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Abstract

Novel fast response shape-memory polyurethanes were prepared from bio-based polyols, diphenyl
methane diisocyanate and butane diol for the first time. The bio-based polyester polyols were
synthesized from 9-hydroxynonanoic acid, a product obtained by ozonolysis of fatty acids
extracted from soy oil and castor oil. The morphology of polyurethanes was investigated by
synchrotron ultra-small angle X-ray scattering, which revealed the inter-domain spacing between
the hard and soft phases, the degree of phase separation, and the level of intermixing between the
hard and soft phases. We also conducted thorough investigations of the thermal, mechanical, and
dielectric properties of the polyurethanes, and found that high crystallization rate of the soft
segment gives these polyurethanes unique properties suitable for shape-memory applications, such
as adjustable transition temperatures, high degree of elastic elongations, and good mechanical
strength. These materials are also potentially biodegradable and biocompatible, therefore suitable
for biomedical and environmental applications.
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Introduction

Shape memory polymers (SMP), when compared with conventional shape-memory alloys,
[1] have advantages such as higher degree of deformation, ease of processing, and potential
biodegradability and biocompatibility. [2-8] Shape-memory effect of SMPs is often induced
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by temperature. The working principle of SMP is demonstrated in Figure 1, using a flat strip
of bio-based shape-memory thermoplastic polyurethane elastomer reported in this work. In
the first step, the polyurethane is heated above its transition point and deformed to a spiral
shape. Subsequent cooling below this transition point preserves the spiral shape. Heating the
SMP above the transition point again invokes the shape-memory effect and restores its
original shape, i.e., flat strip.

Virtually all polymeric materials demonstrate a certain degree of shape-memory effects.
Good thermally induced SMPs display relatively large and fast response within a narrow
temperature range. Segmented polyurethanes have several pronounced advantages as SMPs.
For example, the synthesis of segmented polyurethanes is simple. Segmented polyurethanes
are also highly processable -- they can be cast, injection-molded or extruded to their final
shapes. These factors enable industrial scale-up. The properties of segmented polyurethanes
can be tailored by varying soft segment concentration (SSC) and type and molecular mass of
soft segments.[9] So far, polyurethanes and their composites have been used in a number of
SMP applications, such as sensors and actuators. [10-14] More recently, highly tunable
thermoset shape-memory polyurethanes with permanent shape reconfigurability have been
synthesized, where the cross-linking density can be adjusted over a wide range.[15, 16] This
discovery, in many ways, blurs the traditional definition of thermoplastic and thermoset
SMPs.

Soft and hard segments, the building blocks of segmented polyurethanes, have different roles
in deciding the physical properties and materials performance of the shape-memory
polyurethanes. The soft segments are the working part in shape-memory polyurethanes. The
type of soft segment and its molecular mass (M) determine the shape-memory transition
point (melting temperature). The typical molecular mass of soft segments is between 700
g/mol and 5000 g/mol, with higher values leading to higher melting points. SSC also
determines the magnitude of the response (degree of deformation). On the other hand, the
hard segments serve as physical cross-linkers and determine processing temperature.

The soft and hard segments of standard shape-memory polyurethanes are usually crystalline.
When hard segments are prepared from methylene diphenyl diisocyanate (MDI) and butane
diol (BD), the melting point, which varies with molecular mass of hard segments, is close to
200 °C. Crystallizing soft segments are usually based on linear polyesters from glycols and
diacids, polycaprolactone (PCL), polylactic acids, or polyethers such as polyethylene glycol
or polytetramethylene glycol. For example, PCL-based shape-memory polyurethanes have
been studied by several groups.[3, 11, 17-19]

In this work, we describe the synthesis, structure, and properties of a class of novel shape-
memory polyurethanes with polyhydroxynonanoic acid (PHNA) soft segments with different
soft-segment concentrations and molecular mass for the first time. Importantly, PHNA used
in this work is directly obtained from vegetable oils, which yields renewable, potentially
biocompatible and biodegradable polyurethanes with fast shape-memory responses and large
deformations. While it is known that high molecular mass PHNA has a melting point at

70 °C compared with 60 °C for PCL, we will show that when PHNA is used as soft
segments in polyurethanes, the melting point of the soft segments can be controlled by
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adjusting proper molecular mass and SSC, possibly to a temperature very close to the body
temperature. We have also conducted a comprehensive morphological, thermal, mechanical,
and dielectric characterizations of the polyurethane materials. Particularly, we constructed
scattering models to describe the different morphologies of segmented polyurethanes with
different soft segment concentrations, and showed that the different microscopic
morphological characteristics are responsible for the application-critical mechanical
behaviors of the shape-memory polyurethanes. Whereas the morphology of memory shape
materials is an important factor that affects many materials properties but is seldom
discussed in depth in literature, such scattering models could potentially be extended and
applied to other segmented polyurethane systems to aid understanding and optimizing their
materials behaviors.

Experimental

Starting Materials

Methyl ester of hydroxynonanoic acid (MHNA) was synthesized by ozonolysis of castor and
soy oil. Mondur M, a high purity MDI, and 1,4-Butanediol (BD) were acquired from Bayer
and Aldrich, respectively. BD was distilled under vacuum and stored over molecular sieves.

Experimental Methods

We determined the hydroxyl numbers by phthalic anhydride method following ASTM D
1957-86 standard test method. The number average molecular mass of the polyols (diols)
were calculated based on the hydroxyl numbers. We analyzed the presence of functional
groups using a Perkin Elmer Spectrum-1000 Fourier transform infrared (FTIR)
spectrometer. Because the polyurethanes synthesized in this work were not soluble in
commonly used solvents, we could not make use of size exclusion chromatography (SEC)
for molecular mass evaluation of polyurethanes. Instead, we used SEC to follow the
synthesis of polyols. We measured the viscosity of polyols using a Rheometrics SR-500
dynamic stress rheometer with parallel plates (25 mm in diameter and 1mm gap distance).

The thermograms of the TPUs were acquired using differential scanning calorimeter (DSC)
model Q100, from TA Instruments, with a heating rate of 10 °C/min from -80 °C to 250 °C.
We characterized the dielectric properties of the shape-memory polyurethanes using a
Dielectric Analyzer (DEA) model 2970 from TA Instruments. The DEA was at six
frequencies from 1 to 100,000 Hz, at the heating rate of 3 °C/min, from —100 °C to 150 °C.

We used a dynamic mechanical analyzer (DMA 2980) from TA Instruments to characterize
the viscoelastic behaviors of the polyurethanes. The DMA was operated at 10 Hz in a
temperature range from —80 °C to 120 °C with a heating rate of 3 °C/min. We also used a Q-
Test 2 tensile tester from MTS at an extension rate of 50 mm/min (100 %/min) and a gauge
length of 50 mm. For tensile tests, the specimens have a dimension of 7 mm (width) x 0.35
mm (thickness) x 50 mm (length).

We performed two types of X-ray analysis. We used an XRD-6000 diffractometer equipped
with a Cu source (Cu Ka radiation, wavelength = 1.5418 A) from Shimadzu to examine the
crystallinity of both the diols and the polyurethanes in a diffraction-angle (26) range from 2°
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to 50°. We also performed Ultra-small angle X-ray scattering (USAXS) analysis over a g
range from 1 x 1074 A= to 0.4 A1 using the USAXS instrument at 15-1D of the Advanced
Photon Source, Argonne National Laboratory in 1D collimated geometry.[20] X-ray
wavelength was 0.734 A. More details about this instrument can be found elsewhere. [21]

Results and Discussion

Synthesis and characterization of the diols

Soft segments in this work are made from bio-based macrodiols while hard segments are
from MDI and butane diol, which can be also bio-based. The monomer for the macrodiols
was methyl 9-hydroxynonaoate, a product of ozonolysis of vegetable oils in methanol and
methylene chloride solution, followed by reduction with sodium borohydride. Triglyceride
triols were separated and transesterified with methanol to obtain methyl esters of fatty acids
and glycerin. More detailed preparation of hydroxynonanoic acid methyl ester is described
elsewhere.[22] Polyols were made by transesterification of hexane diol as a starter and
MHNA at 160 °C and ending at 220 °C, with removal of methanol as a by-product. The
molecular mass of the polyols was controlled by the ratio of a short diol to the hydroxy fatty
acid. For example, by mixing 12 moles of PHNA (M=188 g/mol) with one mole of glycol
with molecular mass between 100 g/mol and 200 g/mol, one obtains a diol (PHNA diols)
with molecular mass close to 2000 g/mol, after removing 12 moles of methanol.

Furthermore, these PHNA diols have a very regular structure and are crystalline at room
temperature, a behavior similar to that of PCL diols. The structures of the hydroxynonanoic
acid and PHNA macrodiol are shown in Figure 2. The main difference between PHNA diols
and PCL diols is the number of CH, groups in their repeat units — the repeat unit of PHNA
diols has three more methylene groups than that of PCL diols, thus are approaching the
structure of polyethylene and are more hydrophobic. From a biodegradation point of view,
polyesters are biodegradable and the rate of biodegradation can be regulated by the number
of methylene groups between ester groups, with higher number leading to slower
biodegradation. Hence, the PHNA diols in this study are biodegradable and have a
biodegradation rate slower than that of PCL diols.

Four polyols (macrodiols) were prepared with molecular mass varying from 1135 g/mol to
2530 g/mol. Their identifiers and detailed properties, such as their appearances, hydroxyl
numbers, acid values, viscosities, melting points, and crystallization temperatures, are listed
in Table 1. All uncertainties in this table and hereafter represent one standard deviation. All
polyols were yellowish crystalline solids at room temperature with melting points ranging
from 62 °C to 65 °C. The crystallization points are located between 48 °C and 51 °C. The
viscosities of the polyols increase monotonically with increasing molecular mass. Other than
the polyol with the highest molecular mass (2530 g/mol), the viscosities of the polyols were
below 1 Pa.s at 70 °C.

Figure 3 shows a representative FTIR spectrum of PHNA diol-1. We observe a weak non-
hydrogen bonded hydroxyl peak at 3543 cm~1 and a weaker hydrogen-bonded peak as its
shoulder to the right, which indicates that OH groups in the highly non-polar environment
are isolated and mainly non-hydrogen bonded. We also observe many very sharp absorption
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bands in the FT-IR spectrum due to the high degree of crystallinity in the diol. Particularly,
strong ester carbonyl band was observed at 1732 cm™! and ester C-O vibrations observed
between 1200 cm~1 and 1000 cm™1.

Figure 4 shows the XRD spectrum of PHNA diol-1 acquired using Cu Ka radiation,
representative of all the polyols listed in Table 1. Sharp diffraction peaks were observed,
strongly indicative of high degree of crystallinity in the diols, consistent with FTIR findings.
The XRD peak height increases and peak width decreases with increasing the molecular
mass of the polyols (data not shown), which suggests that higher HNA to glycol ratio leads
to more ordered crystalline structure. This result is consistent with previous findings by
Cooper et al.[23] A closer look at the data also indicates that the two strongest reflections at
26 =21.4° and 23.9° (equivalent to spacings of 0.415 nm and 0.372 nm, respectively) are
very similar to the characteristic reflections of polyethylene. This may be understood on the
ground that the polyesters in the polyols can be considered as modified polyethylene with
ester bonds at intervals of 9 carbon atoms.

Synthesis and characterization of the polyurethanes

The polyols reacted with an excess of MDI to yield a quasi-prepolymer. Soft segment
concentration was controlled by butane diol/polyol ratio.[9] Polyols and MDI were melted at
70 °C and weighted into the flask. Reaction was carried out at 70-75 °C for 1 h and 30 min
in nitrogen atmosphere. The prepolymer, a yellowish solid, was transferred into a beaker and
heated at 80 °C. Butane diol was also preheated at 80 °C and added into the prepolymer.
After 1-2 minutes of stirring the mixture became rigid, white solid thermoplastic
polyurethane (TPU). The polymer is then transferred into a compression mold and placed
into a press at 180 °C and kept for 2 h to complete polymerization. After cooling to room
temperature, the 1 mm thick sheet was taken out from the mold and used for further
structural, thermal, and mechanical testing and characterizations. The synthesized TPUs
were insoluble in any of the typical solvents for polyurethanes, thus molecular mass could
not be assessed by SEC. However, the TPUs possess excellent mechanical properties,
strongly indicating that the molecular mass of the TPUs were sufficiently high for property
testing purposes. These reactions are further illustrated in Figure 5. The naming scheme of
the TPU samples can be found in Table 2.

Figure 6 shows the DSC thermograms of the TPUs from diol-2 (molecular mass = 1540 g/
mol), with 60 % and 70 % SSC, respectively. These DSC thermograms are typical for the
TPUs reported in this paper. The main features of the DSC thermograms include the
observation of glass transition temperatures of soft segments near —25 °C, melting points of
soft segments between 32 °C and 50 °C, and melting temperatures of hard segments near
200 °C. Particularly, as Figure 6 shows, increasing SSC (decreasing hard segment
concentration) increases the total latent heat of the melting peak of the soft segment and
decreases the heat capacity corresponding to the melting peak of the hard segment, which is
barely visible in the sample with 70 % SSC. Also, we found that it is easier for the soft
segments to crystallize in samples with 70 % SSC, resulting in significantly higher melting
enthalpy than in samples with 60 % and 50 % SSC (not displayed here, where the melting of
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soft segment was almost completely suppressed). We summarize the detailed thermal
properties of all TPU samples in Table 2.

A closer examination of the melting points of the polyols shown in Table 1 and the melting
points of polyol-based soft segments in Table 2 indicates that the melting points from 62 °C
to 65 °C in polyols were lowered to about 32-51 °C in TPUs, which is due to the
immobilization of chain ends in TPUs. Despite the samples being limited, these results
demonstrate an overall trend that with polyols of the same molecular mass, the soft segment
melting temperature increases with increasing soft segment concentrations. With the soft
segments being the deciding factor of shape-memory transition temperatures, this result also
suggests that the shape-memory transition temperature can be adjusted to body temperature
by carefully selecting both the molecular mass of the diols and SSC, thus bringing the
possibility of potential biomedical applications.[24] From a morphological point of view, it
has been shown in other TPU systems[25, 26] that due to free-energy constraints, with 70 %
SSC, the hard segments form globular domains dispersed in a continuous soft-segment
matrix; whereas with 50 % SSC the soft and hard domains display a co-continuous
morphology. We surmise that TPUs with 60 % SSC have a mixed morphology, as suggested
previously based on both structural investigation and mechanical testing results.[27] These
materials would show elastomeric properties between melting points of the soft and hard
phases and would require processing temperature above hard segment melting point for
injection molding, extrusion or compression molding.

Associated with the thermal properties, the soft segments in shape-memory TPUs determine
the transition temperature as well as the degree and rate of the thermal response. Hence, they
determine the shape-memory behavior of the TPUs. We demonstrate the performance of the
TPUs reported in this paper, particularly their fast thermal responses, in the Supplementary
Video. The sample was TPU-DIOL1327-70/30 with 70 % SSC. It was immersed in a hot-
water bath at 80 °C, which was above the melting point of the soft segments (44 °C). The
originally stiff strip of the sample became soft and highly extendable. We wrapped the TPU
strip around a glass rod to form a spiral shape. Upon subsequent immersion into cold water
and extraction of the glass rod, the sample preserved a spiral shape, which is permanent if
kept below the melting temperature of the soft segments. The video further shows that upon
a second immersion into 80 °C water, the TPU sample returned to its original shape and size
almost instantaneously. This video clearly demonstrates the fast response of this class of
shape-memory polyurethanes as well as their superb elastic-recovery properties, which will
be discussed in further detail later in this paper. In contrast, TPU-DIOL1327-50/50 sample,
which contains 50 % SSC, did not exhibit nearly as good shape-memory effects, partly
because the higher degree of interaction between the soft and hard segments in a co-
continuous morphology places a more constringent condition on the mobility of the soft
segments.

Morphology of polyurethanes—Segmented polyurethanes are two-phase copolymers
due to incompatibility of the soft and hard phase. The morphology depends on concentration
and molecular mass of both soft and hard segments. For 50 % soft segment concentration
and soft segments molecular mass of 2000, due to connectivity, hard segments must have the
same molecular mass, i.e., 2000. However, for SSC=70 %, molecular mass of the hard
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segments would be 2000 x 3/7= 857, i.e., molecular mass of the hard segments depends on
the soft segment molecular mass and concentration. For soft segments with molecular mass
of 2000 and about equal concentration of the two phases (50 % SSC) they tend to form bi-
continuous morphology, whereas at high SSC (70 % in our case), hard domains are typically
dispersed as globules in the soft phase. At an intermediate SSC, phase inversion occurs, i.e.,
transition from one to the other type of morphology. The inversion point (SSC) depends on
the molecular mass of the hard phase and shifts to higher SSC for higher hard segment
molecular mass. Properties of segmented polyurethanes depend on SSC, hard domain shape
and size and boundary layer thickness. In polymers with crystallizing soft hard phases, four
phases can be identified: amorphous soft and hard phases and crystalline soft and hard
phases, making the morphology quite complex. It is also known that the morphology of
TPUs plays a critical role in deciding the materials behavior and performance.[28] In this
study, we investigated the morphology of the shape-memory TPUs using synchrotron-based
USAXS, a technique known for its ability to characterize polymeric materials with
hierarchical or across-length-scale microstructures.[29] Due to the Bonse-Hart geometry of
the crystal optics, the acquired USAXS intensity was slit-smeared. We followed the standard
Lake procedure[30, 31] to derive the scattering intensity in absolute scale, i.e., the
differential scattering cross section a2 per unit solid angle aQ, per unit sample volume.

d>>(q)
VdQ (L)

I(q)=

Here, the abscissa /g) is the magnitude of the scattering vector, g=4r/Asin(6), A is the
wavelength of incident X-ray, and 28 is the scattering angle. The absolute scattering
intensity /(g) is a material characteristic directly related to the underlying scattering
inhomogeneity.

The USAXS profiles of the TPU samples are shown in Figure 7 (2). These profiles bear
much resemblance: they all feature a power-law curve at low g, and a broad scattering
feature at high g characteristic of microphase separation. Without a corresponding Guinier
component, which exists beyond the lower-g (upper size) detection limit of the USAXS
instrument (1 x 10~ A~1), the low-g scattering alone is not adequate to quantitatively
determine the nature of the scattering inhomogeneities. However, the presence of low-g
scattering suggests that structural inhomogeneities at sizes greater than 1 pm exist. [32] This
is consistent with previous direct observations from a number of studies, ranging from
classic TEM work by Fridman and Thomas where large (greater than 10 um) spherulite
structures were observed[33], AFM studies by Wilkes et al. where spherulitic
microstructures were observed in the size range of 1-3 um[34], to our recent study of
structurally similar TPUs using AFM and optical microscopy where spherulites were
identified in the size range of 10 um. [26, 35] Furthermore, we analyzed the low- g scattering
behavior (¢ < 0.002 A~1) of the TPU samples using a power-law slope /g) = /px ¢". The
values of the exponent nare listed in Table 3. In all cases, the exponent falls into a narrow
range between —3.56 and —3.21, a behavior consistent with scattering from large-scale
structural inhomogeneities having rough surfaces or interfaces.[29] Additionally, the power-
law slopes do not appear to depend on either the SSCs or molecular mass of the diols. The
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broad scattering peak at high g, indicative of microphase separation, on the other hand,
shows a strong dependence on the SSC for the PHNA diol of the same molecular mass. At
the same time, the dependence of the feature on the molecular mass for the same SSC is not
obvious.

Morphological models are needed to quantitatively characterize the scattering intensities
originated from microphase separation. Previous microscopic and scattering studies
conducted by Wilkes[27], Schaefer[36], some authors of the current paper,[25, 26] and
others, [37-39] have established that the morphologies of phase-separated segmented
polyurethanes depend on the concentrations of both the hard and soft segments. Particularly,
when the hard segment concentration is less than 30%, the hard segments usually form
isolated hard domains dispersed in a matrix consisting of soft segments. When the
concentration ratio between hard segment and soft segment is 1:1, free energy constraints
lead to the formation of a co-continuous network morphology. More details about these
morphological characteristics can be found in our previous work. [25, 26, 36]

Due to their fundamental morphological differences, different analytical models are required
to extract structural details. In our earlier work, we have constructed analytical scattering
models to account for these two types of morphologies. [25, 26] Specifically, at 70 % SSC,
based on microscopic evidence, we assumed that the hard domains possess a spherical
shape, hence their scattering profiles can be described using a spherical form factor. Due to
the relatively high volume fraction of the hard domains, we further accounted for the inter-
domain interference by introducing a hard-sphere-like structure factor. At 50 % SSC, due to
TPU’s co-continuous network morphology, the individual scattering object model for 70 %
SSC no longer applies. Instead, we made use of the Teubner-Strey model, which is based on
the Landau-Ginzburg free-energy theory and has been used to describe two-phase non-
particulate systems such as microemulsions and polymer composite membranes.[40, 41] The
mathematical details of these models can be found elsewhere. [26] These models describe
the scattering profiles of TPU-DIOL1327-70/30, TPU-DIOL1540-70/30, and TPU-
DIOL1327-50/50 well, as shown in Figure 7(b) and 7(c). To highlight the models, we also
show the component plots that describe the contributions from the low-g power-law
scattering as well as the phase-separation scattering in these two subplots. The detailed
fitting results are tabulated in Table 3. These results show that the hard-domains in 70 %
SSC samples are approximately 3 nm in diameter, with mean separating distances between 8
nm and 9 nm. The volume fraction acquired from the structure factor is approximately 23 %,
below the 30 % molar fraction of the hard domains, which suggests compact hard domains.
The 50 % SSC sample (TPU-DIOL1327-50/50), on the other hand, features a correlation
length of 3.1 nm and an average repeat distance of 45.4 nm.

From a morphological point of view, 60 % SSC TPU demonstrates phase inversion. Thus, it
is an intermediate between the dispersed hard domain morphology of 70 % SSC TPU and
the co-continuous network morphology of 50 % TPU. [27, 34, 42] This renders the two
analytical models mentioned above invalid. To extract the average interdomain spacing in
these TPU samples, we adopted the following generic procedure.
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In the first step, the scattering background, which originates from background noise and
thermal density fluctuations within the polymers, was determined using the Bonart method.
[43] Following this, the differential scattering section of the sample is calculated as

I(q)=1,(q) — In(a) (2)

where /54 q) is the measured intensity and /x(q) is the calculated scattering background.
Consequently, /g) is the absolutely calibrated scattering intensity from the sample, given the
first principle, intensity absolute calibration nature of the USAXS instrument.

To extract the average interdomain spacing distance in these TPU samples, we performed a
Lorentz correction of the scattering intensity, a method whose applicability was justified by
Ophir and Wilkes.[44] This procedure calls for plotting Ag)x¢? against g. The interdomain
spacing o could be estimated from the position of the maximum of /g)x¢? based on
equation

2

d=—".
Imax (3)

An example of this determination is shown in Figure 7(d). The values for gmax and their
corresponding interdomain spacing din the 60 % SSC samples are shown in Table 3. Here,
we found that in all cases, the interdomain spacings are greater than the mean separation
distances in 70 % SSC samples and less than the average repeat distance in the 50 % SSC
sample, which is consistent with the assumption that the 60 % SSC samples have a
morphology intermediate to that of 50 % and 70 % SSC samples.

We further estimated the degree of phase separation in these TPU samples. For a completely
phase separated material, the scattering length density of the two phases is related to the
scattering invariant of an ideal two-phase system, following,

Qmax:27r2¢hs¢ss (pss — /)hs)Q- 4)

#nsand ggqare the volume ratio of the hard segment and soft segment, respectively; pssand
Pps are the scattering length density of the hard segment and soft segment, respectively. Qmax
is the maximum value that a scattering invariant could take. Here, a scattering invariant
follows

T2
Q—(])I(q)q dq. ©)

The ratio Q/Qpax has often been used as a measure of the degree of phase separations in
polyurethanes. [45-48] In our case, we assumed that all the hard segments in the samples
have the same scattering length density oz S0 do the scattering length density pgs
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Additionally, we liberally took the SSC of the samples as volume ratio of the soft segments.
The calculated scattering invariants and the degrees of phase separation are shown in Table

4. These calculations show that for samples with the same PHNA diols, the higher the SSC

is, the worse the phase separation becomes. At the same time, there does not appear to be a
clear trend for samples with the same SSC but different PHNA diols.

Crystallinity of polyurethanes—As a multiphase system, both the soft phase and the
hard phase in TPUs can consist of crystalline and amorphous phases. These properties are
revealed by the DSC results. It is, however, not straightforward to quantify the crystallinity
of these different phases, largely due to the well-known challenge in structural
characterization of amorphous materials. Figure 8 shows a series of X-ray diffractograms of
TPUs with diols having molecular mass of 1327. The SSCs are 50 %, 60 %, and 70 %,
respectively. A direct comparison with Figure 4 (PHNA diol-4) shows that the sharp
diffraction peaks of diols have been broadened and weakened in TPUs, and that several the
weakened peaks sit on a broad diffuse scattering peak centered near 26 ~ 20°. This is
understandable considering that the presence of the hard phase may impart constraints on
mobility of the soft phase and its packing into the crystalline lattice. This is particularly true
for TPUs with co-continuous morphology, i.e., 50 % SSC and partially 60 % SSC. We also
note that the diffraction peaks became more prominent for the 70 % SSC sample. We
partially attribute this phenomenon to the higher crystallization rate of soft segments in
samples with higher SSC and the reduced interfacial area between the soft and hard phases
due to the globular morphology of the hard phases, which helps to preserve the crystallinity
of the diols as evidenced by the intense diffraction peaks at 26 = 21.4° and 23.9°.
Furthermore, we also point out that whereas hard-segment molecular mass at 50 % SSC is
equal to that of polyol (M = 1327 g/mol), it is lowered to M = 880 g/mol at 60 % SSC and M
=570 g/mol at 70 % SSC. The reduction in molecular mass makes it more difficult for the
hard segments to crystallize, as supported by the reduction of the weak diffraction peak near
20=19°,

Dynamic mechanical properties of polyurethanes—Figure 9 shows the
temperature-dependent mechanical properties of TPUs with diols having M, = 1327 g/mol.
From top to bottom, the SSCs are 50 %, 60 %, and 70 %, respectively. Each panel includes
storage modulus (black solid line), loss modulus (long dashed line), and tangent & (dashed
dot line), which may be used to determine the elastic properties, viscous properties, and
relative contributions of viscous vs. elastic properties of the TPUs, respectively.

At temperatures below —-45 °C, i.e., below the glass transition temperatures of the soft
segments, we observed a high level of storage modulus between 2 GPa and 4 GPa, whose
value depends on the SSC — the higher the SSC, the lower the storage modulus at this
temperature range. As a general trend, the storage modulus shows a monotonic decrease as
temperature increases. We also observed an accelerated decrease in the storage modulus in
TPU-DIOL1327-60/40 and TPU-DIOL1327-70/30 between 40 °C and 60 °C, but not as
much in TPU-DIOL1327-50/50. This decrease results from the melting of the soft phase.
However, the co-continuous morphology in TPU-DIOL1327-50/50 places a constraint on the
decrease of storage modulus, hence we did not observe apparent sudden decrease. The
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relative degree of loss in the storage modulus is higher in TPU-DIOL1327-70/30 (~ 60 MPa
to ~ 10 MPa) than in TPU-DIOL1327-60/40 (~ 200 MPa to ~ 70 MPa), which supports our
morphological results that TPU-DIOL1327-60/40 consists of mixed domains of co-
continuous phase and isolated globular hard phases.

The loss modulus curves feature a weak and broad peak at the low temperature regime (T <
40 °C). The peak maxima, as identified in Figure 9, are within a narrow temperature range
between —8.4 °C and -5.7 °C and show a monotonic increase with increasing SSC. This
peak-like feature is related to the glass transition of the soft segments, where the loss
modulus increases as the material approaches the glass transition temperature and decreases
after glass transition temperature is exceeded and a rubbery state is reached.

This phenomenon is more evidently seen in the tan & curves, where a prominent peak
indicative of a relaxation centered between 6.6 °C and 14.4 °C clearly demonstrates the
viscoelastic behavior of the TPUs in the glass transition zone. The tan & curves also show a
second weak peak near 60 °C. This temperature is close to but slightly higher than the
melting temperatures of the soft phase in these TPUs. Generally speaking, Figure 9 shows
that the values of tan 6 are low when temperature is below 100 °C. Tan & is related to the
viscous loss of energy during cyclic deformation. When tan & value is high, it indicates a
high level of energy absorption and correlates with improved impact strength due to the
absorbed energy being converted to heat. The low values observed in our study suggests that
these TPU materials are not prone to energy dissipation

Tensile properties of polyurethanes—Figure 10 shows the typical stress-strain curves
of TPU-DIOL1327-50/50 and TPU-DIOL1327-60/40. Surprisingly, despite relatively high
crystallinity of these materials, the yield points were not observed. Repeat experiments show
a large degree of variations, as shown in Figure 10, which may be caused by the challenges
in preparing good, homogeneous tensile specimens from limited amount of available
materials.

The mechanical properties of the TPUs are summarized in Table 5. Unsurprisingly, TPU-
DIOL1327-50/50, the sample with co-continuous morphology, displays the highest tensile
strength (18.4 MPa). In the DIOL1327 TPU series, we observed a monotonic decrease in the
tensile strength, as SSC increases. This is again consistent with the morphological
differences that have been discussed earlier in the paper. All TPUs demonstrate a tensile
strength near or above 10 MPa, an oft-considered benchmark value for practical
applications. For comparison, these TPUs demonstrate tensile strengths comparable to or
even higher than a class of polyurethane composites reinforced with high loading of filler
particles,[49] where tensile strengths were found in the range of 9 MPa and 11 MPa. We
point out that, despite the relatively high degree of crystallinity in the soft and hard
segments, these TPUs display high degree of elongations. These TPUs also demonstrate
good stiffness. While regular polyurethane elastomers have typically Young’s moduli below
10 MPa, our shape-memory TPUs are much stiffer. In particular, TPU-DIOL1540-60/40 has
a Young’s modulus nearly 200 MPa, which are in the range of low-density polyethylene.
Tensile strengths, elongations and modulus were higher than in thermoset shape-memory
polyurethanes obtained from triols prepared by metathesis.[50, 51]
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We also determined the elastic recovery of the TPUs. A set of elastic recovery data acquired
on TPU-DIOL1540-70/30, representative of TPUs with 70 % SSC, is shown in Figure 11.
The tests were conducted under 100 % and 200 %, respectively. The samples display strong
stress softening after the first cycle because of the chain orientation and alignments of hard
segments.[52] Strain recovery after first cycle was 56 % (residual plastic deformation was
44%) at 100 % extension and about 42 % after elongation at 200 %. The test shows that
elastic recovery at room temperature is significant. High residual deformation indicates that
the shape of the material can be induced by cold deformation, i.e., it is susceptible to cold
programming as suggested recently.[53] It is interesting that PCL —based segmented
polyurethanes with molecular mass of the soft segments of 2000 displayed similar recovery
as our samples.[11] We also found that the elastic recovery was virtually complete above the
shape-memory transition temperature.

Dielectric properties of shape memory polyurethanes—Dielectric spectroscopy
probes the dielectric properties of a medium as a function of frequency. When used on
polymeric materials, DEA provides dynamic information regarding the materials polarity,
transitions, and molecular and segmental motions and relaxations. DEA is also found
complementary to dynamic mechanical analysis but allows much higher frequency range
due to its electric nature.[54]

We performed DEA on the shape-memory TPUs. As an example, Figure 12 shows the
dependence of permittivity, loss factor and tan 6 of TPU-DIOL1327-50/50 on temperature
across a frequency range from 1 Hz to 100 kHz. At temperatures below 30 °C, the
permittivity shows a relatively low value below 3, and varies little with frequency. This
contribution originates from the electronic polarization and localized polarization of small
groups within the main chain induced by the electric field. The rapid increase in permittivity
between —30 °C and 40-50 °C reveals the unfreezing of amorphous component of soft
segments. This coincides with a-transition observed on loss factor-temperature and tan &-
temperature curves.

The maxima on the permittivity curves shift to higher temperatures with increasing
frequency allowing determination of activation energy of the process. Continuing increase in
permittivity at low frequency results from the melting of soft segment and increased ionic
conductivity, which are more prominent at lower frequencies. Loss factor and tan & curves
show a B peak at —70 °C at 100 kHz or lower at lower frequencies, probably related to
Schatzki-type short segment motions observed in most hydrocarbon polymers. Large
increase in loss factor and tan 6 above a-transition is due to ionic conductivity, however
only the curve on 100 kHz reveal another transition in the 60 °C range assigned to soft
segment melting.

In summary, dielectric measurements reveal high conductive losses above transition
temperature and two relaxation (a and B) peaks below room temperature associated with
segmental and group motions in the soft segments.
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Conclusions

We prepared novel fast-response shape-memory polyurethanes with highly crystalline bio-
based polyester polyols soft segments for the first time. The polyols were synthesized from
9-hydroxynonanoic acid, a product obtained by ozonolysis of fatty acids extracted from soy
oil and castor oil. These materials are easily processable by standard injection molding and
extrusion methods, thus making scale-up possible.

We have performed comprehensive thermal, morphological, mechanical, and dielectric
characterization to these shape-memory polyurethanes. We found that the shape-memory
transition temperature of this type of TPUs is tunable by selecting the soft-segment
molecular mass and SSC and ranges between 32 °C and 51 °C. All TPUs demonstrate
microphase separations. We constructed different scattering models to account for the
change in TPU morphology from isolated globule to co-continuous network as increasing
SSC. We found that for TPUs with the same PHNA diols the interdomain spacing and
degree of phase separation both decrease with higher SSC. These morphological
characteristics are in turn tied to the shape-memory behaviors, where we found that TPUs
with higher SSC exhibit better SMP performance. Furthermore, these TPUs possess good
tensile strength, high elongations, and considerably higher modulus below transition
temperature than petrochemical TPUs of the same soft segment concentration. These
properties, particularly the large deformation, fast response, adjustable shape-memory
transition temperature near body temperature, and potential biodegradability, make these
novel bio-based TPUs good candidate materials for a wide range of applications, for
examples, sensors, actuators, medical and biomimetic devices such as stents and sutures,
self-healing systems such as protective coatings, and self-deployable structures such as those
aimed at space applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A demonstration of the shape-memory performance of the bio-based segmented

polyurethane elastomers reported in this paper. The fast response properties are further
demonstrated in the Supplementary Video.
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Figure 2.

Chemical structures of (a) 9-hydroxynonanoic acid monomer and (b) macrodiol.
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Figure 3.
FTIR spectrum of PHNA diol-1 demonstrating that OH groups are mainly non-hydrogen

bonded and that the diol contains high degree of crystallinity.
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Figure 4.
XRD spectrum of PHNA diol-1 acquired with Cu Ka radiation. Sharp diffraction peaks

strongly indicate high degree of crystallinity in the diol.

Polymer (Guildf). Author manuscript; available in PMC 2018 July 14.

50




1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Petrovi¢ et al.

O
O 1. _H
H,lrox/\/\/\/\ﬁl AN O{ NN

~ =N . Cer
o ° | .

1 80 °C, 1h 30min

H H .
ofch N“\gOWMWWWW o g/NXNxC*‘o

+

H O/\.\,,./a..,__,'OH

80 °C, 1- 2 min

N~y AN GO mmmmmmmmmsmmsmmmmon -GN AN-cio C w H?ﬂo o
LY § g 1t AR OGSk

i

Figure 5.
Schematic showing the detailed synthesis steps of TPU from PHNA diol
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Figure 6.

DSC thermograms of TPU-DIOL1540-60/40 (red) and TPU-DIOL1540-70/30 (blue)
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Figure 7.
(a) USAXS patterns of thermoplastic polyurethanes with different PHNA diols. (b) USAXS

analysis of TPUs with 70 % SSC. (c) USAXS analysis of TPU with 50 % SSC. (d)
Illustration of Lorentz correction.
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DMA curves of segmented TPU-DIOL1327-50/50 (top), TPU-DIOL1327-60/40 (middle)

and TPU-DIOL1327-70/30 (bottom)
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Figure 10.
Stress-strain behavior of TPU-DIOL1327-50/50 (top), TPU-DIOL1327-60/40 (bottom)
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Elastic recoveries for TPU-DIOL1540-70/30 at 100 % (top), 200 % (bottom) after three or
four cycles.
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Figure 12.
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DEA analysis of segmented TPU-DIOL1327-50/50. The top, middle, and bottom panel

shows the permittivity, loss factor, and tan 8, respectively.
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Table 1

Page 29

Properties of PHNA polyester diols (values in the parentheses of this table and after represent uncertainty of

one standard deviation).

Sample name PHNA diol-1 PHNA diol-2 PHNA diol-3 PHNA diol-4
Appearance light yellowish solid  light yellowish solid  light yellowish solid  light yellowish solid
OH#, mg KOH/g! 44.3(3) 72.8(3) 98.9(3) 84.6(3)
Acid value, mg KOH/g 0.5(2) 0.4(2) 0.4(2) 0.4(2)
Mn (from OH#), g/mol 2530(50) 1540(31) 1135(21) 1327(26)
Viscosity, Pa-s 1.28(1) (70°C) 0.92(1) (70°C) 0.24(1) (70°C) 0.46(1) (70°C)
0.93(1) (80°C) 0.22(1) (80 °C) 0.18(1) (80 °C)
0.70(1) (90°C) 0.17(1) (90°C) 0.14(1) (90°C)
Melting point, °C (from DSC) 65(2) 64(2) 62(2) 62(2)
Crystallization point, °C (from DSC)  51(2) 50(2) 50(2) 48(2)
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Table 4

Scattering invariants and degrees of phase separations.

Sample scattering invariant Dys 1 | Normalized Dips 2
TPU-DIOL1135-60/40 0.00112(3) 0.0047 0.74
TPU-DIOL1327-50/50 0.00158(4) 0.0063 1.00
TPU-DIOL1327-60/40 0.00123(3) 0.0051 0.81
TPU-DIOL1327-70/30 0.00089(2) 0.0042 0.67
TPU-DIOL1540-60/40 0.00114(3) 0.0047 0.75
TPU-DIOL1540-70/30 0.00070(2) 0.0033 0.52
TPU-DIOL2530-60/40 0.00119(3) 0.0050 0.78

Page 32

Dps: degree of separation, calculated by dividing the scattering invariant with the volume ratios of hard segments and soft segments. For example,

for TPU-DIOL1135-6060/40 sample, Dps = 0.00112/0.6/0.4.

2 . . .
Normalized Dps: Dps normalized by the maximum Dps.
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Mechanical properties of the TPUSs.

Table 5

Sample name Tensile strength  Elongation  Young’s modulus
(MPa) % (MPa)
TPU-DIOL1135-60/40 12.5(1.3) 151 (14) 69 (8)
TPU-DIOL1327-50/50 18.4(3.0) 159 (40) 58 (11)
TPU-DIOL1327-60/40 14.1(3.7) 192 (41) 52 (11)
TPU-DIOL1327-70/30 10.0 (2.9) 286 (15)
TPU-DIOL1540-60/40 10.6 (3.1) 70 (16) 199 (42)
TPU-DIOL1540-70/30 14.2 (1.4) 487 (22) 19 (4)
TPU-DIOL2530-60/40 10.7 (2.0) 142 (15) 54 (8)
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