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ABSTRACT: The evolution of molecular morphology in bulk
samples of comb diblock copolymer pNdc12-b-pNte21 across the
lamellar order−disorder transition (ODT) is studied using
resonant X-ray scattering at the oxygen K edge with the goal of
determining whether the molecules remain extended or collapse
above the ODT. The distinct spectral resonances of carbonyl
oxygen on the backbone and ether oxygen in the pNte side chains
combine with their diﬀerent site symmetry within the molecule to
yield strong diﬀerences in bulk structural sensitivity at all
temperatures. Comparison with simple models for the disordered
phase clearly reveals that disordering at the ODT corresponds to
loss of positional order of molecules with extended backbones that
retain orientational order, rather than backbone collapse into a
locally isotropic disordered phase. This conclusion is facilitated directly by the distinct structural sensitivity at the two resonances.
The roles of depolarized scattering in enhancing this sensitivity, and background ﬂuorescence in limiting dynamic range in
oxygen resonant scattering are discussed.

■

INTRODUCTION

side chains, induces crystallinity in the pNte blocks, that do not
crystallize as homopolymer.
The nature of the disordered phase above the ODT
remained unclear and is considered here. Small-angle X-ray
scattering (SAXS) displayed a disorder peak similar to that in
diblock systems with simple chains,16 suggesting possible
applicability of modiﬁed random phase approximation (RPA)
models with collapsed backbones describing the high-temperature structure in pNdcX-b-pNteY.17 However, the branched
comb architecture promotes crystallization, and the mass and
volume fractions of side chains are almost twice those of the
backbone, suggesting that internal entropy of thermally
activated side chains above the ODT stabilize extension of
the otherwise ﬂexible18 peptoid backbone.19,20 This in turn
suggests that RPA models, intended to describe systems with
simple chains that do not crystallize at low temperature and in
which steric and χN eﬀects dominate above the ODT,17,21 do
not capture all relevant energetics when side chains are
thermally activated. While intermediate structures may exist,
two limiting conformations above the ODT can be envisioned.
In the most disordered regime described by modiﬁed RPA

Polypeptoids beneﬁt from synthetic ﬂexibility to precisely
position chemically diverse side groups with high ﬁdelity along
monodisperse peptoid backbones.1−4 As biomimetic systems
they have been observed to self-assemble in solution into
heirerachical 0D,5 1D,6 2D,7−9 and cylindrical10 structures
distinct from those observed with polypeptides. Solvent free,
bulk systems are also of fundamental and practical interest.11−13
Multistage thermotropic behavior has been observed in bulk
homo- and diblock copolymers. In homopolymers, distinct
transitions correspond to melting of side chains and the
backbone.14,15 Sun et al.16 recently observed multistage
thermotropic behavior in the bulk diblock system pNdcX-bpNteY in which the peptoid backbone spans blocks deﬁned by
hydrophobic decyl (dc) and hydrophilic poly(ethylene oxide)
(te) side chains of comparable length, as in Figure 1. Lowtemperature, lamellar phase separation exhibits crystallinity or
semicrystallinity involving the side chains and backbone in both
blocks. As T increases, distinct endothermic transitions are
observed as each set of side chains become thermally activated.
Lamellae persist as ﬁrst pNte side chains melt and then
disappear as pNdc side chains melt at the order−disorder
transition (ODT). This two-stage evolution is reversible.
Evidently the crystallinity of the pNdc blocks, driven by their
© 2016 American Chemical Society
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Figure 1. (a) Peptoid monomers Ndc and Nte have decylglycine and
2-(2-(2-methoxyethoxy)ethoxy)-ethylglycine side groups, respectively.
(b) Extended, ordered diblock pNdc12-b-pNte21 molecule comprising
samples is represented using a space-ﬁlling model. Backbone carbonyl
oxygen (red) is common to both blocks while the ether oxygen
(green) exists only in the Nte side chains. Other species are carbon
(gray), nitrogen (blue), and hydrogen (white).

Figure 2. A suggested, approximate molecular packing scheme that
accounts for sample regions showing the mostly highly ordered
crystalline structure in the low-T lamellar phase when both pNdc12
(white) and pNte21 (green) blocks are crystalline. (a) Order in the
molecular plane. (b) Order transverse to the molecular plane. This
model is consistent with the less-detailed model based on SAXS/
WAXS data of Sun et al.16 where scattering peaks corresponding to the
10.5, 2.5, and 0.45 nm spacings disappear above the lamellar order−
disorder transition.

models, backbones collapse whereas in the most ordered
regime backbones remain extended as mixing occurs.
Our goal here is to explore the utility of resonant soft X-ray
scattering (RSoXS) at the oxygen K edge to complement SAXS
across the ODT to gain deeper insight into the evolution of
molecular conformation and the nature of mixing across the
ODT. RSoXS is increasingly used at the carbon K edge where it
selectively enhances scattering from speciﬁc carbon bonds to
yield unique structural sensitivity in polymers compared to
SAXS or small-angle neutron scattering (SANS) and distinct
from that in deuterated SANS22−25 but has been little used for
polymers at the oxygen K edge.26 The oxygen K edge (∼540
eV, λ = 2.32 nm) is of interest in pNdcX-b-pNteY because
carbonyl oxygen (Ocarb) uniformly decorate the backbone of
both blocks and have distinct resonant features compared to
the ether oxygen (Oether) decorating just the Nte side chains.
Thus, even though the lamellar scattering contrast of SAXS
results in part from Oether in the Nte side chains, we anticipated
diﬀerent and additional structural sensitivity using RSoXS as
incident energy hν is tuned to the resonances of these species
separated by just several electronvolts. Indeed we ﬁnd distinct
RSoXS sensitivity at the Ocarb and Oether spectral features when
resonant elastic intensity exceeds an anticipated ﬂuorescence
background that limits dynamic range. Scattering evolves very
diﬀerently with T at the two resonances and provides clear
evidence that backbones remain extended above the ODT.
Sun et al. suggest an incomplete packing arrangement for the
crystalline, lamellar phase consistent with SAXS and wide-angle
X-ray scattering (WAXS) data and the molecular architecture of
ordered, extended pNdcX-b-pNteY.16 With limited resolution,
oxygen RSoXS cannot reﬁne this partial crystal structure
model; however, it is consistent with our low-T data and has
implications for high-T structure, so we review and extend it
here. Using the molecular model in Figure 1b,27 the molecular
packing in Figure 2 is consistent with the dominant interplanar
spacings in the crystalline lamellar phase obtained using hard Xrays16 and is similar to early models for comblike polyoleﬁns
with unbranched alkane side chains of comparable length.28
These space-ﬁlling renderings suggest that side chains from
adjacent planar molecules cannot interpenetrate and yet that

adjacent intramolecular side chains have free-volume to
accommodate some thermal activation. The observed lamellar
period (10.5 nm) is smaller than the extended backbone length
(∼12.5 nm), suggesting tilting of ordered molecules by roughly
30°. The next largest spacing of 2.5 nm is consistent with
interbackbone separation by intervening side chains along y as
in Figure 2a, while the smallest 0.45 nm spacing is consistent
with stacking along x as in Figure 2b. This packing maximizes
segregation of all three constituents, as backbones form closepacked x−z planes. Such highly ordered molecules have very
anisotropic form factors that pack to yield very anisotropic
structure factors. If in real systems the backbone is less fully
extended, then the same model would apply but with smaller
tilt angles away from the lamellar normal. Oxygen K edge
RSoXS is sensitive primarily to the longer length scales in the
system.

■

SAMPLE AND EXPERIMENT DETAILS
Here we study the speciﬁc diblock composition pNdc12-bpNte21 (Figure 1) that was also studied by Sun et al.,16 who
describe its synthesis and characterization and determine its
polydispersity index to be 1.00013. To obtain samples for
normal incidence transmission RSoXS exhibiting the bulk
lamellar order they observed in SAXS, 1 μm thick slices were
microtomed onto silicon nitride (SiNx) membranes from bulk
material slowly cooled in vacuum from 180 °C. We also
measured absorption spectra from neat ﬁlms of pNdc20 and
poly(ethylene oxide) (PEO) that should approximate those of
Ocarb and Oether in the diblock, respectively.
Measurements include transmission absorption and angleresolved scattering across the oxygen K edge. Scattering
measurements were made with SiNx membrane frames clipped
to a calibrated heating stage successively at 30, 100, 170, and 40
°C with 300 μm × 300 μm beam size. At each temperature,
three slices of pNdc12-b-pNte21 and a blank membrane were
measured; all samples exhibited identical scattering. Comparing
the apparent ODT temperature in RSoXS with that from SAXS
and diﬀerential scanning calorimetry (DSC) we estimate that
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the actual T of the samples on the free-standing SiNx is 15−20
°C less than that of the frame and heating stage at 170 °C. This
temperature discrepancy is expected to decrease with T, and
here we quote the stage temperature.
Calculations of the q dependence of scattering from
molecules with diﬀerent hypothetical conformations at the
Ocarb and Oether resonances are an important component of
interpretation and are described below.
RSoXS at 30 °C reveals a ring at q = 0.6 nm−1 expected for
the lamellar phase of pNdc12-b-pNte21 (Supporting Information, Figure S1). The ring has a positive, 2-fold azimuthal
asymmetry when measured using incident linear polarization at
the Ocarb resonance. Summing data measured with horizontal
and vertical linear polarization yields uniform intensity around
the ring, indicating that the lamellar morphology is globally
isotropic in the microtomed slices, as expected for a bulk
sample from SAXS. Azimuthally averaged intensity/pixel
measured with horizontal linear polarization versus q, E, and
T are presented below.
An isotropic background intensity from inelastic ﬂuorescence
limits the dynamic range of the desired elastic scattering. This is
dominated by nonresonant ﬂuorescence from N in the 150 nm
thick SiNx support and from C and N in the sample. The
lamellar peak is only observed near the oxygen edge; 30−40 eV
below the edge the peak disappears below this background.
Structural sensitivity thus comes predominantly from resonant
O scattering. The second strongest SAXS peak at q = 2.5 nm−1
is below this background. Elastic scattering and nonresonant
ﬂuorescence from substrate and sample have diﬀerent energies
that are unresolved by the CCD detector and absorbed at
diﬀerent rates by the sample. In Supporting Information, we
describe the approximate method used to separate elastic from
ﬂorescence signal from the membrane substrate before
subtracting from the sample scattering and then correcting
for sample nonresonant ﬂuorescence to leave our best estimate
of elastic scattering containing structural information of
interest. Resonant O ﬂuorescence is not accounted for in this
correction and may also be present in the corrected data.
Pronounced q-dependence of the corrected data conﬁrms
elastic scattering from sample internal structure.

Figure 3. Transmission absorption spectra for carbonyl oxygen on the
peptoid backbone in pNdc20 (red), for ether oxygen in poly(ethylene
oxide) (green), and the diblock pNdc12-b- pNte21 (black). Data are
normalized to the imaginary part of the atomic scattering factor, f 2.
Nominal designations for the empty orbitals dominating the resonant
absorption and scattering are indicated and discussed in the text.

in the molecule, their resonant scattering should exhibit
characteristic diﬀerences with scattering vector q = |q| = 4π
sin θ/λ.
Background corrected resonant scattering intensities I(q, hν)
at 30, 100, and 170 °C are in Figure 4. Figure 5 displays I(q) at
532 and 538 eV to better view the q dependence at the distinct
resonances. The pronounced lamellar peak at 30 °C decreases
at 100 °C where the Nte side chains are melted and disappears
at 170 °C above the ODT when the Ndc side chains melt. On
cooling to 40 °C, the pronounced lamellar peak returns, and
RSoXS shows the same reversible thermotropic behavior
observed in SAXS and DSC.
On close examination, structural and temperature sensitivity
of data at 532 and 538 eV are seen to diﬀer signiﬁcantly. The
538 eV resonance is expected to yield the strongest scattering
contrast at the lamellar peak because Oether is conﬁned to the
pNte21 block (Figures 1 and 2). This is observed at 30 °C,
where a lamellar structure factor peak modulates scattering.
Models indicate that roughly four lamellar periods account for
the measured peak width.29 At 100 °C, the peak has
considerably reduced intensity; an apparent shift to lower q is
an artifact of a growing q = 0 peak as the lamellar structure
factor peak diminishes. At 170 °C, the lamellar peak is gone,
leaving the strong central peak with half-width ∼0.35 nm−1 that
may represent the self-scattering contribution that would be
described by an appropriate molecular form factor.
The Ocarb scattering at 532 eV exhibits qualitatively diﬀerent
q and T trends compared to the Oether-enhanced scattering.
Figure 4 reveals that the lamellar peak at 532 eV results
predominantly from the broad energy width of the stronger
Oether peak that extends down to 520 eV. There is little Ocarbspeciﬁc enhancement at the lamellar peak; rather, aside from
the Oether lamellar tail, I(q, 532 eV) decreases roughly linearly
and at a much slower rate than I(q, 538 eV). Furthermore, as T
increases to 170 °C this slow decrease persists for q < 0.7 nm−1
with little change, while scattering for q > 0.7 nm−1 exhibits a
weak increase with q. The Ocarb resonant scattering does not
exhibit the strong central peak above the ODT observed at 538
eV and does not evolve signiﬁcantly with T in the lower q
range.
Diﬀerent structural sensitivity at 532 and 538 eV must result
from the diﬀerent Ocarb and Oether distributions in the molecule.
We consider its origins using general models in which
measured intensity is the product of an eﬀective form factor

■

RESULTS AND INTERPRETATION
Absorption spectra for pNdc20 and PEO normalized to the
imaginary part of the atomic scattering factor, f 2, are in Figure
3. The Ocarb spectrum of pNdc20 is dominated by a sharp peak
at 532 eV resulting from excitation from the 1s state into the
antibonding CO π* orbital; these bonds are normal to the
local backbone, and dipole transitions are strongest with
incident polarization normal to the bond and normal to the
local backbone. The Oether spectrum of PEO exhibits two peaks
at 536 and 538 eV resulting, respectively, from excitation into
nonbonding π and antibonding σ* orbitals nominally oriented
orthogonal to and in the plane of each COC motif. These
spectra represent orientation averages over all oxygen bonds
that individually have distinct tensor nature that is considered
further below. Also in Figure 3 is f 2 of pNdc12-b-pNte21 for
which Oether/Ocarb = 21:11. Oxygen accounts for only 20% of
non-hydrogen molecular constituents, and it was not initially
obvious that O resonant scattering would be signiﬁcant above
the nonresonant scattering from other species. We observe
resonant scattering, and so expect Ocarb on the backbone to
dominate near 532 eV and Oether in the pNte21 block in the
535−540 eV range. Because Ocarb and Oether are uniquely sited
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Figure 5. Background-corrected intensity I(q) dominated by resonant
elastic scattering at the carbonyl oxygen resonance (532 eV) and the
ether oxygen resonance (538 eV). See text for discussion.

ordered (twisted), and have a collapsed backbone, respectively.
When all atoms are included in the calculation (left column),
there is almost no diﬀerence in P(q, hν) at 532 eV (red) and
538 eV (green). This is because oxygen is a minor constituent.
When only the two sets of oxygen atoms are included (right
column), signiﬁcant shape diﬀerences at these energies are
predicted.
This is an important computational result because we
measure signiﬁcant diﬀerences in I(q, hν) at these resonances,
having direct implications for the operative scattering
mechanisms. Resonant oxygen scattering factors, like those of
carbon,31−33 are actually tensor entities that scatter some
portion of incident linear polarization into the orthogonal linear
state, and this rotated amplitude does not interfere with
unrotated amplitudes from O and the nonresonant species. The
elastic scattering we observe is thus predominantly the rotated
(depolarized) resonant O scattering (Templeton scattering34−37), and we infer this without use of a linear polarizer
and without explicitly accounting for the tensor aspects of Ocarb
and Oether scattering. Unrotated (polarized) O scattering does
interfere with that from the nonresonant species, as simulated
in Figure 6a−c, and does not yield signiﬁcant diﬀerences at 532
and 538 eV because O is a minor constituent, that is, the
molecule looks relatively homogeneous with energy in the
polarized channel. The depolarized channel isolates just oxygen
scattering to maximize contrast at the diﬀerent resonances. This
largely explains why spectral shapes in Figure 4 show dominant
resonant O contribution and why the lamellar peak is not
observed above the background far away from the O edge.
Calculations considered below involve just the two oxygen
species.
The q dependence of the oxygen-only, spherically averaged,
isolated molecule P(q, hν) in Figure 6d−f can be compared
with standard shapes and with measured I(q, hν). For the
extended molecule (Figure 6d), P(q, 532 eV) falls more rapidly
than P(q, 538 eV), as would be expected for simple rod and
parallepiped models having dimensions approximating the
backbone and pNte21 block, respectively, which are shown for
comparison. P(q) for the rod falls faster than for the

Figure 4. Background-corrected scattered intensity I(q, hν) at
increasing temperatures noted. At 30 and 100 °C, the lamellar peak
is evident, while at 170 °C it has disappeared. At each temperature, a
sharp spectral line is evident at 532 eV corresponding to the backbone
carbonyl oxygen π* resonance and much broader ether oxygen
resonances from the Nte side chains dominate spectral features at
higher energies. The measured q range at 170 °C is smaller than that
for the lower temperatures. See text for discussion.

describing the average molecular shape times an eﬀective
structure factor describing intermolecular structure. While
clearly an oversimpliﬁcation for bulk samples, we ﬁrst consider
molecular form factors P(q, hν) for isolated, spherically
averaged pNdc12-b-pNte21 molecules of several conformations
calculated as for standard shapes30 but here with shapes
described using atom coordinates from molecular models and
measured or tabulated scattering factors for each species.
Several calculated P(q, hν) are in Figure 6 where the top,
middle, and bottom rows are evaluated assuming molecules are
fully extended and ordered, predominantly extended and
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Figure 6. The q dependence of calculated molecular form factors, P(q, hν), using molecular structural models having the most highly ordered,
extended backbone (top row), for a mildly disordered, twisted backbone (middle row), and for a highly distorted, collapsed backbone (bottom row).
For panels in the left column all atoms are included in the calculation, while at right only the oxygens are included. In each panel calculations are
shown for 532 (red) and 538 eV (green) where the carbonyl and ether oxygen resonances, respectively, yield most intense scattering. In the right
column, the curves plotted for all atoms (at left) are reproduced in gray for comparison. Panel (d) includes standard P(q) for rigid cylinders and
parallelepipeds having dimensions approximating the backbone and pNte21 block, respectively. Insets show the speciﬁc molecular conﬁgurations used
in the calculations (not to scale).

parallelepiped for q < 0.75 nm−1, like the molecular P(q, hν) at
532 and 538 eV, and discrepancies between the simple shapes
and extended molecule P(q, hν) result from the more complex
molecular structure. However, Figures 4 and 5 reveal that
measured I(q, 538 eV) falls faster than I(q, 532 eV), so
observations are not well described by P(q, hν) models for
extended molecules. Of course the same conclusion holds for
the twisted molecule P(q, hν) in Figure 6e. For the collapsed
molecule in Figure 6f, P(q, hν) has a much broader half-width
than for the extended and twisted cases, and for the
conformation considered falls faster at 538 eV than at 532 eV
like the data. Calculated half-widths are considerably larger than
those in the data, however, so P(q, hν) for collapsed molecules
likewise does not account for the data above the ODT.
The failure of spherically averaged, isolated molecule P(q,
hν) to account for data trends above the ODT is no surprise for
bulk samples, where the inﬂuence of intermolecular packing
and molecular anisotropy, if present, on measured intensities
need to be considered. Below the ODT molecular anisotropy
imposes orientational order of extended backbones persisting
presumably over micron dimensions, while positional order has
much shorter coherence lengths, for example, the lamellar
structure factor indicates positional coherence extending ∼40
nm along the lamellar normal. Within regions having uniform
short- and intermediate-range positional and orientational

order the scattered intensity I(q, hν) ∝ S(q)P(q, hν) is
determined by the product of highly anisotropic, tensor
structure factor S(q) and form factor P(q, hν) terms, and will
depend strongly on the direction of q relative to the local
anisotropy.29,38 While global isotropy due to powder averaging
may tempt us to consider scalar eﬀective structure and form
factors depending on scalar q, measured intensity is better
described by I(q, hν) ∝ Σi wiSi(q)Pi(q, hν) as a weighted
superposition of anisotropic projections over the principal axes
i = x, y, z of the anisotropy. Whenever molecular backbones are
extended, that is, orientational order exists, even without
positional order the intensity is not expected to be described by
single, isotropic form and structure factors. Only for collapsed
molecules it is reasonable to consider these as isotropic at the
molecular level.
We next consider if anisotropic contributions to scattering
along and transverse to the backbone, which must be present at
low T, can describe data above the ODT. We take the Pi(q, hν)
projections for an extended, ordered molecule to be the
normalized square of the Fourier transform of the extended
molecule oxygen scattering amplitude along the respective axes
in Figure 2. These are plotted for 532 and 538 eV in the
Supporting Information. Intermolecular interference, that is,
structure factor, eﬀects in layered and other crystals generally
amplify or suppress contributions of individual species along
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orientational order persists above the ODT this will not change.
Thus, at 532 eV we would expect less contribution from the zcomponent relative to the x- and y-components in the intensity
compared to 538 eV. Figure 7b shows scaled I(q, 532 eV) at
170 °C compared with each Pi(q, 532 eV) for an extended
molecule, together with their equally weighted superposition.
The similarity of the superposition and the data may be
fortuitous. We note that dynamic range at 532 eV is limited by
the intrinsically smaller scattering power of Ocarb compared to
Oether due simply to their relative numbers in the molecule.
Thus, we hesitate to ascribe the shape of I(q, 532) at 170 °C
simply to Pi contributions and suggest that smoothly decreasing
I(q, 532 eV) in this low-q region at all temperatures (Figure 5b)
may contain information about the average intermolecular
correlation length in the x−y plane within larger regions of
orientational order. A half-width of 0.7 nm−1 in I(q, 532 eV)
would imply ∼9 nm transverse structural coherence length or
roughly 20 (4) repeats along x (y). The upturn at 170 °C
results from disordering of interbackbone positional order.
Simply the persistence of diﬀerent qualitative shapes of I(q,
hν) at 532 and 538 eV at 170 °C is very strong evidence for
orientational order above the ODT. If backbones collapsed at
the ODT, I(q, hν) at both resonances would change
signiﬁcantly toward a common shape as in Figure 6f. This is
not observed experimentally, leading us to conclude that
extended backbones and orientational order persist above the
ODT. The good agreement of I(q, 538 eV) with Pz(q, 538 eV)
for an extended molecule signiﬁcantly strengthens this
conclusion. Disordering across the ODT can thus be likened
to a smectic C to nematic phase transition as positional order
melts.
The smallest cross-section for relative molecular motion
above the ODT will be along the backbones, and we suggest
that disordering corresponds to mixing by such motions
promoted by thermally activated side chains. The χN penalty
for intermolecular side chain mixing is somewhat mitigated by
the pinning of adjacent intramolecular side chains at the
backbone. We hypothesize that thermally activated side chains
provide a considerable entropy to simultaneously stabilize
backbone extension and outweigh the enthapy gain on mixing.3

diﬀerent directions depending on their positions in the crystal.
While usually considered in the contributions to speciﬁc Bragg
reﬂections, these anisotropic structure factor eﬀects extend over
all q and when positional order is lost but orientational order
remains. Because of the diﬀerent site symmetry of Ocarb and
Oether relative to the backbone, such considerations can explain
the predominance of diﬀerent Pi(q, hν) projections at 532 and
538 eV.
Oether scattering dominates the lamellar peak below the ODT
because Oether presents the dominant composition modulation
along the backbone and lamellar normal. If orientational order
persists above the ODT, calculations show that intermolecular
interference yields featureless Si(q) after lamellar and in-plane
positional order have melted, leaving Pi(q, hν) describing the
self-scattering. Molecules in regions with q along backbones will
scatter with the Pz(q, hν) projection of the form factor. Figure
7a shows Pz(q, 538) calculated for an extended molecule and

Figure 7. (a) Calculated molecular form factors at the ether oxygen
resonance (538 eV) are shown as lines, and scaled data above the
order−disorder transition as symbols. Pz is the projection of the form
factor along the extended backbone and agrees well with the data. The
other form factors correspond to spherically averaged extended and
collapsed molecules as noted (taken from Figure 6d,f). (b) Calculated
anisotropic projections of form factors and their weighted average are
compared with scaled data at 532 eV. See text for discussion.

■

SUMMARY AND CONCLUSION
We’ve found that scattering across the oxygen K edge exhibits
strong qualitative diﬀerences at Ocarb and Oether resonances at all
temperatures, and the diﬀerent T dependence at each
resonance is only consistent with orientational order of
extended backbones above the ODT. The qualitative diﬀerence
in scattering at each resonance is understood to arise because
the distribution of the two species ampliﬁes the Oether
contributions along extended backbones, and Ocarb contributions normal to the backbone. Small-angle scattering using hard
X-rays or neutrons cannot be as sensitive to the molecular
anisotropy as is the combination of data at two distinct
resonances from species distributed with very diﬀerent site
symmetry in the molecules. This ability to sense orientational
order in disordered polymers is thus novel.
Considering that a wide range of self-assembled polypeptoid
nanostructures in solution exhibit extended backbones of
molecules that are thermally activated and dynamic, it will be
interesting to explore the extent to which this behavior is
common in bulk systems. Clearly it will be useful and
interesting to compare the structural conclusion here with
those using polarized light, rheology, and other techniques

scaled I(q, 538 eV) at 170 °C; the agreement in half-width of
the strong central peak is surprisingly good. In the measured q
range, sample regions with q in the x−y plane will appear
relatively homogeneous, that is, Sx(q) and Sy(q) will be
relatively weak compared to Sz(q) because of the molecular
anisotropy and the distribution of Oether within the molecule.
Px(q, hν) and Py(q, hν) show little q dependence in this range
(see SI), leading to a weak, relatively constant background as
observed. However, if orientational order persists then Pz will
dominate over Py and Px at 538 eV. Measured I(q, 538 eV) is
thus consistent with extended backbones (orientational order)
below and above the ODT.
The continuous distribution of Ocarb along the backbones
yields little speciﬁc enhancement at the lamellar peak (Figure
4a,b) because an assembly of oriented molecules has relatively
weak modulation of Ocarb along z compared to that of Oether. If
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sensitive to orientational order in otherwise disordered
polymers. RSoXS senses anisotropy at the molecular scale,
while length scales probed by visible birefringence techniques
are much larger. Similarly, these results on this system will
provide an interesting comparison for realistic molecular
dynamics simulations9 as they become feasible for bulk systems
of such large, thermally activated molecules. For block
copolymers composed of simple chains, modiﬁed RPA models
can describe measured scattering above the ODT quite well,
although such models work less well as chains become
shorter.17 Results here lead to the speculation that the notion
of packing of isotropic, collapsed molecules becomes less
applicable as chains shorten, and a tendency toward localized
orientational interchain order at length scales shorter than
those probed by birefringence techniques may increase in
importance.
We deduce that resonant depolarized scattering contributes
strongly to the measured intensities by comparing calculations
and data, which reveal that the interference of polarized
resonant and nonresonant amplitudes largely suppresses the
strong diﬀerences in structural sensitivity that we observe. The
depolarized channel has the eﬀect of isolating just the scattering
from the distinct oxygen species and hence maximizing their
scattering contrast to enhance structural sensitivity from these
minor constituents. While ineﬃcient polarizers exist for use in
the soft X-ray spectral range,39,40 they are more suitable for
narrowly deﬁned scattered beams and not generally applicable
with 2D detectors. Nonetheless, it should be feasible to resolve
depolarized and polarized elastic scattering channels with such
devices in selected cases. The identiﬁcation of depolarized
diﬀuse scattering without a polarizer is thus signiﬁcant. It
originates from the tensor character of resonant scattering,
which could also account for the azimuthal intensity anisotropy
around the lamellar ring reported here.41 However, there could
be other sources for this azimuthal anisotropy, including simply
the ordered packing of anisotropic molecules, which is a type of
form birefringence independent of tensor atomic factor
scattering eﬀects.
The nonresonant ﬂuorescence background from the SiNx
support and sample was anticipated but the relative strength of
elastic versus ﬂuorescence signals was uncertain at the outset.
While we clearly observe elastic scattering above this
background, it is also clear that more dynamic range would
provide more structural sensitivity. This is a general concern in
RSoXS measurements at edges of species with Z > 6 and may
explain why little oxygen K edge RSoXS results from polymers
has been published to date,26 as opposed to crystalline
condensed matter.42−46 In carbon RSoXS, appreciable ﬂuorescence from species with Z > 6 in the membrane and sample
is not excited. This work demonstrates that relevant structural
information from oxygen RSoXS spectra is available in weakly
scattering, disordered polymers and would beneﬁt signiﬁcantly
from larger dynamic range, further motivating the development
and use of high spatial resolution 2D detectors with energy
resolution ΔE/E ≤ 0.1−0.25 in the challenging soft X-ray
range.

■

SI-1. Azimuthal scattering dependence for linear polarization. SI-2. Algorithm to correct for background
ﬂuorescence and elastic scattering intensity. SI-3.
Calculated projections of extended molecule form factor
along principle axes at 532 and 538 eV. (PDF)
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