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ABSTRACT: Structural and morphological interplay between hard and soft phases determine the bulk properties of thermoplastic
polyurethanes. Commonly employed techniques rely on different physical or chemical phenomena for characterizing the
organization of domains, but detailed structural information can be difficult to derive. Here, total scattering pair distribution function
(PDF) analysis is used to determine atomic-scale insights into the connectivity and molecular ordering and compared to the domain
size and morphological characteristics measured by AFM, TEM, SAXS, WAXS, and solid-state NMR 1H−1H spin-diffusion. In
particular, density distribution functions are highlighted as a means to bridging the gap from the domain morphology to intradomain
structural ordering. High real-space resolution PDFs are shown to provide a sensitive fingerprint for indexing aromatic, aliphatic, and
polymerization-induced bonding characteristics, as well as the hard phase structure, and indicate that hard phases coexist in both
ordered and disordered states.

1. INTRODUCTION

How do the atomic arrangements within thermoplastic
polyurethanes (TPUs) affect their bulk properties? This is a
complicated question to answer because of the small size and
weak ordering of the domains, microphase segregation and
intermixing, complex morphologies, and strongly diverging
chemistry- and processing-driven structuring pathways. The
amount, size, and morphology of hard and soft phases can be
studied by methods such as small-angle X-ray scattering
(SAXS),1−3 transmission electron microscopy (TEM),4−6

atomic force microscopy (AFM),7−9 and various solid-state
nuclear magnetic resonance (NMR) techniques.10−15 How-
ever, the methods are sensitive to different sample properties,
for example, variations in electron density, mechanical
response, or molecular mobility and proton density. It is
therefore important to cross-examine samples by different
points-of-view to validate the interpretation of their structural
characteristics.16−18

Substantial information on the atomic structure, phase
composition, and domain morphology can also be determined
from wide-angle X-ray scattering (WAXS).19 However, semi-

crystalline polymers,20 especially TPUs, show very few and
extremely broad peaks, making it difficult or impossible to
extract this information from the data. There is additionally the
question of whether peaks from diffracting domains constitute
true crystalline states or paracrystals with reduced symmetry
operators available to describe the structure.21 In either case,
coexisting challenges include the finiteness of the ordered
domains on small scales, the potential for orientational and
conformational distortions, and interfacial effects, all of which
challenge the ability to extract information about the nature of
ordering, let alone quantitative information about bond lengths
or conformations.
Here, the domain formation in TPUs with different hard

segments (HS) and soft segments (SS) was investigated by a
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variety of techniques covering length-scales from ångströms to
micrometers. In particular, we focus on the use of pair
distribution functions (PDFs) obtained from total scattering
measurements, which allow us to extract details of atomic
bonding, molecular chain packing arrangements, and domain
size distributions from X-ray scattering data,22,23 even when no
long-range structuring is present.24 PDF analysis has been used
on polymers as early as 193625 but often with low-resolution
data or analysis over only short distances.26,27 Recent
investigations have shown utility for determining structures
of TPU hard domains28 and quantifying the magnitude of local
symmetry breaking offsets in stacked, two-dimensional (2D)
porous polymers.29,30 It was also shown that a longer distance
assessment can provide information about domain sizes and
relative phase fractions.31 Here, we demonstrate further the use
of lower energy laboratory X-ray diffraction data for observing
real-space correlations of chain packing over longer distances,
which we distinguish as density distribution functions (DDFs)
due to the lack of atom-pair resolution compared to the PDF.
In general, the idea of density distributions can be generalized
for all scattering regimes: the isotropic atomic-pair density
correlations obtained from different regions of X-ray scattering
momentum transfer imbue useful differences in structural
length-scale resolution.

2. RESULTS AND DISCUSSION
Samples listed in Table 1 were prepared by BASF Polyur-
ethanes GmbH, Germany. HS consisted of either 4,4′-

methylene diphenyl diisocyanate (MDI) or hexamethylene
diisocyanate (HDI) with 1,4-butanediol (BD) as a chain
extender (CE). SS consisted of a polyetherol (PEOL) or
polyesterol (PESOL): PTHF (Mn = 1000) or an ester of adipic
acid, 1,6-hexanediol, and BD (Mn = 2000). The hard segment
content (HSC) was calculated according to the formula in
Section 2.1 of Stribeck et al.32

13C solid-state NMR spectra were used to confirm the
presence of HS and SS components in the samples. Schematics
for the components in each TPU along with their respective
NMR spectra are given in Figure 1. The origin of different
regions of the spectra are labeled with the contributing carbon
type. A more detailed assignment of resonances is provided in
the Supporting Information.
Segregation of hard and soft phases was measured by AFM

phase contrast and TEM bright field measurements, as shown
in Figure 2. In both cases, darker and lighter areas indicate
softer and harder regions, respectively. AFM images are a 2D
representation of a three-dimensional (3D) hierarchy of
structures resulting from the random cut via cryo-microtomy,
which are expected to be normally distributed. However,
processing can result in non-normally distributed anisotropies
that are more difficult to account for. To give a semi-
quantitative comparison of typical domain dimensions along
any given axis, hard domains were identified in the AFM
images, and the distributions of minimum and maximum Feret
diameters were measured. Image processing steps and the

resulting size distributions are shown in Figures S1−S3.33,34
The distributions were fit with a log-normal function, as listed
in Table S1, giving mean Feret diameters of 29 nm (TPU-30),
24 nm (TPU-06), and 17 nm (TPU-15), though the variance
is much larger for TPU-30 because of the highly anisotropic,
branch structures ≥200 nm, likely due to secondary
interactions of the ester. TPU-06 shows a slightly smaller
mean Feret diameter and smaller variance because of more
isotropic domains, while TPU-15 has the smallest and most
homogeneously sized domains. Despite changes in morphol-
ogy, all samples show a large population of Feret diameters on
the order of 5−20 nm, indicating similar short-axis lengths.
For TEM measurements, noncrystalline and/or lower

density content is preferably stained by ruthenium tetroxide
(RuO4) to give darker regions, while lighter regions represent
denser, more ordered or crystalline content. Preference for
staining aromatic moieties, which are present in MDI, can also
give contrast between soft and hard domains. The graininess of
the images, and apparent overlap/percolation of the ordered
regions, make it more difficult to extract specific domains from
the images. However, representative dimensions can be
extracted by visual inspection, for example, as shown in Figure
S4. TEM shows highly anisotropic ordered regions for TPU-
30, with widths around 5−6 nm and lengths on the order of
≥100 nm. TPU-06 shows a coarse grained morphology with
very fine lamellar structures and more isotropic ordered
domains ∼5−20 nm. TPU-15 shows similar domain sizes but
lacks any distinct lamellar structuring. A lower contrast
between the bright and dark regions suggests increased
interfacial thickness between the ordered and disordered
regions.
SAXS patterns, as shown in Figure 3a, show a diffraction

peak, indicative of microphase segregated morphologies. Peaks
show correlations between neighboring hard domains at d-
spacings (i.e., long periods) of ∼14.0, 11.2, and 9.3 nm for
TPU-30, TPU-06, and TPU-15, respectively, (values vary by
analysis method but with consistent trends, see Table S2).
Thus, correlated packing of neighboring hard domains must
occur along the short-axis length of the domains. Small
artefacts in the TPU-30 SAXS curve result from the preferred
orientation effects, coinciding with the elongated domain
morphology.
WAXS patterns, as shown in Figure 3b, show broad

diffraction features located at ∼1.0−2.0 Å−1, indicating
predominantly amorphous content. Low-intensity, Bragg-like
diffraction peaks demonstrate the presence of some ordered
content. Small peaks at 0.455 Å−1 for TPU-15 (more diffuse
for TPU-30) and 0.83 Å−1 for both samples can be assigned to
020 and 040 reflections for the MDI-BD hard phase with a
P21/c symmetry,28 indicating intradomain ordering along the
fiber axis and/or possible paracrystalline arrangements of
HS.35,36 A similar peak at 0.98 Å−1 for TPU-06 may then
indicate fiber axis ordering of aliphatic chains for HDI-BD.
Locally ordered chains in the soft phase may also contribute.
TPU-30 shows a sharp diffraction peak at 1.365 Å−1 that can
be assigned to several reflections related to lateral packing
between chains via H-bonding or edge-to-face interacting
phenyl groups.28 Despite a similar HSC, TPU-15 is dominated
by the amorphous halo, suggesting the hard phase that is either
too small, or too poorly ordered, to produce Bragg peaks.
TPU-06, on the other hand, shows three sharp diffraction
peaks, suggesting a different hard phase structure (i.e., aliphatic
isocyanate in the hard phase, not aromatic MDI). The reduced

Table 1. List of Samples

sample isocyanate CE SS HSC %

TPU-06 HDI BD PEOL 46
TPU-15 MDI BD PEOL 43
TPU-30 MDI BD PESOL 44

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c01557
Macromolecules 2020, 53, 9065−9073

9066

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01557/suppl_file/ma0c01557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01557/suppl_file/ma0c01557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01557/suppl_file/ma0c01557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01557/suppl_file/ma0c01557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01557/suppl_file/ma0c01557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01557/suppl_file/ma0c01557_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01557?ref=pdf


total scattering structure functions F(Q), as shown in Figure
3c, highlight differences in the diffuse scattering, at high-Q,

Figure 1. (a) Schematics of the HS and SS motifs and (b) 13C solid-state NMR spectra measured for all samples. Asterisks (*) denote spinning
side-bands. Intensities are given at an arbitrary linear scale.

Figure 2. AFM (upper row) and TEM (RuO4 staining) (lower row) images shown for the respective TPU samples: (a,d) TPU-30, (b,e) TPU-06,
and (c,f) TPU-15. The respective distributions of minimum and maximum Feret diameters are shown in (g−i) with a single log-normal distribution
fitted to the combined data and the distribution mean.
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because of the local atomic bonding characteristics imbued by
different sample chemistries. See Figures S6 and S7 for further
comparisons of I(Q) and F(Q) data.
High real-space resolution PDFs from total scattering

measurements37−39 at different facilities [beamline 11-ID-B
at the advanced photon source (APS) and beamline ID31 at
the European Synchrotron Radiation Facility (ESRF)] show
that despite differences in radiation energy, detector
technology, and sample placement, the results are highly
reproducible, as shown in Figure S8 and Table S3. This
ensures that slight deviations in the local peak position and
shape indicate real changes in sample-specific bonding
environments. Peaks associated with the two first nearest-
neighbor (NN) pair-distances are shown in Figure 4a.

The first feature worth noting is the change in the position
of the first peak, which represents the distribution of (non-
hydrogen) NN bond distances (e.g., C−C, CC, C−O, C
O, C−N, and CN). Intensity weighted at shorter-r indicates
a larger proportion of double bonds and/or aromatic character,
which coincide with the changing chemical constituents here.
Therefore, TPU-15 and TPU-30 have similarly shorter NN

distributions because of MDI. TPU-30 shows additional weight
on the short side corresponding to more CO double bonds
in the Adipic ester. TPU-06 shows a distribution at longer-r
because of the aliphatic character of HDI and PTHF. The
second NN peak of TPU-06 also has a wider distribution,
which could possibly result from a wider distribution of bond
angles because of more torsional flexibility of the aliphatic
backbone. PDFs calculated from polymerized chains, com-
pared in Figure 4a, show good agreement with the experi-
ment.40 A better agreement of the polymerized chain model
PDFs versus summations of individual monomers suggests that
the PDFs are also sensitive to bond character modification
because of polymerization. Comparison of fits to the first two
NN peaks and more information about model calculations can
be found in the Supporting Information Section S4.7.
The signals corresponding to medium-range structuring are

shown in Figure 4b. All sample signals appear to be dominated
by the short-range ordered content. However, with ×20
amplification (and with termination effects reduced by a Lorch
function,41 see Supporting Information Section S4.5), a small
amount of long-range ordered content can be observed as well.
TPU-15 is less well ordered, while TPU-30 and TPU-06 show
more distinctive structuring. As both TPU-06 and TPU-15
have the PEOL SS, a significant difference at short distances
may indicate that HDI contributes a stronger effect on
structuring in the disordered component (more prominent at
short distances). The amplitude of the signals from the long-
range components are much smaller than would be expected
for a 40−50% ordered hard phase, indicating that much of the
HSC does not contribute to the ordered domains.
Despite different SS species, TPU-15 and TPU-30 both

show similar local chain packing environments up to 17 Å,
Figure 5a.
Despite different SS species, TPU-15 (MDI-BD-PTHF) and

TPU-30 (MDI-BD-PESOL) show similar local chain packing
environments up to 17 Å, Figure 5a. They also both share a
similar local structure to TPU Shore 60D with composition
1:0.79:0.21 MDI:BD:PTHF, as well as the MDI-BD model
hard phase (HP1), which was found to be amorphous at a 1:1
ratio in a previous study.28 These observations are notable,
because it then appears that while we did observe an effect on
local ordering due to the presence of SS in the previous study,
we do not currently observe a significant local structural effect
between the PEOL versus PESOL SS for the current two
samples, despite the drastic changes in the morphology and
hard domain structure. The presence of some fraction of
disordered hard domains is suggested in the current samples,
helping to explain the missing hard phase intensity at long
distances. The average local ordering in the samples appears to

Figure 3. X-ray scattering from the TPU samples is shown over different ranges of momentum transfer, corresponding to different structural length-
scales: (a) SAXS, (b) WAXS, and (c) reduced total scattering F(Q).

Figure 4. Experimental PDFs showing (a) the first few NN
coordination environments compared to PDFs calculated from
stoichiometric combinations of HS and SS models. PDFs are shown
(b) over medium-r showing the chain packing, and smoothed and
amplified for comparison at long distances.
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be dominated by the isocyanate and CE components. TPU-06
shows a different short- and medium-r environment with
slightly sharper features and higher chain-packing frequency,
showing similarity to the PDF of α polyamide 6 (PA6),31 as
shown in Figure 5b. The local structures show some
similarities in terms of both the positions of sharp features
(intramolecular correlations) as well as the wavelength of the
lower frequency oscillations (intermolecular chain-chain
packing correlations), which may indicate more linear chain
packing conformations compared to the zig-zag formations in
the MDI-BD phase, even in the short-range ordered
component. This is plausible because hydrogen bonding
could form between HDI-BD segments in a similar fashion
to those between amide linkages in PA6. The sharp features in
the PDF of TPU-06 are more broadened than in PA6 (e.g., the
third NN peak at approximately 4 Å), which may indicate
more torsional freedom than in the antiperiplanar α-PA6. This
may arise from bending at the carbamate groups, as suggested
by the MMFF94s relaxations. Over medium and long
distances, TPU-30 shows the prototypical MDI-BD hard
phase structure, as shown in Figure 5c.28,42 This demonstrates
that the MDI-BD hard domains can form the same structure as
the model hard phase (HP3: 1:1.2 MDI-BD) in the presence
of the PTHF SS (i.e., different average local structure) in the
case of TPU-30.
Long-range ordering of the TPUs is shown over the nm

range of the synchrotron PDFs, as shown in Figure 6. DDFs
obtained from Cu-Kα1 laboratory measurements are overlayed
for comparison. These data lack atomic resolution because of
their limited Qmax and are not suitable for local structure
analysis. However, the peak positions and shapes match very
well over long distances. In fact, the increased Q-resolution of
the laboratory data here allows for the DDF functions to be
assessed over much longer distances43−45 than for the PDFs
obtained from typical rapid acquisition measurements with a
2D detector.46 In general, the experimental (e.g., sample, beam,
and detection) geometries, X-ray energy, and detector-type all
contribute to an instrumental resolution function that
describes the ability for the experiment to resolve diffraction
features in a reciprocal space. Convolution with a broader
resolution function (e.g., increased sample thickness, larger
pixels in the detector, shortening the sample-to-detector

Figure 5. Comparisons of short- and medium-range order seen in the
PDFs: (a) PDFs of TPU-30 and TPU-15 are compared to PDFs
measured from previous TPU samples (HP1: 1:1 MDI:BD hard
phase, and TPU Shore 60D: 1:0.79:0.21 MDI:BD:PTHF) (note:
prior measurements were performed at 100 K).28 The small features
around the second NN peak in the previous data are termination
effects. (b) TPU-06 is compared to polyamide 6 (PA6).31 (c) The
long-range ordered signal in TPU-30 is indexed to the hard phase
(HP3: 1:1.2 MDI-BD) measured at NSLS (100 K).28 Data sets in (c)
were both processed with Qmax = 15 Å−1 and a Lorch modification for
comparison.41

Figure 6. Long-distance range of PDFs from the rapid acquisition experiment (black) and DDFs from higher Q-resolution lab experiments (color)
showing structural correlations over an increased distance.
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distance, higher energy, larger beam diameter, etc.) results in
broader diffraction patterns. In real-space, this has the effect of
multiplying the PDF by the Fourier transform of the
reciprocal-space resolution function, leading to increased
damping of the signal at long distances. This limits the range
over which structural correlations can be observed in the PDF.
PDFs measured in rapid acquisition mode46 (the standard
setup for synchrotron PDF measurements) have quite low Q-
resolution compared to typical XRPD-focused experiments,
which is not a problem when the experiment is only concerned
with the local structure.
The resolution of features over longer distances allows

information to be extracted from the additional damping
effects on the profile due to the domain size and shape profiles,
once the instrumental effects have been accounted for (see
Supporting Information Section S4.8). Recent studies, for
example, have demonstrated comparisons of lab and
synchrotron data for polyamide 631 and low- and high-Qmax
synchrotron data measured at different detector distances.47

The more complex structural damping profiles for the TPUs
here were confirmed using PDFs obtained from a higher
resolution measurement (longer sample-to-detector distance
and smaller pixel size), using a Pilatus detector from DECTRIS
at the ESRF, as shown in Figures S12 and S13. For TPU-30,
the profile smoothly damps with increasing r. Large, long-range
ordered domains extend up to ≥20 nm. For TPU-06, a higher
concentration population of domains are ordered up to 6 nm,
and then a lower concentration population of domains appear
ordered up to ≥11.0 nm. The damping profile for TPU-15 is
nearly identical for both PDF and DDF data, indicating that
the coherence in this case is not resolution limited, and the
hard domains are only ordered up to ∼5−7.5 nm. The
amorphous phases were estimated at 13/14/19 Å for TPU-15/
30/06, respectively, which is in good agreement with the
previously determined MDI-BD-PTHF disordered phase (18
Å).28

Information on size and morphological distributions
obtained from AFM, DDF, SAXS, and NMR are compared,

as shown in Figure 7. G(r) attenuation profiles were
approximated from the AFM Feret diameter distributions of
hard and soft phase separation; see Supporting Information
Section S4.9 for details. The aggregated attenuation profiles, as
shown in Figure 7a, can be compared directly to DDFs, as
shown in Figure 7b, which show the signals from the polymer
chain packing within the ordered hard domains. The AFM
measurements are optimized for viewing hard and soft phase
separation, so the regions visualized can be much larger than,
and aggregates of, the coherent ordered domains observed with
DDF. The apparent resolution of hard domains by AFM can
also be affected by tapping force, tip geometry, Q factor,
environment, and so forth.48 Overall trends between AFM and
DDF are still in good agreement. TPU-15, with signals dying
out most quickly, has the smallest aggregate hard regions
comprised of small isotropic ordered domains. TPU-30 shows
a more gradual signal damping which extends to much longer
distances, as it has both larger and more anisotropic hard
regions and crystallites.49−52 TPU-06 is intermediate to the
other two samples, with a larger concentration of well ordered,
isotropic hard regions and a small population with larger
dimensions. The increased HSC has previously been shown to
increase the amount of light-colored regions and the
distinction between light/dark regions, indicating a decrease
in interfacial thickness that is consistent with what is currently
observed for the TPU samples here.48 Interlocking, connected
morphologies of TPU hard domains have also been noted and
suggested to be favorable on exceeding a HSC of 25 wt %,9 and
at a certain HSC, there can even be phase inversion. In future
implementations, PDF/DDF measurements could potentially
be used as a reference for tuning the AFM measurement
parameters to optimize resolution to discriminate crystallite
domains.
G(r) functions obtained by the Fourier transformation of the

SAXS53−55 are shown in Figure 7c. Here, peaks represent
roughly the probability that a vector with magnitude r has both
ends in a region of similar density, with respect to the average
atomic density. This was compared to other correlation

Figure 7. Domain size information by different techniques for TPU-30 (green), TPU-06 (red), and TPU-15 (blue): (a) real-space G(r) damping
profiles calculated from Feret diameter distributions measured by AFM, (b) DDFs showing chain-chain packing correlations within ordered hard
domains and damped according to domain morphology and size distribution, (c) G(r) from SAXS showing correlation between hard domains, and
(d) NMR 1H−1H spin-diffusion from the soft to hard domain.
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functions typically used in SAXS analysis (calculated using
SasView,56 see Supporting Information Section S3.1).57−59

Given the apparent isotropism of TPU-06 and TPU-15, and
the branch-like structures in TPU-30, the assumptions made
by the 1D correlation function and associated interface
distribution function are probably not suitable.1,60 The average
domain thickness was estimated by extrapolation of the self-
correlation in the 3D correlation functions as 4.3 (TPU-30),
4.4 (TPU-06), and 3.5 nm (TPU-15).61 Regarding the smaller
value estimates for the domain sizes from SAXS versus PDF:
the scattering contrast in SAXS comes from the variations in
electron density between phases. For PDF, the contrast comes
from the higher resolution ordering of electron density within
the phases. Therefore, it is possible that complex interfacial
regions, not easily accounted for in the SAXS estimate, may
contain molecular ordering that extends the observed domain
size in the PDFs. The SAXS estimates may also be complicated
by inhomogeneity and distributions of structural properties. If
the domain sizes are estimated by the minimum in both the 3D
correlation function and G(r), we obtain consistent values
which agree better with the PDF and microscopy results. Thus,
the linear extension method for the SAXS estimate may simply
not rely on suitable assumptions here.
Domain size information was also obtained through 1H−1H

spin-diffusion solid-state NMR, as measured by 13C-detection
(see Supporting Information Section S5).10−12 Figure 7d
shows the amount of NMR polarization diffusing from the soft
phase to hard phase as a function of diffusion time. All samples
show relatively fast buildups, which are in line with a short-axis
length of <10 nm, although dimensionality has an effect that is
difficult to define for the inhomogeneous and distributed
domains in this case. TPU-15 shows the fastest signal buildup
over spin-diffusion time, while TPU-06 and TPU-30 show a
similarly slower build-up of polarization on the hard phase. To
a first approximation, the NMR signal buildup correlates well
with the graining of the hard/soft phase from AFM and TEM
images, packing of hard phases from SAXS, and the average
crystallite coherence from PDF. According to the NMR
buildup, there must be more interface between the hard and
soft phases in TPU-15 compared to TPU-06 and TPU-30.
TPU-06 and TPU-30 have similar spin-diffusion buildup
characteristics, that is, a comparable amount of polarization
exchange between the hard and soft matrix. Thus, while
lamellar structures and superstructures of TPU-06 and TPU-30
look different by microscopy, the total amount of the interface
must be similar. This is in better agreement with the PDF/
DDF analysis which shows that the distribution of actual
coherent ordered domain dimensions is weighted more toward
sizes in the 5−10 nm range (also in agreement with TEM and
SAXS), rather than the larger hard regions observed by AFM/
TEM. Notably, the NMR data correlate especially well with the
grouping of samples according to the mean Feret diameters,
though further investigations would be necessary to detail how
the length should be compared in systems with nonspherical
domains.
Formally, it is possible to calculate a hard-phase domain size

from the NMR data.10,11 This requires the dimensionality of
the phases (i.e., ϵ = 1 for lamellae, ϵ = 2 for fibers, and ϵ = 3 for
spheres, or combinations thereof) to be known over a
representative volume, the influence of superstructures to the
interphase spin-diffusion to be negligible, and the spin-
diffusion constant to be quantitatively transferable from a
measurement of a reference material. This is typically only the

case for very well-understood materials. Here, a complex
mixture of dimensionalities and length scales, including
lamellae and superstructures, are observed, and the spin-
diffusion coefficient has not been determined precisely, making
it difficult to infer the hard phase diameter or thickness from
the signal buildup curves.
It should be noted that 13C-detected solid-state NMR

experiments, as employed here, are relatively time-consuming.
Approaches using much more sensitive, and thus faster, 1H-
only detection (omitting 13C entirely) have been implemented,
requiring careful calibration of spin-diffusion constants.62 Such
experiments may be used to screen a larger series of similar
samples, for example, for quality control purposes, with high-
field or even benchtop NMR devices when sufficient
information from other sources has been used to establish a
sound understanding of the material class.

3. CONCLUSIONS

Here, we have demonstrated PDF analysis of local ordering
and domain structure/morphology in several TPU samples.
The high real-space resolution data obtained from synchrotron
total scattering measurements gave unique fingerprints for
different chemistries and structuring of ordered and disordered
phases. Additionally, the similarity between the PDFs here and
for previous TPU model hard phases, and the disproportion-
ately low intensities of the long-range ordered content, show
that there is a large concentration of disordered hard domains
coexisting with larger, long-range ordered domains, despite all
three showing different structures. In combination with TEM,
AFM, SAXS, and 1H−1H spin-diffusion solid-state NMR, we
determined that the ordered domains in all samples have
similarly characteristic short-axis lengths on the order of 5−10
nm, regardless of the presence or absence, and isotropy or
anisotropy, of lamellae formation over larger length-scales.
Furthermore, the larger domain size distribution characteristics
observed in real-space correlate well with the hard phase
morphologies observed by AFM and TEM imaging techniques.
Additionally, we showed that PDFs from high Q-resolution

total scattering data, and even DDFs measured from laboratory
diffractometers, can bridge information about size and shape
distributions of the hard domains with the internal arrange-
ment of molecular chains. The use of Cu-Kα1 radiation is not
suitable for proper atomic PDF analysis.63 However, despite
the loss of atomic resolution, suitable density−density
correlations between polymer chains packed into nanocrystal-
line or paracrystalline domains could still be extracted, over
wider distances than typical rapid acquisition synchrotron
experiments, allowing for increased sensitivity to changes in
domain structuring, morphology, and/or the presence of size
distributions.
In future experiments, the use of PDF/DDF measurements

could help to optimize imaging and spectroscopic measure-
ment protocols for specific observables. Overall, the
complementarity between different probes of the morphology
and internal structure motivate further use of these data for
quantitative, multiscale complex modeling.64
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Further details of AFM, TEM, and SAXS measurements
and analysis; X-ray and total scattering experimental
details; data processing; molecular modeling procedure;
experimental resolution effects; experimental informa-
tion for 1H−1H spin-diffusion solid-state NMR; and
detailed NMR resonance assignments (PDF)
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thermoplastic polyurethanes by 1H spin-diffusion NMR. Macro-
molecules 2006, 39, 4802−4810.
(14) Saalwac̈hter, K. Proton multiple-quantum NMR for the study of
chain dynamics and structural constraints in polymeric soft materials.
Prog. Nucl. Magn. Reson. Spectrosc. 2007, 51, 1−35.
(15) Mokeev, M. V.; Ostanin, S. A.; Saprykina, N. N.; Zuev, V. V.
Microphase structure of polyurethane-polyurea copolymers as
revealed by solid-state NMR: effect of molecular architecture. Polymer
2018, 150, 72−83.
(16) Zhou, H.; Wilkes, G. L. Comparison of lamellar thickness and
its distribution determined from d.s.c., SAXS, TEM and AFM for
high-density polyethylene films having a stacked lamellar morphology.
Polymer 1997, 38, 5735−5747.
(17) Ivanov, D. A.; Amalou, Z.; Magonov, S. N. Real-time evolution
of the lamellar organization of poly(ethyele terepthalate) during
crystallization from the melt: high-temperature atomic force
microscopy study. Macromolecules 2001, 34, 8944−8952.
(18) Haubruge, H. G.; Gallez, X. A.; Nysten, B.; Jonas, A. M. Image
analysis of transmission electron micrographs of semicrystalline
polymers: a comparison with X-ray scattering results. J. Appl.
Crystallogr. 2003, 36, 1019−1025.
(19) Powder Diffraction: Theory and Practice; Dinnebier, R. E.,
Billinge, S. J. L., Eds.; Royal Society of Chemistry: London, England,
2008.
(20) Flory, P. J.; Yoon, D. Y. Molecular morphology in semicrystal-
line polymers. Nature 1978, 272, 226−229.
(21) Hosemann, R.; Hindeleh, A. M. Structure of crystalline and
paracrystalline condensed matter. J. Macromol. Sci., Phys. 1995, 34,
327−356.
(22) Egami, T.; Billinge, S. J. L. Underneath the Bragg Peaks:
Structural Analysis of Complex Materials, 2nd ed.; Elsevier:
Amsterdam, 2012.
(23) Billinge, S. J. L. Nanometer scale structure from powder
diffraction: total scattering and atomic pair distribution function
analysis. IUCr Newsl. 2019, 649−672.
(24) Elliott, S. R. Medium-range structural order in covalent
amorphous solids. Nature 1991, 354, 445−452.
(25) Simard, G. L.; Warren, B. E. X-ray study of amorphous rubber.
J. Am. Chem. Soc. 1936, 58, 507−509.
(26) Narten, A. H.; Habenschuss, A.; Xenopoulos, A. Diffraction and
structure of amorphous and crystalline regions in semicrystalline
nylon 6.6. polymer 1991, 32, 1923−1927.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c01557
Macromolecules 2020, 53, 9065−9073

9072

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01557/suppl_file/ma0c01557_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxwell+W.+Terban"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7094-1266
http://orcid.org/0000-0002-7094-1266
mailto:M.Terban@fkf.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karsten+Seidel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elmar+Po%CC%88selt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+Malfois"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5231-1896
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roelf-Peter+Baumann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ralf+Sander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dirk+Paulus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bernd+Hinrichsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+E.+Dinnebier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01557?ref=pdf
https://dx.doi.org/10.1002/pol.1983.180210814
https://dx.doi.org/10.1002/pol.1983.180210814
https://dx.doi.org/10.1016/j.polymer.2004.08.033
https://dx.doi.org/10.1016/j.polymer.2004.08.033
https://dx.doi.org/10.1016/j.polymer.2004.08.033
https://dx.doi.org/10.1016/j.eurpolymj.2016.02.004
https://dx.doi.org/10.1016/j.eurpolymj.2016.02.004
https://dx.doi.org/10.1016/j.eurpolymj.2016.02.004
https://dx.doi.org/10.1016/0032-3861(95)90922-o
https://dx.doi.org/10.1016/0032-3861(95)90922-o
https://dx.doi.org/10.1002/(sici)1099-0488(19971115)35:15<2565::aid-polb19>3.0.co;2-3
https://dx.doi.org/10.1002/(sici)1099-0488(19971115)35:15<2565::aid-polb19>3.0.co;2-3
https://dx.doi.org/10.1002/(sici)1099-0488(19971115)35:15<2565::aid-polb19>3.0.co;2-3
https://dx.doi.org/10.1080/15583724.2010.493256
https://dx.doi.org/10.1080/15583724.2010.493256
https://dx.doi.org/10.1021/ma00031a042
https://dx.doi.org/10.1021/ma00031a042
https://dx.doi.org/10.1016/j.polymer.2003.07.007
https://dx.doi.org/10.1016/j.polymer.2003.07.007
https://dx.doi.org/10.1016/j.polymer.2003.07.007
https://dx.doi.org/10.1002/actp.1993.010440101
https://dx.doi.org/10.1002/actp.1993.010440101
https://dx.doi.org/10.1016/s0032-3861(99)00743-0
https://dx.doi.org/10.1021/ma060335m
https://dx.doi.org/10.1021/ma060335m
https://dx.doi.org/10.1016/j.pnmrs.2007.01.001
https://dx.doi.org/10.1016/j.pnmrs.2007.01.001
https://dx.doi.org/10.1016/j.polymer.2018.07.014
https://dx.doi.org/10.1016/j.polymer.2018.07.014
https://dx.doi.org/10.1016/s0032-3861(97)00145-6
https://dx.doi.org/10.1016/s0032-3861(97)00145-6
https://dx.doi.org/10.1016/s0032-3861(97)00145-6
https://dx.doi.org/10.1021/ma010809b
https://dx.doi.org/10.1021/ma010809b
https://dx.doi.org/10.1021/ma010809b
https://dx.doi.org/10.1021/ma010809b
https://dx.doi.org/10.1107/s0021889803009087
https://dx.doi.org/10.1107/s0021889803009087
https://dx.doi.org/10.1107/s0021889803009087
https://dx.doi.org/10.1038/272226a0
https://dx.doi.org/10.1038/272226a0
https://dx.doi.org/10.1080/00222349508219497
https://dx.doi.org/10.1080/00222349508219497
https://dx.doi.org/10.1107/97809553602060000972
https://dx.doi.org/10.1107/97809553602060000972
https://dx.doi.org/10.1107/97809553602060000972
https://dx.doi.org/10.1038/354445a0
https://dx.doi.org/10.1038/354445a0
https://dx.doi.org/10.1021/ja01294a034
https://dx.doi.org/10.1016/0032-3861(91)90153-a
https://dx.doi.org/10.1016/0032-3861(91)90153-a
https://dx.doi.org/10.1016/0032-3861(91)90153-a
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01557?ref=pdf


(27) Winokur, M. J.; Mattes, B. R. Determination of the local
molecular structure in amorphous polyaniline. Phys. Rev. B 1996, 54,
R12637−R12640.
(28) Terban, M. W.; Dabbous, R.; Debellis, A. D.; Pöselt, E.;
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