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Molecular anisotropy effects in carbon K -edge scattering:
Depolarized diffuse scattering and optical anisotropy
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Some polymer properties, such as conductivity, are very sensitive to short- and intermediate-range orientational
and positional ordering of anisotropic molecular functional groups, and yet means to characterize orientational
order in disordered systems are very limited. We demonstrate that resonant scattering at the carbon K edge is
uniquely sensitive to short-range orientation correlations in polymers through depolarized scattering at high
momentum transfers, using atactic polystyrene as a well-characterized test system. Depolarized scattering is
found to coexist with unpolarized fluorescence and to exhibit pronounced anisotropy. We also quantify the
spatially averaged optical anisotropy from low-angle reflectivity measurements, finding anisotropy consistent
with prior visible, x-ray absorption, and theoretical studies. The average anisotropy is much smaller than
that in the depolarized scattering and the two have different character. Both measurements exhibit clear
spectral signatures from the phenyl rings and the polyethylenelike backbone. Discussion focuses on analysis
considerations and prospects for using this depolarized scattering for studies of disorder in soft condensed matter.

DOI: 10.1103/PhysRevB.90.104201

I. INTRODUCTION

Properties of polymers and soft condensed matter can be
strongly influenced by inherent structural disorder ranging
over length scales from molecular functional groups to
characteristic conformation and crystallization scales up to
sample dimensions. Charge transport in organic electronics,
for example, is sensitive to such short- and intermediate-
range disorder, whether it is along m-stacking directions or
conjugated chains. Structural disorder is often characterized
via scattering methods and modeled in terms of positional
pair-correlation functions. Molecular functional groups are
generally anisotropic, however, and disorder in their relative
orientation influences conductivity and can be distinguished
from disorder in their position. Furthermore, orientation
correlations generally evolve differently with distance than
do positional correlations and hence they will have different
Fourier spectra. Typical scattering probes of disordered poly-
mer structure (hard x rays, neutrons, and electrons) are not
directly sensitive to orientation correlations of organic groups
at important 1-100 nm length scales.

Resonant electromagnetic interactions are sensitive to the
orientation of anisotropic scattering entities through polar-
ization effects arising from off-diagonal scattering terms. In
the visible spectral regime interactions are generally resonant,
giving rise to depolarized scattering, optical activity in liquid
crystals, circular dichroism, and many other examples in which
molecular anisotropy is sensed [1—4]. Hard-x-ray scattering
typically results from the nonresonant, isotropic (Thompson)
part of the atomic scattering factor and so does not sense
molecular orientation directly. Resonant effects at core levels
of heavy species in molecular crystals [5—7] and at the sulfur
K edge in liquid crystals [8] sense molecular anisotropy
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more directly, activating otherwise forbidden reflections
in crystalline samples. Considering that x-ray-absorption
spectroscopy (XAS) at the carbon K edge (~290 eV,
A = 4.4 nm) senses strong anisotropy in oriented molecules
[9-13], resonant scattering at the carbon edge [14,15] is also
expected to sense molecular anisotropy in polymers, although
most early applications have assumed isotropic scattering
properties. Exceptions include laterally averaging specular
reflectivity measurements of large resonant birefringence in
graphite [16] and optical anisotropy in liquid-crystal polymer
[17] and self-assembled monolayer [18] films. By extension,
resonant depolarized (off-diagonal) scattering should result
from orientation fluctuations of functional groups at length
scales as short as A/2 = 2.2 nm and thus provide a probe of
orientational texture in the mesoscale spatial frequency range
that is currently unavailable.

Herein we report resonant depolarized resonant scattering
from short-range anisotropy fluctuations in polymers. We
chose to explore resonant anisotropy effects in atactic
polystyrene (aPS) for several reasons. It is a disordered
(amorphous) polymer containing two functional groups:
highly anisotropic, rigid phenyl rings attached to the flexible
polyethylenelike chain backbone as shown for a single
monomer in Fig. 1. The visible optical properties of aPS are
well documented [19-22], as is its hard-x-ray scattering in
small-angle [23-26], wide-angle [23,27-29], and surface-
sensitive [30-32] regimes. Spatially averaged anisotropy
in C K-edge XAS has also been reported [12,13]. These
experimental studies agree with theoretical models, making
it a well-characterized system with nontrivial and unexplored
resonant anisotropy behavior expected in diffuse scattering.
Orientation fluctuations of phenyl groups and backbone
segments scatter at relatively short chain conformation length
scales corresponding to g values accessible at the carbon edge
and below well-known amorphous charge-scattering peaks.
Finally, while the expectation of depolarized scattering from
orientation fluctuations was clear at the outset, it was not
obvious that it would be observable for reasons discussed
below.

©2014 American Physical Society
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FIG. 1. Polystyrene monomers CgHg consist of a relatively rigid,
planar phenyl ring attached to a relatively flexible polyethylene
backbone. Each phenyl ring has a unique axis along which its &
system resonates, while its C-C and C-H o bonds resonate normal
to this axis in the ring plane. The monomer backbone axis vector
spans the backbone segment as shown; backbone C-C and C-H o
bonds have largest projections along and orthogonal to this local
direction, respectively. With the two C-C backbone bonds shown
as solid straight lines in the plane of the page, all other monomer
bonds are generally out of the plane and the directions of the
backbone and ring axes do not coincide. In extended polymer chains,
bonding and steric constraints allow considerable freedom in the
orientation of the phenyl rings of different monomers. In atactic
polystyrene clockwise and counterclockwise azimuthal rotation of
adjacent monomers about their connecting bond is random, leading
to an amorphous structure with localized chiral regions along the
chains. Coarse graining at the monomer backbone and phenyl ring
level is assumed here and the spatial average and variation in the
orientation of these distinct monomer axes are the sources of the
optical anisotropy and depolarized scattering effects discussed.

Following discussion of samples and measurement con-
siderations, we present results first from low-angle specular
reflectivity and then from high-angle diffuse scattering mea-
sured with incident s and p polarization. We find molec-
ular anisotropy effects in spatially averaging reflectivity in
general agreement with previous studies and in depolarized
diffuse scattering from short-range orientation fluctuations. In
each measurement, contributions are found to originate from
both the phenyl rings and the chain backbone. Discussion
throughout centers on analytical considerations involved in
the measurements and their interpretation in light of previous
studies and concludes with considerations regarding the utility
of the observed resonant depolarized scattering in studies of
soft condensed matter.
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II. MATERIALS AND METHODS

A. Atactic polystyrene film samples

We investigate dried, toluene solvent cast films of atactic
polystyrene as both thick drop-cast and ultrathin spin-cast
films of several molecular weights summarized in Table I. This
range of samples ensures that the observed trends are general
and facilitates comparison with previous studies. Thick films
(t = 2 pum) were drop cast from solutions of 9.7 and 75.7
kg/mole PS onto oxidized Si wafers, leaving films that were
studied in both as-cast (samples Al and Bl) and vacuum-
annealed (A2 and B2) states. Ultrathin films were spin cast
from solutions of 32 kg/mole PS onto Si3N4-coated Si wafers
with thicknesses of + = 100 nm (C) and 20 nm (D). Samples
C and D spanned semitransparent membrane windows to
facilitate transmission measurements, although the reflectivity
and scattering data presented here were collected from regions
where the films were supported by the Si substrate. All material
had polydispersity index My /My = 1.05 — 1.06.

B. Resonant scattering measurements at the carbon K edge

Scattering and reflectivity measurements utilized Advanced
Light Source (ALS) beamline 11.0.1.2 equipped with an
elliptically polarizing undulator providing s- and p-polarized
first-harmonic radiation incident upon samples centered on
a two-axis goniometer [33]. To maximize sensitivity to
anisotropic bonding we focus on energy scans at fixed
angles rather than vice versa. An upstream, four-bounce,
Ni-coated mirror system rejects higher-harmonic radiation
to facilitate accurate spectroscopy in direct beam, specular
reflectivity R,/,(hv), and diffuse scattering intensity I, (hv)
measurements. A silicon diode measured the direct beam and
low-angle R;,,(hv) and the direct beam spectra were used to
normalize both Ry, ,(hv) and high-angle I;,,(hv) intensities.
The I/, spectra were measured with 6; = 30° using a silicon
CCD subtending 0.062 sr at 260 = 100°, yielding a scattering
vector q with magnitude ¢ = 2.2 £+ 0.07 nm™' at 285 eV
and oriented 20° off the surface normal. This ¢ is well below
the polymerization and amorphous peaks at 7 and 15 nm™!
measured with hard x rays [23,27-29], consistent with our
observation of weak, flat intensity across the CCD, whose
integrated signal is thus reported.

Linear polarizers resolve polarized from depolarized (ro-
tated) scattering components in the visible and hard-x-ray
spectral ranges. While specular linear polarizers exist in the
soft-x-ray range [16,34,35], they are inefficient. Because of the

TABLE I. Atactic polystyrene samples cast from toluene solutions.

Sample My (kg/mole) Casting method Postcast processing Thickness (nm) Substrate
Al 9.7 drop cast as cast 1612* oxidized Si
A2 9.7 drop cast vacuum @ 140 °C, 8 h 1623 oxidized Si
B1 95.7 drop cast as cast 2093¢# oxidized Si
B2 95.7 drop cast vacuum @ 140 °C, 8 h 2047* oxidized Si
C 32 spin cast vacuum, 3 h 100° Si3Ny-coated Si
D 32 spin cast vacuum, 3 h 20° SisNy-coated Si

#Measured using a visible reflectometer.
"Designed thickness (not directly measured).
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weak intensities and relaxed angular resolution in the diffuse
scattering measurement, we did not employ a separate linear
polarizer. Instead, we note that at 20 = 100° the samples
themselves act as linear polarizers, strongly suppressing
elastic polarized p — p scattering compared to s — s
scattering.

The weak diffuse intensity signal indicates that we must
distinguish between elastic scattering and possible inelastic
fluorescence intensity. While the fluorescence yield of 0.0025
resulting from carbon K-edge absorption is small [36], we
expect and find a contribution from fluorescence. As described
below, we eliminate unpolarized fluorescence by considering
I, — I.

Comparing spectra measured with incident s and p
polarization across the carbon edge requires care, as the
ubiquitous spectral signature of carbonaceous contamination
on beamline optics is itself anisotropic, signaling that con-
tamination layer bonding has, on spatial average, preferred
orientation. The optical effects of such contamination are
identical to those we are interested in measuring from the
aPS films in specular reflectivity. We assume the contamina-
tion is described by a spatially averaged, resonant, uniaxial
anisotropy with axis normal to the optical surfaces and
uniform in-plane properties. In this case, incident s and p
polarization will reflect from contaminated mirrors as the
pure linear components (without polarization rotation due to
resonant birefringence), thus preserving s and p character. Any
short-range heterogeneity in anisotropy or density will scatter
weakly out of the forward-scattered and specularly reflected
beams, as in the diffuse scattering of interest from the aPS
samples.

The beams incident on the samples are thus expected to
have well-defined s and p character, albeit with spectral
differences arising from the anisotropic contamination on
the optics. In separate measurements of linearly polarized
undulator radiation at ALS beamline 8.0.1 using a linear
polarizer [35], we found no change in the degree or azimuth
of linear polarization of the incident beam across the carbon
edge, confirming that carbon contamination on optics does
not alter the polarization state of incident linear s or p
polarization.

The distinct incident s and p polarized spectra must
be carefully monitored, as beam motion across nonuniform
contamination, or changes in contamination, can cause them to
vary over time. Our protocol involved frequent measurement of
s- and p-direct beam spectra in series with spectra from some
subset of the six samples in four different sessions spanning
an 8-month period. In some sessions the direct beam and/or
scattered spectra showed evidence of temporal instability,
presumably resulting from beam position instability. In other
sessions, repeated measurements indicated relatively good
stability. We systematically illuminated fresh areas of samples
to minimize radiation damage. In this way we came to un-
derstand which spectral features are and are not reproducible.
The R;/,(hv) and I;/,(hv) data sets below were collected
in relatively stable, single-measurement sessions and contain
features that are robust and representative of polarization
differences. This is not to say that measurement artifacts are
absent in the data, but that they are small compared to the
spectral features of interest.
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III. RESULTS AND DISCUSSION

A. Resonant optical anisotropy from specular reflectivity

Visible optical techniques, including guided-wave measure-
ments of spatially averaged optical anisotropy in micron-thick
films [19-22] and sum frequency generation (SFG) of surface
anisotropy [37,38], have revealed a tendency for phenyl rings
in aPS to orient with ring axes preferentially in the plane of
the films. Electron yield XAS studies [12,13] are consistent
with these visible techniques, which together benchmark
our determination of laterally averaged and penetration-
depth-weighted resonant anisotropy in aPS using low-angle
specular reflectivity Ry/,(hv). We likewise find preferential
in-plane orientation of phenyl ring axes. Additionally, we
identify an unanticipated anisotropy contribution from the
polyethylenelike chain backbone.

Figure 2 shows absolute R;,, measured at 6§; = 5° for
two thick drop-cast films (Al and B2) and the two ultrathin
spin-cast films (C and D). The data in Figs. 2(a)-2(d) are
replotted on an expanded scale in Figs. 2(e)-2(h), where subtle
differences between R, and R, are more evident. The thick
and ultrathin films exhibit very different behavior. Spectra
from the thick samples are similar to absorption spectra
because measurements were made above the critical angle
for total reflection and the samples appear infinitely thick
at this 6;. In contrast, spectra from ultrathin films appear
more like transmission spectra with intensity dips at strong
absorption features; this is because the underlying substrate
partially reflects radiation transmitted by the overlying film.
The ultrathin-film spectra also exhibit thickness fringes that
include resonant refractive effects.

Weak polarization differences for each sample in Fig. 2 are
pronounced at the strong phenyl ring 77 * resonance near 285 eV
marked by the vertical dashed line, although differences persist
at other energies as well. The reflectivity anisotropy AR =
R, — R, for samples Al and B2 are plotted in Fig. 3 and
exhibit resonant character. The R;,,, values for B2 are roughly
half those for A1, due to larger roughness, and AR is 3 times
smaller for B2 than for Al. Both increased roughness and
reduced anisotropy could result from the annealing of B2 [39].
The dominant features in AR below the ionization potential
at 289.7 eV are coincident for both samples and both spectra
exhibit a broad negative region centered near 294 eV. For
B2, AR returns to zero at roughly 304 eV, while for Al the
difference becomes positive at 301 eV before returning to
zero at 320 eV (out of plot range). While the absolute size of
AR/(R, + Ry) is small, ~10% at the = 1* line and much less
at higher /v, the coincidence of these A R features for the thick
samples indicates that they are not measurement artifacts. For
the ultrathin films, the AR spectra (not shown) are different
from each other because of differences in thin-film interference
effects. Anisotropic refractive effects in R;,, are evident near
the * peak of samples C and D [Figs. 2(g) and 2(h)] and can
explain why AR does not tend quickly to zero above (C) and
below (D) this energy. The spectral trends of the thick samples
are explored further below.

To obtain the resonant optical properties and their
anisotropy, we model Ry, as in spectroscopic ellipsometry
assuming uniaxial anisotropy normal to the sample surfaces.
This analysis differs from those used in previous studies of
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FIG. 2. (Color online) (a)-(d) Normalized specular reflectivity spectra from four aPS samples, as noted, obtained with incident s and p
polarized radiation at grazing incidence angle 6; = 5°; (e)—(h) show the same data on a magnified scale. The vertical dashed line at 285 eV

marks the position of the strong 7 1* feature from the phenyl rings.

anisotropic carbon edge reflectivity [16—18] in that it obtains
absolute optical properties directly from measured reflectivity
spectra. We use a maximum-entropy refinement algorithm that
ensures Kramers-Kronig consistency to obtain the complex
resonant monomer scattering factors (f(hv)),,, = (fi);/, +
i(f2)s /p that best fit the data [40]. Angular brackets indicate
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FIG. 3. (Color online) Reflectance anisotropy for two thick sam-
ples Al and B2. Data for B2 have been scaled by 3. The structure
between 284 and 284.75 eV, just below the strong 7* line, occurs
at deep minima especially in both the p-polarized incident beam
spectra (due to the carbon contamination) and reflectance spectra;
we disregard this narrow spectral region as possibly containing
experimental artifacts.

values spatially averaged over the x-ray coherence volume
and the larger illuminated volume of the sample. The model
assumes homogeneous anisotropy and infinitely thick samples.
Resulting (f),,,, are thus effective values consistent with these
assumptions. For 6; =5°, (f), is a good representation of
the out-of-plane properties; at large angles this approximation
may not hold [17,41]. The spectral refinement algorithm
benefits from reasonably accurate starting values for resonant
optical properties and input spectra were obtained from
transmission absorption measurements of similar aPS films.
The refinements for the two thick samples result in essentially
perfect fits to the measured Ry, spectra in Figs. 2(a) and 2(b)
and so are not reproduced here.

Spectral refinement results for sample Al (f2),,, are in
Fig. 4(a), normalized to a CgHg monomer basis using a density
of 1.04 g/cm?3. The resonant features are familiar from C s
absorption into specific antibonding 7*, o*, and continuum
states [10,12,13,42]. The (fz)s/p display essentially the same
anisotropy as the R;,,. Resonant optical anisotropy, specifi-
cally linear dichroism, A (f>) = fz)p — (f2),, is plotted in
Fig. 4(b) and compared with results from previous studies
below.

Reflectivity measurements clearly sense anisotropy and
differences in anisotropy between samples, so some ambiguity
must exist in uniquely describing absolute resonant optical
properties of polymers, even those obtained from spatially
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FIG. 4. (Color online) (a) Spatially averaged ( f2),,, spectra ob-
tained from modeling the R,,, spectra assuming homogeneous,
uniaxial anisotropy in a semi-infinite sample. (b) Resulting resonant
optical anisotropy or linear dichroism. The vertical line marks the
position of the strong 7 1* line oriented along the phenyl ring axes.

averaging techniques. These will, in general, depend on the
specific anisotropy in a given sample and the orientation
of €, relative to that anisotropy. Short of resolving optical
properties along unique axes as done here, the most meaningful
description is the isotropic average given by f>isoc = (2 (f2), +
(f2)p)/3. Values so obtained are in good agreement for
samples Al and B2.

The isotropic spectrum for Al is plotted in Fig. 5(a),
where its resonant features are modeled using three symmetric
Gaussian distributions, two asymmetric Gaussian distributions
[9,43], and an error function step at the ionization potential (IP)
representing nonresonant, continuum absorption. Table II lists
the positions and origin of these features and Fig. 1 provides
the local monomer reference frame. These lines represent the
phenyl ring 7 1* and 72* resonances oriented along the ring
axes, as well as the C-H, o1*, and 02* resonances having
contributions from both the rings and the backbone. The same
IP is assumed for all C species. The use of just three resonance
lines to represent the mixed C-H and C-C o* contributions
from both ring and chain bonding is an assumption that
we revisit below. Figure 5(b) contains the dispersive f is

PHYSICAL REVIEW B 90, 104201 (2014)

-
o
o
T
a
PN
*
1

)]
o
T

f, s (€lectrons)

f, iso (€lECtrons)

\[
_50 - \ i

280 290 300 310
hv (eV)

FIG. 5. (Color online) (a) Absorptive and (b) dispersive parts of
isotropic resonant monomer scattering factor fio = fiiso + if2is0
for aPS. Symbols in (a) are obtained from the weighted average
of (f2), and (f2) » from Fig. 4(a) and lines represent a fit to these
data using three symmetric Gaussian distributions, two asymmetric
Gaussian distributions and an error function step at the ionization
potential. Table II contains the positions and origin of the individual
contributions, whose sum is given by the red line.

terms of this model for the complex, isotropic monomer form
factor fiso = fl.iso + if2,iso- While in the hard-x-ray range
f» < fi1, at soft-x-ray resonances they are comparable and
both contribute to measured scattering.

The skin or penetration depth for soft x rays is a strong
function of hv across the edge [44]. Thus, while infinitely
thick samples were assumed to model R(hv) from the thick
samples, the actual probing depth is much less than the film
thickness at and above the 7 1* line.

The dominant anisotropy observed here is the strong
negative m1* peak that implies some degree of preferred
orientation of ring axes in the plane of the sample. This is
consistent with the negative optical anisotropy found by Prest
and Luca at A = 633 nm and understood by them and others
to result from preferential alignment of chain backbones in
the film plane together with steric effects constraining phenyl
rings to orient with axes within £25° of the local backbone
direction [19-22]. Negative anisotropy at the w 1* peak nearly

TABLE II. Positions and identification of spectral features in the aPS isotropic absorption spectrum given by f is, and shown in Fig. 5(a).
The definition of the local (monomer) phenyl ring and backbone axes are found in Fig. 1.

Nominal origin

Feature hv (eV)
ml* 285.0
C-H 287.1
2% 288.8
1P 289.7
ol* 293.1
o2* 301.9

6 C=C bonds along phenyl ring axis, no backbone contribution

5 bonds in phenyl ring plane, 3 in backbone orthogonal to axis

6 C=C bonds along phenyl ring axis, no backbone contribution
Isotropic, assumed equal for all carbons

7 bonds in phenyl ring plane, 3 predominantly along backbone

7 bonds in phenyl ring plane, 3 predominantly along backbone
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identical to that for Al is also found in measurements of
XAS anisotropy using surface-sensitive partial electron yield
(PEY) techniques that were likewise interpreted to result from
preferential orientation of phenyl ring axes in the surface plane
[12,13]. Annealing was found to significantly reduce this XAS
anisotropy [39]. Tuning the PEY approach for extreme surface
sensitivity, Lenhart et al. conclude that the chains at the surface
exhibit additional asymmetry whereby the rings also orient
proximal to the surface with their attached backbone segments
away from the surface [13]. Their finding is consistent with
molecular dynamics simulations [45] and with earlier results
from SFG spectroscopy [37,38]. All of these previous studies
attribute the observed anisotropy entirely to the phenyl rings
because of their highly anisotropic bonding.

The broad agreement that phenyl rings exhibit preferential
in-plane axial alignment in aPS films validates the reflectivity-
based approach used here, at least for the observed m1*
anisotropy. It is reasonable to expect that resonant x-ray
sensitivity to anisotropy should extend to the 7 2* line and also
to the C-H and C-C o* features having mixed contributions
from the rings and backbone, where weaker anisotropy is
expected.

Continuing to consider just the phenyl rings, we expect that
the w2* peak at 288.8 eV will exhibit negative anisotropy like
the dominant 7 1* peak and find a weak negative anisotropy
in AR and A (f>) in Figs. 3 and 4(b), respectively. Likewise,
since five of the eight C-H monomer bonds are in the ring plane,
we expect and observe a small positive anisotropy at 287 eV.
Indeed, if all of the observed anisotropy in A (f,) were due
to the phenyl rings as suggested [13,19,20,37], since seven of
the nine monomer C-C o* contributions are associated with
the planar rings, we would expect an abrupt transition from
negative to positive anisotropy as the IP is crossed and the
o1* and 02* resonances dominate. Instead, A (f,) remains
negative throughout the o 1* region and does not become
positive until 297 eV, as the ¢2* region is approached.

This negative A (f>) in the o 1* region cannot result from
the phenyl rings and so must result from C-C bonding in the
backbone. To explore this possibility we assume that XAS
from oriented polyethylene (PE) and benzene provide useful
approximations for anisotropic XAS from the backbone and
phenyl rings, respectively. X-ray spectroscopy from oriented
(stretched) PE reveals a very pronounced imbalance of spectral
weight in the o 1* over the ¢2* region when €, is oriented
along the chain axes [46,47]. It is also evident that the o*
contributions in PE are not simply distributed in the two o 1*
and 02* lines of the above model; rather, the o 1* region of
our model is split into several features in PE XAS [42,48].
X-ray spectroscopy of oriented benzene molecules, on the
other hand, shows roughly equal spectral weight in o 1* and
o 2* peaks when €, is in the ring plane [49]. Negative A ( f>) in
the o 1* region of aPS is consistent with a strong contribution
from backbone segments having preferential orientation in the
film plane, as early models predicted [19-22]. Analysis of
the reflectivity anisotropy thus identifies a direct backbone o *
contribution to anisotropy in addition to the established and
sharper phenyl ring o 1* contribution.

While we are not aware of previous claims of direct resonant
sensitivity to aPS backbone orientation, we note that weak,
resonant anisotropy features in the o1* region essentially
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identical to those observed here (Fig. 4) were also observed
by Lenhart et al. [13] (see their Figs. 4 and S2b) and in an
earlier study by Fischer et al. [12] (see their Fig. 2) using the
same PEY approach. Lenhart et al. conclude that these weak
features are within measurement error and so do not consider
them as significant. We disagree. While our negative A (f>)
anisotropy (and their XAS anisotropy) in the o 1* region is
weak at a given energy, it extends over an appreciable range
yielding an area that is a considerable fraction of that of
the negative 7 1* peak and of the positive o2* peak whose
sign is consistent with phenyl ring origin. This negative o 1*
anisotropy is a robust feature in AR measured from thick
aPS samples. Furthermore, identical features are obtained
via different experimental approaches (reflectivity and PEY),
using different sources of linearly polarized synchrotron
radiation (undulator and bending magnet) and on different aPS
samples. These considerations support our conclusion that the
negative anisotropy in the o 1* region results from preferential
in-plane orientation of chain backbone segments. Further
evidence for a backbone anisotropy contribution comes from
the depolarized scattering measurements presented below.

B. Depolarized scattering from short-range
orientation fluctuations

Exploration of resonant depolarized scattering at high mo-
mentum transfer due to the short-range anisotropy fluctuations
in otherwise homogeneous aPS was the initial motivation
for this study. This added resonant sensitivity to anisotropy
represents a qualitatively different scattering mechanism than
those active in nonresonant x-ray, neutron, and electron
scattering. Formalisms incorporating anisotropic scattering
centers from the visible and hard-x-ray spectral ranges are
relevant and adapted here to describe polarized and depolarized
contributions in diffuse scattering measurements.

We consider that each monomer is described by an
anisotropic scattering tensor that is coarse grained at the
phenyl ring and attached backbone segment level. While
clearly an oversimplification, we assume for simplicity that
each monomer is identical with ring axis strictly parallel to the
backbone axis (Fig. 1) and with uniaxial scattering tensor

fir 0 0
F=|o0o 7 o
0 0

when its axis is oriented along z. The far-field scattered
intensity from a disordered assembly of such anisotropic
monomers is then I,(hv) & ) ; Zjaia;fe"q'r'lf integrated
over the illuminated sample volume with appropriate ab-
sorption corrections applied. Subscripts in Iy, refer to the
incident polarization €, s/, and r;; = r; — r;. Each amplitude
has the form a; = € - [F;(r;,hv) - €,], with F; the monomer
tensor at r; to which a rotation transform, generally yielding
off-diagonal elements, is implicit and € ¢ is the scattered po-
larization. Here €, excites dipoles according to its orientation
relative to F;, whose diagonal and off-diagonal elements yield
polarized (s — s and p — p) and depolarized (s — p
and p — s) amplitude contributions, respectively. Intensity
contributions arise only from amplitudes with the same € ;..
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FIG. 6. (Color online) High-angle diffuse scattering spectra from the four different polystyrene samples indicated, measured with incident
s and p polarization, are given by red and blue solid lines, respectively. The inset shows the diffuse scattering geometry; for these data 6, = 30°,
260 = 100°, and |q| = 2.2 nm~!. Dashed green lines are approximate fluorescence intensities calculated from experimentally determined

absorption spectra as described in the text and Ref. [44].

While the g dependence of Iy, is usually of interestin x-ray
scattering from polymers [27-29], the same spatial arrange-
ment of scattering centers contributes to its #v dependence at
fixed ¢, which thus is sensitive to the ensemble-average, two-
point density and orientation distribution of PS monomers. The
polarized and depolarized elastic scattering contributions to
I/, are related to spatial fluctuations in density and anisotropic
orientation, respectively [1,2]. To resolve these contributions
without the benefit of a linear polarizer in the scattered beam,
we use the samples as polarizers to suppress polarized p — p
scattering by (cos26)? = 0.03 compared to s — s scattering.
By symmetry, any 6 dependence of depolarized scattering not
resulting from specific structural correlations is the same for
s — p and p — s scattering.

Measured diffuse scattering I{;,(hv) from samples A2,
B2, C, and D is plotted in Fig. 6 and displays characteristic
features, including €, polarization anisotropy. The superscript
emphasizes that measured data may contain more than the
elastic contributions in the I/, expression above. The only
normalization of the I}, is by the corresponding direct
beam spectra, so the relative intensities for different samples
are meaningful. Spectra in Figs. 6(a) and 6(b) from thick
samples A2 and B2, respectively, are nearly identical. Those
in Figs. 6(c) and 6(d) from ultrathin-film samples C and D are
more similar to each other than to those from the thick samples.
While features familiar from resonant XAS are evident for all
samples, so are pronounced differences. Resonant features at
the 7r1* and o' 1* positions dominate /), in the thick films,
while the other resonant lines are increasingly evident as ¢
decreases in the ultrathin films.

The diffuse difference spectra AI™ = I? — 1" are col-
lected in Fig. 7 and exhibit characteristic intensity reversal
between sharp positive and broad negative peaks in the phenyl
m1* and backbone o 1* regions, respectively. The AI™ show
much less difference between the thick and ultrathin samples
than do the individual I} spectra. The 7 1* peaks in AI™
occur at the peaks in [{j, and both are shifted somewhat
below the 7 1* peak at 285.0 eV due to strong absorption and
refractive contributions to scattering. Some drift, evident as
small vertical offsets in the different A /™ and nonzero limiting
trends, presumably results from artifacts discussed above;

Sample A2
B2 ]

300

FIG. 7. (Color online) High-angle diffuse anisotropy AI™
I — 17" plotted for each sample from the data in Fig. 6. Systematic
resonant peaks appear for all samples; most prominent are positive
and negative anisotropy associated with phenyl 7 1* and backbone
o 1* features, respectively. Possible experimental artifacts are evident
as slow intensity drifts.
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artifacts due to temporal instabilities affect the slower diffuse
measurements more than the faster specular measurements.

Before considering possible structural origins within aPS
for these resonant features, we must determine what scattering
mechanisms contribute to 1", I Z’, and their difference. We
consider inelastic fluorescence as well as polarized and
depolarized elastic scattering from internal structure and from
surface roughness, and utilize their known symmetry relative
to €,.

An unpolarized fluorescence contribution is expected,
especially in I}, since polarized p — p elastic scattering
is strongly suppressed. Any fluorescence is expected to
exhibit thickness-dependent intensity and saturation effects
as t varies across the skin depth at 6; = 30° used in these
diffuse measurements. From the f, ;s determined above it
is straightforward to calculate the approximate fluorescence
contribution [44]. The results are plotted as dashed lines in the
different panels of Fig. 6. Extremely strong saturation effects
are evident, pervading the fluorescence spectra for the thick
samples A2 and B2 and decreasing with ¢ for C and D. The
relative shapes and intensities of these calculated fluorescence
contributions evidently do account for a significant portion of
measured {7} (hv), specifically, the growth of the featureless
IP step relative to the resonant absorption lines as ¢ increases.
We conclude that, to a good approximation, the difference A 7™
removes unpolarized fluorescence, leaving a sizable residue of
elastic scattering.

We next consider polarized and depolarized elastic scatter-
ing contributions in I, ,, described by the above expression.
Small-angle polarized elastic scattering from aPS using hard
x rays to study density fluctuations is well established in
thick and ultrathin samples [23-26] and with ¢ = 2.2 nm™!
the soft-x-ray data here are within the typical SAXS range.
The large suppression of p — p scattering in the soft-x-ray
measurement, combined with the observations that 1" = I gl
and A ™ varies systematically about O for all samples (Fig. 6),
reveals that s — s scattering, likewise, cannot contribute
appreciably. Polarized diffuse elastic scattering from surface
roughness is also expected from density contrast between the
vacuum and the average sample density [50] and has been
measured in hard-x-ray studies of surface roughness from aPS
films at in-plane g values roughly 100 times smaller than in our
measurement [30—32]. The same symmetry argument applies
to a possible contribution from polarized surface scattering
in the soft-x-ray measurement, with the same result. We thus
conclude that any polarized elastic scattering from internal film
structure or surface roughness contributing to I, is weak
compared to fluorescence and depolarized elastic scattering
in these measurements. Furthermore, the residual A7™ must
result from depolarized elastic scattering from orientation
fluctuations internal to the samples.

The AI™ spectra in Fig. 6 thus represent differences
in depolarized elastic scattering with incident polarization.
The dependence on €, implies anisotropy of the short-range
orientation fluctuation texture in the films; if the orienta-
tion fluctuations and average orientation of monomers were
isotropic [1,51] their depolarized components would cancel in
AI™ and depolarized scattering could only be observed in [;
along with the unpolarized fluorescence. Understanding that
AI™ measures the anisotropy of the depolarized scattering,
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we can now consider its origin in terms of the anisotropy of
short-range orientation fluctuations.

All of the AI™ have very similar shape characterized by
prominent positive and negative peaks at the phenyl 7 1*
peak and the backbone o 1* region, respectively. There are
no distinct features in the o2* region. The intensity of these
features is weakest for the thickest samples, suggesting that
orientation fluctuations are more isotropic in thicker samples.
However, this is not obvious for different reasons. One is that
even with ; = 30°, the penetration into the sample is limited to
well below the thickness of samples A2 and B2 [44]. Another is
that #-dependent absorption corrections, similar to but distinct
from those used to calculate fluorescence [44], also apply to
the elastic scattering. Aside from changes in intensity, the
shape of AI™ is clearly characteristic of aPS. To understand
what mechanisms yield the depolarized contributions to A7™
and / ;’/‘ » and hence what information they contain, we revisit
certain experimental details and previous studies of aPS.

Depolarized scattering results when the orientation of
anisotropic scattering centers changes over a distance of order
2r/q = 2.9 nm and its strength scales with the ensemble
average of the amount of this orientation decorrelation.
For comparison, characteristic length scales in aPS include
the closest average phenyl-phenyl spacing of =0.6 nm, the
distance of closest chain backbone approach set by excluded
volume effects of =1 nm, and the chain persistence length or
half the Kuhn length of =1 nm. The extrema in A I"™(hv)
at the phenyl 7 1* and backbone o 1* peaks indicate that
orientation fluctuations of both entities yield scattering. The
separation of these peaks in fis, (Fig. 5) suggests that phenyl-
phenyl and backbone-backbone contributions may be stronger
than phenyl-backbone contributions to depolarized intensity,
based simply on spectral considerations. The depolarized
scattering contains contributions of these three partial structure
factors, representing distinct types of orientation fluctuations
at several times the closest chain backbone approach and chain
persistence length.

With q directed 20° from the surface normal, orientation
decorrelation roughly normal to the surface is probed by
I;;,. The tendency for in-plane chain alignment implies that
intermolecular correlations are sampled somewhat more than
intramolecular correlations in this direction. In addition to rel-
ative orientation differences along q, the average preferential
orientation of anisotropic entities relative to q influences AI™
spectral features through the excitation of the F; by €,. Thus
variation in the in-plane preferential chain alignment direction
is sensed more strongly by s than by p polarization along
q and can explain the negative anisotropy at the backbone
o 1* peak. Positive anisotropy at the phenyl peak indicates
stronger phenyl-phenyl orientation decorrelation sensed by p
than by s polarization. Evidently the additional orientational
degrees of freedom of the rings about the backbone cause their
depolarized scattering to exhibit distinctly different character
than that from the backbone.

Further insight relating measured depolarized scattering
anisotropy to statistics of orientation decorrelation and chain
conformation will be aided by comparison with structural
models for aPS. While beyond the scope of this work, we
can anticipate some aspects of such studies. Structural models
from molecular dynamics and Monte Carlo simulations are
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readily resolved into intramolecular and intermolecular partial
distribution functions and partial structure factors for phenyl-
phenyl, backbone-backbone, and phenyl-backbone correla-
tions for comparison with hard-x-ray and neutron scattering
results [29,52,53]. Extending these to include tensor scattering
entities and evaluation of resonant polarized and depolarized
scattering is possible at different levels of sophistication.
At one end of the scale, the various contributions to fis,
can be parsed into hypothetical anisotropic monomer tensor
components of F;, positioned and oriented according to
a structural model for aPS, and tested against measured
scattering. At the other end, ab initio density functional
theory calculations of resonant scattering factors [18,54-58]
of carbon atoms in quantum molecular dynamics models [59]
could be coarse grained at the functional group, monomer,
or larger level and used to calculate scattering. This latter
approach can directly explore the extent to which monomer
scattering properties F; are identical and independent of
nonbonding chain conformation effects and to more directly
explore the backbone and phenyl contributions to both spatially
averaged reflectivity and spatially resolved scattering.

In considering the g dependence of scattering from such
models, while the positions r; of the tensor entities repre-
senting phenyl rings and backbone segments are identical
to those used to model charge or nuclear scattering density,
the length scales of orientation decorrelation are generally
larger than the correlation length of the density fluctuations.
Furthermore, the decorrelation lengths of backbone-backbone
and phenyl-phenyl depolarized scattering will generally not
be the same. One example of longer length scales probed
by depolarized scattering in aPS involves stereochemical
effects. The distribution of phenyl groups in dextro and
levo diads imparts local helicity of opposite handedness
that can extend into longer sequences and each sequence
will induce helicity-dependent resonant optical rotation of
incident linear polarization. Depolarized resonant scattering
from localized helical motifs is thus expected in aPS even of
racemic constitution and may complement NMR sensitivity
to such structure [60]. Such scattering may be strongest in
phenyl-backbone cross terms, as both constituents define the
local chirality.

The negligible contribution of polarized compared to
depolarized elastic intensity at ¢ = 2.2 nm~! is noteworthy
and confirms that off-diagonal scattering prevails at longer
length scales than the shorter range density fluctuations whose
scattering exhibits peaks at higher ¢, at least in aPS. Thus,
in order to compare measured depolarized scattering with
numerical structural models, such models will need to treat
larger volumes than for comparison with isotropic charge
scattering alone.

C. Discussion

Both sets of results above demonstrate direct sensitivity
to resonant molecular anisotropy in organic systems via
scattering at the carbon K edge that will extend to the N
and O K edges. Analogous to sensitivity to anisotropy in
the visible spectral region, soft-x-ray measurements can sense
structure in the 1-100 nm range and the resonances provide
added element and chemical-bond sensitivity. Compared to
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hard-x-ray, neutron, and electron scattering, resonant effects
bring fundamentally new sensitivity to the symmetry of the
antibonding molecular-orbital structure whose potential to
provide new insight into orientational texture in soft condensed
matter is not well recognized by the growing community
using resonant soft-x-ray scattering to enhance contrast from
compositional differences in polymers. Discussion below
highlights different aspects of this sensitivity, referring to the
results presented here and extending to consider directions in
soft condensed matter that may benefit from it.

Spectroscopic evidence for the anisotropic chain backbone
contribution in the o 1* region was not anticipated at the outset
of this study; the stronger, sharper resonances of the phenyl
rings were expected to dominate. We came to understand its
role by its presence in the anisotropy spectra of both reflectivity
and diffuse scattering data. Backbone anisotropy in the o 1*
region is necessary to interpret the results of each measurement
individually and its presence in both sets of results strongly
confirms its existence. This highlights the value of analyzing
the polarization dependence of resonant scattering spectra,
which in turn derives from the spectral separation of features
from different bonding motifs at the carbon K edge. Note
that o* spectral features, and hence sensitivity to backbone
anisotropy, are not accessible in the visible spectral range. The
rich information regarding molecular anisotropy from XAS is
generally expected to transfer to resonant scattering.

The different spatial averaging inherent in specular reflec-
tivity and diffuse scattering explains the different size and
character of the phenyl ring and backbone anisotropies in
the two measurements. The measured reflectivity asymmetry
AR/(R, + R,) is much smaller than the diffuse scattering
asymmetry A[™/(I} + I") for these aPS samples, even
without accounting for unpolarized fluorescence contribution
in[{),.In A (f>) obtained from reflectivity modeling, if phenyl
* anisotropy is negative, then phenyl o* anisotropy must be
positive, i.e., the measured anisotropy is referenced to the
average orientation of rings in the illuminated sample volume
relative to €,,.

The relative contributions of w* and o* features from the
same functional group enter into the depolarized scattering
anisotropy AI™ differently than into AR or A (f>). Scattering
from orientation decorrelation scales similarly for the 7* and
o* terms from nearby functional groups of the same kind, so
in a hypothetical system in which the backbone is removed,
the peaks in I,,(hv) for the phenyl 7* and o* contributions
will increase or decrease together for a given polarization and
so have the same sign in AI™. Thus the observed opposite
signs of AI™ in the 7 1* and o 1* regions indicates the strength
of the negative o 1* contribution from the chain backbones in
aPS. While ensemble averaging over short-range orientation
decorrelation in diffuse scattering makes the structural origin
of the depolarized scattering challenging to interpret without
reference to structural models, the signs of the positive and
negative peaks in AJ/™ relate to the strength of orientation
decorrelation along q of the phenyl m* and o* and the
backbone o* sensed by €, , (mostly out of plane) and by
€,s (in plane).

Most carbon K-edge scattering studies of polymers to
date have implicitly assumed homogeneous, isotropic res-
onant optical properties for a given phase and some have
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successfully modeled v or g dependence of reflectivity
or diffuse scattering [15,61-65]. Several studies have noted
inconsistencies between resonant optical properties measured
using one technique or sample and applied to model data from
another technique or sample [14,17,66,67]. The present work
indicates that different sensitivity to anisotropy in different
measurements or physical differences in anisotropy in different
samples, or both, are possible if not likely explanations for such
inconsistencies.

The assumption of homogeneous and isotropic spatially
averaged resonant properties is generally open to question in
highly disordered polymers, even in systems that approximate
random coil behavior. The aPS anisotropy from modeling
R,;, found here is an effective value consistent with the
assumption of homogeneity. It is accepted that confinement
effects in disordered homopolymers can induce ordering near
interfaces [12,45,68—70] and that such alignment, and hence
resulting resonant optical anisotropy, will generally decrease
away from the interfaces. From the analysis of reflectivity
data at one angle presented here, it is impossible to draw
conclusions about possible inhomogeneous optical anisotropy
in depth. Analysis of data measured at several incidence angles
does facilitate such depth-dependent modeling of changing
resonant optical properties [17,40,71]. As polymer chains and
interactions deviate further from random coil behavior, such
as in conjugated polymers, we can expect increasing optical
anisotropy effects in homopolymer films.

In polymers with compositional heterogeneity, such as
phase-separated systems, the effects of resonant anisotropy
will manifest differently depending on the anisotropy of
the different phases. In determinations of the morphology
of phase-separated block copolymer structure via resonant
scattering, e.g., if both phases are nominally amorphous,
the assumption of optical isotropy for the phases may be
well justified, especially at low ¢ where random short-range
anisotropy may average to near zero. Potentially interesting,
hypothetical exceptions include cases in which the reduced
dimensionality of the phases may itself induce anisotropy of
the constituent chains relative to the interfaces. In cases of
a crystalline phase in a disordered matrix, such as [poly(3-
hexylthiophene)]/(phenyl-Cg; -butyric acid methyl ester) and
similar systems of interest for bulk heterojunction devices,
each crystallite will scatter as a tensor and thus exhibit
depolarized scattering along with possible polarized scattering
from associated density fluctuations.

Sensitivity to resonant anisotropy through depolarized
scattering should find utility in studies relating short- and
intermediate-range molecular conformation to properties of
practical and fundamental interest, provided care is exer-
cised in addressing challenges imposed by weak scattering,
inefficiency of linear polarizers, and the possible presence
of resonant fluorescence and polarized elastic contributions.
Correlating charge and mass transport with spatially averaged
anisotropy and short-range anisotropy texture in organic
electronics and polymer electrolytes, respectively, are areas of
potentially fruitful application. In studies of phase transitions
in polymers, liquid crystals, and ionic and molecular liquids,
depolarized scattering will allow changes in the short-range
orientational texture of constituents to be quantified with
unprecedented sensitivity. For example, the melting of just
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the alkyl chains within a system whose other structural
constituents remains ordered may be resolvable as an increase
in diffuse scattering at specific ¢ values and energies. Relating
the extent of short- and intermediate-range orientational
order to the crystallization or glass-forming behavior of
molecular systems is a potential area of broad interest. Parallel
development of structural models extending to anisotropic
scattering properties may be an important aspect of such
studies.

In this study, the polarization anisotropy AI™ was used
to remove unpolarized and unwanted fluorescence and the
sample as a linear polarizer for sensing differences in s — s
and p — p elastic scattering, leading to the conclusion
that polarized scattering is weak compared to depolarized
scattering and fluorescence at measured ¢ values for aPS.
Similar analysis will be useful in other cases, although the
strength of these different contributions will depend strongly
on the structure in the materials of interest. Samples act
as linear polarizers to suppress p — p scattering at the C
edge when probing short length scales in the narrow range
of roughly 2.6-3.8 nm. Most polymers of current interest
are not as homogenous as aPS, with many having designed
heterogeneity in the form of microphase separation with
characteristic dimensions of 10 or more nanometers that will
yield considerable polarized scattering. To separate polarized
from depolarized scattering at longer length scales and over a
significant ¢ range, separate linear polarizers in the scattered
beam will be required. As illustrated here, specific sample
details and scattering geometries will interact in determining
how molecular anisotropy effects will contribute along with
other possible signals to measured intensities.

IV. CONCLUSION

This study of molecular anisotropy effects in resonant
soft-x-ray scattering used polystyrene as a well-characterized
system to investigate previously unexplored depolarized dif-
fuse scattering at high momentum transfers resulting from
short-range orientation fluctuations of its functional groups.
While motivated by analogs in the visible and hard-x-ray
spectral ranges, the details specific to measuring and analyzing
depolarized diffuse scattering at the carbon K edge are
rather different and explored systematically here. We find
that resonant depolarized elastic intensity and fluorescence are
stronger than any polarized elastic componentat g = 2.2nm™".
Removing the unpolarized fluorescence yields a characteristic
anisotropy spectrum of depolarized scattering that contains
a strong, anticipated component from the phenyl rings in
addition to an even stronger unanticipated contribution from
the chain backbone. We also quantified the resonant optical
anisotropy in spatially averaging, low-angle reflectivity mea-
surements, where again expected and unexpected contributions
of phenyl rings and chain backbone, respectively, are evident.
The spatially averaged anisotropy agrees with previous visible
and x-ray-absorption results.

This work extends previous carbon K-edge studies of
spatially averaged optical anisotropy via reflectivity [16—18]
into the spatially resolving regime using depolarized scattering
from spatial orientation fluctuations of anisotropic functional
groups. Direct sensitivity to orientation fluctuations is not
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available in hard x-ray (or neutron and electron) scattering
studies of polymers because the resonant part of the charge
scattering term is not significant. The wavelengths available
at the C, N, and O K-edges yield sensitivity down to
conformational length scales where many properties are
determined. Careful analysis of the energy, polarization, and g
dependence of depolarized and polarized resonant scattering
will provide opportunities to gain insight into the relationship
between short- and intermediate-range structure and properties
in polymers and soft condensed matter.
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