short, PCS provides information on the dynamics of a
given system by measuring intensity fluctuations within
the scattering patterns that are produced by a coherent
source. It is often subdivided into two categories based
on the photon energy: dynamic light scattering (DLS),
which uses visible light generated by a laser to monitor motion and measure particle sizes down to the sub
micrometer-range; and X-ray photon correlation spectroscopy (XPCS), which uses X-rays to probe the dynamics of nanoscale inhomogeneities over a wide range
of timescales (about 10−3 to 104 seconds) [113–116].
However, in order to understand the role that modeling and theory play in realizing the potential of XPCS to
study polymer dynamics, it is important to review certain fundamental concepts such as the differences between coherent and incoherent scattering; the essential
theory behind the autocorrelation analysis used to dissect the subtle fluctuations in the time-dependent scattering data; and the experimental conditions required to

0.06

-1

q (Å )
Figure 6: Circularly averaged transmission resonant X-ray scattering
data of a PS-b-P2VP block copolymer taken at 285.2 eV, where good
contrast exists due to the dominant absorption from PS. Data is plotted as Iq2 vs. q and the area under the curve is related to the invariant,
Q. The green trace represents a sample that was exposed to THF solvent vapor until a swelling ratio (thickness of swollen film divided
by original thickness) of 1.6. The THF vapor leads to a reduction in
χAB since THF is a nearly neutral solvent for PS and P2VP, and better long-range order is indicated by the sharper, multiple order peaks.
However, the reduced χAB leads to more diffuse interfaces, revealed
through resonant scattering by the reduction the area under the curve.
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DLS in certain situations because 1) it enables high-q
dynamics and 2) it can probe samples that are opaque
or subject to multiple light scattering phenomena under DLS conditions. For example, the high q-range of
XPCS can be used to extract elusive surface dynamics
such as polymer chains and the relaxation rates of capillary waves on surfaces by directly probing a material in
a grazing incidence geometry [128–130, 112, 131, 132].
There are also many samples exhibiting long-term relaxations of interest, like “jamming systems,” where the
only way to distinguish slow sample movements from
random fluctuations is by analyzing the slow drift of the
speckle pattern. Such slow drifts cannot be observed in
a DLS experiment due to the beam size, while the usual
µm-scale beam used in XPCS can probe such flows.
Therefore, several methods developed for light scattering experiments are now used with X-rays. One example is a method called heterodyning that can be used to
obtain interferences between a reference and the sample. This provides correlation functions where heterodyning a sample’s diffracted amplitude against that of
a reference can be used for phases retrieval, separate
fluctuations from long-term flows [133], and mechanical relaxation from aggregate diffusion [134].
Another challenge is studying polymer dynamics in
the µs to ms regime, which will require sources with
greater coherent flux in order to obtain a useful signal
to noise ratio. The recent push to improve coherence
of many synchrotrons is an exciting development in this
regard [135]. Access to this temporal regime will enable a deeper understanding of polymer systems away
from equilibrium or near the onset of more complex dynamical heterogeneities. The detailed quantification of
such phenomena is critical to elucidating the arrested
states of systems. However, the autocorrelation analysis of the data produced by such transient states will require use of a more involved two-time normalized correlation function C(q,t1 ,t2 ) with normalized variance and
fourth-order (as opposed to traditional second order) autocorrelation functions. These complex autocorrelation
quantities will result from transient speckle scattering
patterns whose origin is likely to be chemical in nature.
Therefore, the development of XPCS capabilities in this
temporal regime will also rely heavily on complementary theoretical modeling of the absorptive and scattering properties of the polymer materials under investigation.
Future work must explore the dynamics of specific
chemistries. This will help achieve a better understanding of structure-property relationships and selectively
probe the dynamics of buried interfaces. Once again,
this can be achieved by combining XPCS with spec-

produce a useful scattering plot. First, the scattering
patterns from incoherent X-rays represents a statistical
average over many incoherent electron density regions
within the sample, which gives rise to an isotropicallybroadened scattering peak. On the other hand, coherent X-ray experiments produce a scattering pattern with
peaks composed of specific subregions with increased
intensity, or speckles. These speckles are formed as a
result of the mutual constructive interference of two Xray wavefronts, which originate from a given scattering
point. Thus, their inverse Fourier transform can give an
electron density distribution with nanometer precision.
Snapshots of speckle patterns are taken at various
time intervals, where their sequence reveals subtle intensity, I, fluctuations that can be analyzed by a second
order autocorrelation function, g2 , to extract correlation
times, τ, characteristic to each wave vector, Q, according the following relation,
g2 (t) =

I(τ)I(τ + t)
= 1 + A|F(Q, t)2 |,
I(τ)2

where the time spacing of the speckle sequence, τ, determines the timescale of the dynamics probed. Finally,
assuming a system with stationary dynamics around an
equilibrium (e.g. Brownian motion), a plot can be obtained as shown in Figure 8 where the intermediate scattering function, A | F(Q, t) |2 , can be modeled to extract
dynamic parameters.
Experimentally, the well-established autocorrelation
theory described above can only be applied if these
scattering events occur only once (limiting the thickness/density of the sample) and if the ergodic principle,
which assumes that no information is lost within each
snapshot time, is satisfied (limiting the short timescale
resolution). Multiple scattering can be avoided by using
a small micrometer sized sample (such as a single crystal). On the one hand, this can be very useful because
it circumvents the requirement of a small slit to induce
coherence since the sample itself will be the source. On
the other hand, this approach severely limits the range
of samples that can be used.
This divergence between the samples and length
scales that are accessible are what distinguish the applicability of XPCS from DLS. Currently, DLS is used
on a routine basis for the analysis of particle sizes in the
sub micrometer range; it provides an estimation of the
average size and its distribution within a measuring time
of a few minutes. However, improvements in the ability to model dynamic behavior and relate it to scattering
data has continued to make it a useful tool to study slow
effects such as swelling mechanisms and phase transitions [117–127]. Still, XPCS is considered superior to
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Figure 8: Resonant X-ray photon correlation spectroscopy experiment. a) The integrated intensity of resonant CDW peak in La1.72 Sr0.28 NiO4 as
a function of energy. The scattering intensity is strongly enhanced setting the energy to the Ni L3 -edge. b) A sample showing nanoscale phase
separation is illuminated by a coherent X-ray micro-beam. A time series of diffraction patterns is collected keeping external condition as stable
as possible. c) The time-dependent coherent diffraction patterns are characterized by the presence of speckles that represent the granular local
structure of the material showing an inhomogeneous landscape of charge-ordered
domains in the illuminated spot. d) In order to determine the
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correlation time τ that characterizes the CDW domains dynamic, the intensity autocorrelation function can be calculated. This would allow to
probe dynamics on timescales as short as the time spacing τ of the collected time series. Reproduced with permission from Springer [136].

troscopy. However, most of the resonance-enhanced
XPCS research up this point has been done using soft
X-rays on solid inorganic materials (Fig 8) [137–141,
136]. However, despite the thorough background shown
in the previous sections, resonance-enhanced XPCS still
has not seen use in polymers.
Since scientific content in XPCS often derives from
the deviation of the intensity correlation function from
simple exponential line shapes, reliable and precise line
shape theoretical analysis is fundamental to facilitating
the use of theory to rationalize XPCS results. As synchrotron sources improve their coherent flux, the improved signal to noise ratios will enable researchers to
reach even shorter timescales and probe more weakly
scattering materials. However, even though this will enable unique insights into a new realm of material dynamics and in-situ/operando experiments, understanding of such studies will hinge even more upon the presence of a solid foundation linking scattering and spectroscopy theory with experiments.

the simplest case of polymers of intrinsic microporosity
(PIMs), the membrane is composed of a neat polymer,
and the contrast is derived between the polymer and vacuum (which comprises the pores when under vacuum
conditions for measurement). These porous polymers
and their very small (<2 nm) intrinsic pores are ideal
structures for gas storage and separation [5, 7]. Essentially, the neat polymer comprises the matrix and provides mechanical integrity to the membrane, while the
‘unoccupied’ volume that arises from imperfect packing of rigid polymer backbones serves as the ‘highways’ for transport of ions, gas, or water, depending
on the chemistry of the polymer. One time-dependent
study using small angle (SAXS) and wide angle Xray scattering (WAXS) and molecular dynamics (MD)
simulations probes the dynamics of aging in microporous polymers with pore size <1 nm [142]. Physical aging is relevant because the closing of pores via
this mechanism can drastically reduce molecular transport. Runt et al. found that there are two distinct aging mechanisms in PIMs: decrease of pore volume fraction followed by pore shrinkage. In another strategy for
creating pores in polymer films for mesoporous conducting and storage membranes, inherently templating
polyethylene-b-polystyrene-b-polyethylene (SES) films
are impregnated with hPS and rinsed with selective solvent to generate pores within the PS domains that can be
further treated by sulfonation to enhance hydrophilicity
and ion conduction [74, 143, 144]. The structural analysis that is key to ion conduction will probe the location, size, and fraction of each block component relative to the generated voids, and RSoXS has been shown
by Balsara et al. to be the ideal tool for characterizing
these pores in heterogeneous soft matter membranes.
Without the contrast-matching resonance of RSoXS, it
would not be possible to distinguish between blocks and
determine the relative locations of the pores and hydrophobic and hydrophilic domains. Similarly, the same
group has mixed TiO2 nanoparticles into templated thin
films of PS-b-PEO battery membranes in an attempt
to block dendrite runaway growth during electrochemical cycling [145]. Using RSoXS and mechanical testing, it was found that there exists an ideal nanoparticle
loading near 20 wt.% that preserves the block copolymer ordering and optimizes the membrane toughness.
This type of study could be extended to in operando
RSoXS where membranes are cycled electrochemically,
and the changing morphology near the block copolymer
domains and nanoparticle interfaces can be probed.
Nafion is a well-studied material with a complex microstructure that is suitable for fuel cell, water filtration,
and solar-fuels generation membranes. It forms a very

4. Applications and outlook
The co-development of theoretical and experimental
tools for soft X-ray absorption spectroscopy and scattering is focused on characterizing soft materials undergoing dynamic changes in relevant device and material
application environments. In this section, two key areas of state-of-the-art polymer science that can greatly
benefit from this combined theoretical and experimental
approach of in-situ soft X-ray studies are highlighted:
polymer materials for gas storage, ion conduction, and
water filtration membranes and doped conjugated polymers for use in organic electronics.
4.1. Polymer-based membranes
For membrane materials in applications of fuel cells,
batteries, CO2 capture with hybrid organic frameworks,
and water filtration, it is critical to not only analyze
the morphology of the material designed and fabricated to assess its suitability for diffusion of ions, gas,
and water through its pores, but also to develop understanding for how the material behaves structurally
in operando. The use of soft X-ray spectroscopy and
scattering enable the contrast-enhanced probing of electronic structure and molecular to mesoscale material
structure in complex blends of polymers and organic
small molecules. The low energy of soft X-rays is
critical to generating enhanced contrast between similarly low-Z, carbonaceous components that only differ slightly in local chemical bonding environment. In
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heterogeneous structure in which long, parallel, but randomly packed inverted micellar cylinders are comprised
of the backbone on the outside and ionic side chains on
the inside, and water and ions are able to be transported
efficiently through this hydrophilic cylindrical micelle
core [146]. In situ grazing incidence SAXS (GISAXS)
has been used to study the existence of cylindrical domains of Nafion and how they swell during water treatment. Segalman et al. point out the importance of the
substrate interface on directing either in-plane only or
random orientation of cylinders; a random mixture is
better to maximize water, oxygen, and ion transport.
Thermal annealing during GISAXS revealed that water
uptake is restricted following extensive thermal processing due to the formation of Nafion crystals that begin to
take away from the compressibility of the Nafion matrix that allows substantial water uptake. The authors
are able to monitor the swelling of the Nafion pores with
water in real time with GISAXS [147]. Similarly, in-situ
SAXS on Nafion membranes in the bulk form shows
that there exists an enormous difference in time scale of
water uptake and swelling for membranes treated with
liquid versus water vapor. From these studies, the dspacing of the ‘ionomer’ peak is observed, which represents the spacing between randomly packed inverse
micellar cylinders of water transporting Nafion [148].
Some new preliminary RSoXS results reveal that the
polymer chains are partially oriented inside ionomer domains (inverse micelles) near the interface with adjacent
crystallites, and that this orientational ordering occurs
even before the crystalline phase begins to form [65].
Future studies should continue to use RSoXS to probe
the orientational and ionomer domain ordering, but in
a time-resolved in situ study in aqueous environments
with various salt and pH treatments. Using a solution
environment cell that is currently under development,
such studies will help to determine the molecular details of ionomer domain formation and to visualize the
swelling of these membranes during operation.

The use of first-principles calculations is especially
needed to understand details of electronic structure in
conjugated polymers and small molecules. Organic
semiconductors can have distinct NEXAFS spectra due
to unique electronic structure characteristics. For example, a biradical hydrocarbon that exists as a stable
radical with an unpaired electron in a singly occupied
molecular orbital reveals a very low energy NEXAFS
peak (283.4 eV), attributed to its low-lying lowest unoccupied molecular orbital [149]. Comparing experimental spectra to simulations can help determine where
on the polymer backbone (or small molecule) an excited state exists, and how the dopant may change the
local chemical bonding environment [51]. There have
been many examples of doping in conjugated polymers [150], using varied dopants from organic small
molecules to graphene oxide [151] and ranging in application from organic thin film transistors to sensors to
devices for the tissue-electrode interface in biology.
Efforts seek to understand how the dopant-host structure determines ionization processes and efficiency. For
example, the electronic structure of polyaniline (PANi)
was investigated by XAS at various doping levels by
organic acids. It was found with this soft X-ray strategy that doping occurs by protonation of the backbone
nitrogen sites of PANi and changes the local chemical bonding configuration by breakup of the quinoid
structure and disappearance of imine bonding, leaving
only amine bonding characteristics [152]. Cu and Fe K
edge NEXAFS were utilized in a different doping strategy to study the in situ electrochemical inclusion of Cu
and Fe species in poly(3-methylthiophene) (P3MT). It
was found that the Cu ion is an effective dopant for
P3MT through its complexation with the sulfur atom
within the backbone, following the reversible, timedependent CuII -CuI -Cu0 reduction process [153]. Analogously, NEXAFS was combined with DFT to probe
local conformation and electronic structure of P3HT
doped with F4TCNQ, a common p-type dopant for organic semiconductors. It was found that the dopant is
inserted into some crystallites of P3HT in a planar fashion such that cofacial stacking of the two species occurs
[154]. Another study confirmed that only some crystallites contain the dopant, and that weak and strong doping regimes occur [150]. In a similar polymer system,
PBTTT-C14 , in which the thiophene monomers of P3HT
are spaced farther by a thienothiophene unit, in situ
GIWAXS monitored the incorporation of the F4TCNQ
dopant [155]. A similar cofacial arrangement was determined that preserves planarity of the polymer backbone
within crystallites, but this time the polymer crystallites
all contain the dopant, and in nonrandom, correlated

4.2. Doped semiconducting polymers
The doping of conjugated polymers is a topic that
has attracted much interest, but unanswered questions
remain regarding the relationship of dopant-polymer
microstructure (dopant incorporation), ionization efficiency and resulting device enhancement by doping.
The combination of X-ray absorption spectroscopy and
resonant scattering have potential to probe changes in
electronic structure and corresponding spatial distributions that occur upon doping and help understand charge
transfer.
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locations. This correlated, nonrandom arrangement of
dopants throughout the semiconductor crystallites and
film has strong implications for transport models due to
the nature of charge hopping in these 1D-like semiconductors. The dopants in this study were also found to
cause crystallite contraction in the π-stacking direction
(b axis) and slight expansion and paracrystalline disorder in the alkyl-stacking direction (a axis). This wellthought study should be extended to other polymers and
dopants, for example using in situ ion gating where doping reversibility and effect of electrochemistry can be
investigated.
Challenges exist since a theoretical basis to predict
changes in X-ray absorption spectra for molecules that
have donated or accepted an electron is still not well
developed. This is needed to move forward in understanding the spatial distribution not only of the dopant
[150], but also of electrically doped sites within an organic semiconductor, which could be probed through
resonant scattering, even during device operating conditions.

far, and the potential power soft X-ray spectroscopy and
scattering have in determining a more complete picture
for these materials. Many other systems exist where
the combination of soft X-rays and electronic structure
modeling will be essential in studying the details of dynamic structure of soft matter under operating conditions.
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