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1 Atomic force microscopy (AFM)

For characterizing the morphology of sample cross-sections, the AFM Dimension ICON
(Bruker) was used. The cross-sections were prepared by cryo-microtome at -80 °C. AFM
measurements were performed in Tapping Mode, collecting the topographical Height Image

and corresponding Phase Image (material contrast) of 1x1 pm? areas.

1.1 Semi-quantitative analysis of AFM images

To compare the AFM phase contrast images on a semi-quantitative basis, the software
ImageJ was used with the NanoDefine plugin, Particle Sizer.!? A bandpass filter was used
to smooth the image, then a brightness threshold was used to highlight areas approximately
representative of the hard domains. All surrounding areas were then masked for maximal

contrast. The Particle Sizer plugin was run on the masked images. Since the domains are



highly anisotropic, they were assessed by the distribution of maximum and minimum Feret
diameters obtained from the fitted domains in each TPU sample image. As the borders of
the domains are not well defined, and the Feret diameters do not necessarily account for
the full complexity of the domain shapes, values obtained from this analysis should only
be taken as relative for comparison between samples. Furthermore, AFM images are a 2D
representation of the TPU 3D (hierarchy of) structure(s), resulting from the random cut
via cryo-microtomy (should be normally distributed). It is more difficult to account for
process related anisotropies (not normal). The steps in image processing and resulting size
distributions are shown in Figures S1, S2, and S3. A log-normal distribution was fit to the

aggregate distributions, and the refined parameters are shown in Table S1.

Table S1: Refined parameters for log-normal distributions.

Sample HS  SS Mean Variance Skew Kurtosis Standard Dev.
TPU-06 HDI ether 24.2 4324 3.7 31.5 20.8
TPU-15 MDI ether 16.5 119.9 2.6 13.6 11.0
TPU-30 MDI ester 294  1674.0 8.8 273.0 40.9
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Figure S1: (a-e) AFM image processing steps for TPU-06. (f) distribution of minimum and
maximum Feret diameters.
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Figure S2: (a-e) AFM image processing steps for TPU-15. (f) distribution of minimum and
maximum Feret diameters.
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Figure S3: (a-e) AFM image processing steps for TPU-30. (f) distribution of minimum and
maximum Feret diameters.



2 Transmission electron microscopy (TEM)

Morphology was investigated with transmission electron microscopy. Ultrathin cross-sections
were prepared via cryo-ultramicrotomy (Leica UC 7), which were stained with RuO, from the
vapor phase. The samples were examined using a Zeiss Libra 120 microscope equipped with
an omega filter operating at an accelerating voltage of 120 kV in elastic mode. RuQOy4 lends
contrast between amorphous and crystalline regions of semicrystalline polymers, leading to

a bright appearance of crystalline lamellae in TEM images.

v
*5.81 nm *..
. A

Figure S4: Zoomed-in view of the domain structures observed by TEM in (a) TPU-30, (b)
TPU-06, and (C) TPU-15, stained with RuO, respectively. Representative features and
dimensions are marked in red or green.



3 Small-angle x-ray scattering (SAXS)

SAXS experiments were conducted at the NCD-SWEET beamline (BL11) at ALBA Syn-
chrotron in Barcelona, Spain. Data were collected using an x-ray energy of 12.40 keV (\ =
0.9999 A) and a Pilatus 1M detector from Dectris (981 x 1043 pixels, 172 x 172 pum? each)
mounted orthogonal to the beam path at a distance of 7.6498 m from the sample. Silver

behenate (AgBH) was used as a calibration standard.

3.1 Analysis of SAXS curves

Diffraction in SAXS can be attributed to constructive interference between x-rays scattered
from segregated regions of like density. Single peaks observed in paracrystalline and semicrys-
talline polymers (including thermoplastic polyurethanes), are often attributed to microphase
segregated crystalline and amorphous (or hard and soft) regions, often in the form of lamellar
stacks® % or a random close-packed or liquid-like distribution of segregated domains.” For a
3D isotropic material (e.g., random close-packed or liquid-like), the position of the peak in
the observed SAXS intensities, (@), can be related to the interdomain spacing d by the the
Bragg relationship, i.e., d = 27/Q.%? If isotropic SAXS intensities are instead assumed to
arise from an orientationally averaged distribution of microdomains consisting of 1D lamellar
stacks, then the so-called Lorentz correction is recommended where the intensity from the
1D stacks, I1p, is related to the observed isotropic intensities by I1p o< Q*I(Q), and then d
should be assessed from the maximum in Q*I(Q).%'°

SAXS data are commonly assessed by various forms of real-space distribution functions,
which come with different requirements for the validity of their use and varying benefits for
assessing different physical properties of structural heterogeneities*'*1* The most common
forms are the 3D and 1D correlation functions. These functions represent the local fluctuation

in the phase density with respect to the average and are related to the probability that a rod

of length r will have both ends in the same phase. The 3D correlation function corresponds



to the case of isotropic materials, and can be calculated by

r) = o [ Q@™ g 0

where Q* is the SAXS invariant, defined by Q* = [;° Q*I(Q)dg. The 1D correlation function
corresponds to the case of scattering from orientationally averaged 1D stacks and can likewise

be calculated from

D) = 50 [ Q@) cos(@riQ. ©)

Q

Other common real-space functions used to assess SAXS data are the chord distribution func-
tion, g(r) (3D isotropic case),!! and the interface distribution function, g;(r) (1D stacks),®5
which are respectively related to the second derivatives of the 3D and 1D correlation func-
tions.

We used the software SasView (http://www.sasview.org/) to calculate I's(r), I'y(r), and
g1(r) from the SAXS for the three samples. To reduce termination effects, the program
extrapolates the data to () = 0 using the Guinier relationship, and to ) = oo using Porod’s
law, with corrections for positive deviations caused by thermal density fluctuations and
negative deviations caused by diffuse phase boundaries.® A real-space PDF, G(r) was also
extracted from the SAXS data by processing the data using the formalism for total scattering
data using the program xPDFsuite!® (see PDF section below, use of this program on SAXS
shares similarities to the automated reduction methods described by A. Stribeck!?). The
different real-space functions obtained from the SAXS data are compared in Fig. S5. The
SAXS data were also assessed in reciprocal space by fitting a pseudo-Voigt function to both
as-measured (I(Q)) and Lorentz-corrected (Q*I(Q)) datasets. Interdomain spacings were
estimated from the peak positions in the reciprocal- and real-space functions, Table S2. The
average domain size was further estimated from extension of the linear decreasing portion

of I's to the minimum (TPU-06: 4.4 nm, TPU-15: 3.5 nm, TPU-30: 4.3 nm).
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Figure S5: Comparison of different real-space functions obtained from SAXS measured from
TPU-30, TPU-06, and TPU-15: (a) 1D correlation function I'y, (b) 3D correlation function
I'3, 1D interface distribution function g;, and the pair distribution function obtained from

xPDFsuite.

Table S2: Comparison of structural parameters estimated from SAXS data.

Sample Parameter 3D 1D
Q) Ty QU@ T,
TPU-06 dj, (nm) 112 127 99 93
TPU-15 d, (nm) 9.3 10.5 8.2 7.8
TPU-30 dy, (nm) 14.0 13.3 10.8 10.1
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4 Wide-angle x-ray scattering (WAXS) and total scat-

tering measurements

4.1 Laboratory

Laboratory XRPD patterns were collected at room temperature on a STOE Stadi P diffrac-
tometer with CuKa, radiation (A = 1.540596 A), using a Ge(111) Johann monochromator
and a Mythen 1K detector in transmission geometry. For laboratory measurements, a stan-
dard was prepared in the same geometry as the TPU pellets. A powdered mixture of 10 wt%
Si and 90 wt% polyamide 6 (PA6) as filler (to avoid significant absorption effects) was pre-

pared and then compacted using a pellet press into a disc of 2 mm height and 6 mm diameter.

4.2 ALBA synchrotron

WAXS were conducted at the NCD-SWEET beamline (BL11) at ALBA synchrotron in
Barcelona, Spain. Data were collected using an x-ray energy of 12.40 keV (A = 0.9999 A)
and a LX255-HS detector from Rayonix (960 x 2880 pixels, 88 x 88 um? each) mounted
orthogonal to the beam path at a distance of 122.98 mm from the sample. Cr,O3 was used

as a calibration standard.

4.3 Advanced photon source (APS)

X-ray total scattering measurements were conducted using beamline 11-ID-B of APS at Ar-
gonne National Laboratory (ANL), in Chicago, USA. Data were collected in rapid acquisition
mode’ using an x-ray energy of 58.68 keV (A = 0.2113 A) and a 2D PerkinElmer detector
(2048 x 2048 pixels, 200 x 200 ym? each) mounted orthogonal to the beam path at a dis-
tance of 166.31 mm from the sample. Pellet samples were measured at room temperature
in transmission geometry. Scattering contributions from air and the sample holder were

measured and subtracted. CeOy NIST 674b was used as a calibration standard.
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4.4 European synchrotron radiation facility (ESRF)

Additional total scattering experiments were conducted using beamline ID31 at the ESRF
in Grenoble, France. Data were collected in rapid acquisition mode using an x-ray energy of
68.54 keV (A = 0.1809 A) and a Pilatus3 X CdTe 2M from Dectris (1475 x 1679 pixels, 172
x 172 pum? each) mounted orthogonal to the beam path at a distance of 273.38 mm from
the sample. Pellet samples were measured at room temperature in transmission geometry.
Scattering contributions from air and the sample holder were measured and subtracted.

CeO4y NIST 674b was used as a calibration standard.

4.5 Data processing

Calibration of the detector geometry and image integration were performed using the az-
imuthal integration software pyFAIL'” The raw data images were summed and corrected
for polarization effects, then masked and azimuthally integrated to produce 1D powder
diffraction patterns. Further normalization and transformation to the real space PDF was
performed using PDFgetX3,!® within xPDFsuite.!® The total scattering structure function
S(Q) is obtained from the coherent scattering intensities I.(Q), after removal of the self-

scattering by,
1(Q) — N(f(Q)*) + N{f(Q))?
N{f(@Q))? '

@ is the magnitude of the scattering momentum transfer (Q) = 4w sin(f)/\ for elastic scat-

5(@Q) =

(3)

tering, where \ is the wavelength, and 26 is the scattering angle). f;(Q) is the atomic
form factor for atom ¢, and averaging denoted by (.) is performed stoichiometrically over all
atoms (V) in the sample. The experimental PDF, G(r), is obtained via truncated Fourier

transformation of the reduced total structure function F'(Q) = Q (S(Q) — 1), by

Gy =2 [ PQ)sin(@r) aq. (@)

T
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which corresponds to the real space density distribution by

G(r) = dmr [p(r) = porol , ()

where pg is the average atomic number density and p(r) is the local atomic pair density, which
is the average density of neighboring atoms at a distance r from an atom at the origin. g is
the characteristic function of the diffracting domains which equals 1 for bulk crystals, but has
an r-dependence for nano-sized domains.® The range of diffraction data used in the Fourier
transform depended on the measurable range of the instrument (radiation source/detector),
and the data quality. F(Q) is typically truncated below the instrumental in order to reduce
the effects of noise at high-() on the resulting PDFs. In certain cases, it may be beneficial
to apply modification functions to the Fourier kernel, F'(Q) prior to transformation, which
can help to reduce the effects of noise and finite termination. The function can be applied
as F'(Q) = M(Q)F(Q), where F'(Q) replaces F(Q) in equation 2. M (@) is then defined by

a smoothly varying function, commonly using a Lorch function, given by,

M(Q) - e ()

where A = 7/Qnaz-2° In the analysis herein, Lorch-type modifications were used when ex-
plicitly noted (e.g. for removing nonstructural, low-amplitude/high-frequency contributions
from synchrotron data to help validate the use of CuKay source radiation for measuring den-
sity distributions within the domain). Structure refinement to the PDFs can be performed
for example in either PDFgui?' or TOPAS v6.2% Here, peak fitting analysis was carried out

using home written code in Python.
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4.6 X-ray data comparison
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Figure S6: Comparison of WAXS diffraction patterns obtained from different measurements.
Differences in ()-resolution, due to different experimental setups, detectors, and x-ray ener-
gies, are apparent by the relative sharpness of the diffraction features. The best resolution
of features for these samples was achieved with the laboratory data using the Mythen 1K

detector and CuKea; radiation.
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Figure S7: Comparison of the reduced total scattering functions F'(Q)s obtained by cor-
recting and normalizing the diffraction datasets using xPDFsuite.'®> F(Q)s from laboratory
(Qmaz = 5.0 A) and ALBA measurements (Qmaz = 6.5 A1) were Fourier transformed
to obtain the chain packing density distribution functions (DDFs). F(Q)s from ESRF
(Qmaz = 19.0 A~1) and APS (Qumaes = 23.0 A~') were Fourier transformed to obtain the
high-resolution pair distribution functions (PDFs) with atomic resolution. Comparison to
the high @),,., measurements was made to ensure that the corrections used by the PDFGetX3
algorithm did not result in spurious behavior for the limited @)-ranges in the Lab and ALBA
data.
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4.7 Assessment of local structure in the PDFs

The high real-space resolution PDFs obtained from the total scattering measurements at

ESRF (Qmnae = 19.0 A‘l) and APS (Quaz = 23.0 A‘l) are compared in Fig. S11. The
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Figure S8: Comparison of high r-resolution PDFs from ESRF and APS over (a) short-
distance and (b) long-distance ranges. Long-r data in (b) are amplified to see the signals
originating from the small amount of long range ordered content.

average nearest (NN) and next-nearest (NNN) neighbor bond distances in each sample were
estimated by the first two sharp peaks in the PDFs, seen in Fig. S11(a). The two peaks were

separately fit by f(r), defined by a Gaussian peak with a sloping baseline, i.e.
f(r) =aexp {—(r - :13)2/(202)] +br +c, (7)

where a is a scaling factor, z is the peak position, o2 is the variance, and b and ¢ define
the sloping baseline. Refinements were performed over ranges of r =1.25-1.70 A for the
NN distance, and r =2.10-2.70 A for the NNN distance. The results are given in Table
S3. Since the single-peak model does not give an accurate representation of the multiple

types of contributions (e.g. C-C, C=C, C-O, C=0, C-N, C=N) to the NN and NNN peaks,
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Table S3: Parameter values from fitting to the NN and NNN peaks in the high real-space
resolution PDFs. It should be noted that this simple single-peak model is not technically
correct since NN and NNN correlations have multiple contributions, and are therefore not
truly Gaussian in nature. However, it does help to get an approximate measure for average
NN and NNN values and to identify significantly deviating behavior, i.e. in the NN position
and NNN standard deviation for TPU-06 due to the HDI component.

Sample Parameter Peak 1 Peak 2
ESRF APS Average ESRF APS Average
tpus A L45I8(4) 14372(6)  L44(1)  2439(1)  2.4004(3) 242(2)
o (A)  0.1084(7) 0.1029(9)  0.106(4)  0.128(2) 0.1144(4) 0.12(1)
TPU-06 z (A) 1.4831(4)  1.4735(3) 1.478(7) 2.433(2) 2.3874(6) 2.41(3)
o (A) 0.1088(6)  0.1046(5)  0.107(3)  0.203(5) 0.153(1) 0.18(4)
TP F (A L4STT(4)  14410(7)  145(1)  2.4203(9) 2.3967(2) 241(2)
o (A)  0.111(7)  0.1089(11) 0.110(1)  0.144(2) 0.1249(3) 0.13(1)

we further tested molecular models of both monomeric and polymerized chain models in
reproducing the different behavior of the short-range intramolecular atom-pair correlations.
Monomer and polymer chain models were built and relaxed with the Merck molecular force
field MMFF94s.23 This force field may not give an entirely accurate representation of longer
range chain conformations expected in the bulk, particularly for HDI-BD, where we do
not have a crystal structure for comparison, but the short-range interatomic distances and
dihedral angles are typically well represented. The monomer chain models are shown in
Fig. S9 and the polymer chain models are shown in Fig. S10. PDFs were calculated from the
individual monomer and polymer chains using Diffpy-CMI.?* The reduced structure function

F(Q) was simulated by the Debye function as

- 1 fl*f] sin QT’Z']'

and then Fourier transformed using Eq. 4 to get the PDF of the molecule. The model PDFs
were simulated with a atomic displacement parameter B;s, =0.3 AQ, Qmin =1.5 Afl, and

Qmaz =23.0 At (the same as the PDFs obtained from APS data for comparison).

17



Using the PDFs of the monomer chain models in Fig. S9, the TPU signals were approxi-

mated by the HSC estimates given in Table 1 in the paper:
1. TPU-15: G(T) =0.43 x [GMD[(T) + GBD(T)]/Q + 0.57 x GButanol(r)
2. TPU-06: G(r) =0.46 x [GHD](T) + GBD(T’)]/Q 4+ 0.54 x GButcmol(T)

3. TPU-30: G(r) = 0.44x[Grpr(r)+Gpp(r)]/24+0.56 X [Gapa(r)+Gupo(r)+Gpp(r)]/3

Figure S9: Monomer chain models relaxed by MMFF94s.
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The aggregate PDFs for the polymer chain models in Fig. S10 were calculated in the

same way:

1. TPU-15: G(T) =0.43 x G(MDI—BD)3<T) + 0.57 x G(PTHF)3 (7“)

2. TPU-06: G(T’) =0.46 x G(HDI—BD)3(T) + 0.54 x G(PTHF)3 (7“)

3. TPU-30: G(T’) =0.44 x G(MDI—BD)g(T) + 0.56 x G(BD—ADA—HDO)(T)

(PTHE)s Ak a b Aok, b s

BD-ADA-HDO

Figure S10: Polymer chain models relaxed by MMFF94s.
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The aggregate PDFs for the monomer and polymer chain models were rescaled to match
the intensity of the first peak in the corresponding experimental PDF for comparison. The
resulting simulated PDFs are compared to the experimental PDFs in Fig. S11. Both models
give a fairly good match to the experimental PDFs, although the polymer chain model clearly
does better, especially in reproducing the positions, breadths, and relative intensities of the

NNN peaks.

1.0

Figure S11: Comparison of the experimental (exp.) PDFs for TPU-15, TPU-06, and TPU-30
to the calculated (calc.) PDFs approximated from the mixed monomer and polymer chain
models.
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4.8 Experimental resolution effects

A simple way to model the real space damping effect is to refine a structure model to fit the
PDF of the standard measurement, including a Gaussian damping factor, where the model

is defined as

(TQdamp)j ()

G(r) = Goo(r) exp [_ :

where G (1) is the PDF with infinite resolution (without instrumental effects). Depending
on the resolution function for the instrument, the damping profile may not necessarily be
perfectly Gaussian, although this is generally a good approximation.

The Qe used and the @Qgqmp values obtained from refinement of the standard are given
for the different TPU datasets in Table S4. Lower @ gump values signify less damping of the
real-space PDF or DDF, and therefore, the ability to view structure signals up to longer
distances in real-space. The resulting damping envelopes from the APS and ESRF mea-
surements are compared to the lab measurements in Figure Fig. S12, to give an idea of
the effective distances over which structure can be resolved in the measured PDFs. The
lab measurement standard consists of the 10% Si puck made to reproduce the same sample
geometry of the TPU pellets. A second lab measurement of a thin layer of Si powder is
given for reference, which shows the best resolution measureable for a thinner sample in
transmission with this diffractometer.

Table S4: List of samples. *For the ALBA measurements, a standard with similar geometry
was not measured.

Value Lab ALBA ESRF APS
Qmaz A1 5.0 6.5 19.0 220
Qaamp A1 0.012 _* 0.018 0.040

21



1.0 -
— APS
—— ESRF
0.8 4 —— Lab (1:9 Si:PA6 puck)
Lab (Si powder)
0.6
o
=<
© 0.4
0.2
0.0 T T T T T
50 100 150 200 250 300
r (A)

Figure S12: Real-space damping profiles determined by fitting standards, CeO, for syn-
chrotron measurements, and Si for laboratory measurements.
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Figure S13: The long-r structure signals in the PDFs from data collected at ESRF and
APS are compared to the DDF signals obtained from the higher Q-space resolution (but
lower real-space resolution) laboratory measurements using CuKay radiation for (a) TPU-
30, (b) TPU-06, and (c) TPU-15. The peak positions and relative amplitudes are consistent
between all datasets, indicating that the laboratory DDFs are not significantly impaired by
effects due to low ()4, Or instrumental profile for these samples. For the comparisons here
Lorch modification functions were used to reduce high frequency termination effects in the
synchrotron data with Q,,.. = 12 and 15 A-1 for the ESRF and APS data respectively.
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4.9 Estimation of PDF attenuation profiles from AFM

In the PDF analysis, the attenuation of the DDF profiles were highlighted as characteristic
of the aggregate domain size and shape distribution. To compare the domain dimensions ob-
tained from AFM image analysis to the DDF results, an attenuation profile was approximated
from the distribution of minimum and maximum Feret diameters. This was performed by
assuming a spherical distribution for every length, where the damping function for a sphere

is defined as

3r+1<r
2d. 2

Yophrelrde) = [1 - dc)?’} H(d. 1) (10

where d. is the coherent domain diameter, and H(d. — r) is a step function with value
1 for r < d. and 0 for r > d.. It is important to note that analytical forms for other
damping profiles exist, such as oblate and prolate spheroids, sheets, and cylinders.?* 2% In
fact, depending on the morphology of the hard and soft phases, the damping profile could
be much more complicated, and therefore we test only spherical profiles for simplicity (note:
spherical profiles often work well for determining an average value, even if the morphology

is not spherical, or there is a distribution). The damping profiles were then estimated by

summing over the set of N Feret diameters determined from the AFM images as

N
YAFM (T) = Z Vsphere (’I“, dcb) (11)
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5 Solid-state nuclear magnetic resonance (SSNMR)

13C-detected 'H-'H spin-diffusion solid-state NMR spectra build-ups were recorded on a 7
Tesla (300 MHz 'H resonance frequency) Bruker Avance 1 solid-state NMR spectrometer
equipped with a double-resonance magic-angle spinning probe. Disks were cut out of TPU
samples, to fit into 7 mm ZrOs rotors with Kel-F caps. NMR experiments were performed
under 298 K at 5700 Hz sample spinning. In line with previous studies,?? 3! 'H was polarized
by a 90°-pulse, followed by a dipolar filter for relaxing magnetization on the hard phase, a
variable longitudinal spin-diffusion delay, and 1 ms Hartmann-Hahn cross-polarization to
13C. For each sample, 13 increments of spin diffusion time with 6144 scans were recorded.
Each experiment had a run time of ~2 days. Furthermore, experiments for correction of

Ti-relaxation effects were recorded and used to process the spin-diffusion buildups.
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Figure S14: 3C solid-state NMR spectra from 1 ms 'H-'3C cross-polarization for (a) TPU-
15, (b) TPU-06, and (c) TPU-30. Asterisks (x) denote spinning side-bands. Resonances
numbered in curly brackets remained unassigned; note that they do not contribute sub-
stantial signal. Assignments in round brackets () denote overlapping resonances, which are
assigned with confidence.
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