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ABSTRACT: Biodegradable shape memory elastomers have the potential for use in soft tissue engineering, drug
delivery and device fabrication applications. Unfortunately, few materials are able to meet the targeted degradation
and mechanical properties needed for long-term implantable devices. In order to overcome these limitations, we
have designed and synthesized a series of unsaturated polyurethanes that are elastic, degradable and non-toxic to
cells in vitro. The polymerization included a nucleophilic thiol-yne Michael addition between a urethane-based
dipropiolate and a dithiol to yield an a,f-unsaturated carbonyl moiety along the polymer backbone. The alkene
stereochemistry of materials was tuned between 32-82% cis content using the combination of an organic base and
solvent polarity which collectively direct the nucleophilic addition. The bulk properties such as tensile strength,
modulus, and glass transition temperature can also be tuned broadly, and the hydrogen bonding imparted by the
urethane moiety allows for these materials to elicit cyclic shape memory behavior. We also demonstrated the in vitro

degradation properties are highly dependent on the alkene stereochemistry.



INTRODUCTION

2,6,7

Polyurethanes (PUs)"? are used widely in commercial products such as foams,*> coatings, adhesives,*®

and medical devices’'? due to their unique and tunable thermoplastic and thermoset properties. Polyurethanes are

12,15-17 and

also used in biomedical applications including short-term implants such as surgical sutures,*>** catheters,
wound dressings.’®?° Polyurethanes have also been used in shape memory applications.® 2 22 This behavior arises
from interactions among the hydrogen bonding networks that arise between the urethane groups.

Shape memory polymers (SMPs) are materials that can be deformed to a temporary shape that is ‘locked in’
until an external stimulus is applied (i.e. electromagnetic field,*® light,>* and heat®) which allows the material to
return to the original shape. Several clever synthetic and architectural strategies have utilized shape memory
triggered by pH changes for drug delivery?® while others have used temperature for stent deployment following
placement in vivo.?” For materials seeking use thermally induced shape memory for biomedical applications, the
source of thermally stimulated shape memory recovery should ideally come from the physiological temperature of
the human body (~ 37 °C). For this reason, thermally-induced SMPs have been widely studied.?"**

Thermal and mechanical properties of most well-known polyurethanes (PUs) can be modified by changing the
hard segments (usually arising from diisocyanate derivatives), soft segments (from diols), and chain extenders (from
oligomeric diols or ester diols).?® The wide-ranging types of hydrolytically degradable segments including esters,
anhydrides have been incorporated widely as well.*® The conventional step growth polymerization method utilized
for polyurethanes includes the use of a diisocyanate and a diol with a tin catalyst in an anhydrous system.
Unfortunately, unstable carbamic acid could be formed from unremoved water with isocyanate, then rapidly
decomposes into carbon dioxide and an amine, which can react with additional isocyanate to afford a urea linkage
that could cause undesired properties from uncontrolled and unrepeatable molecular mass distribution.' Accordingly,
the search for a simple and tolerant method to produce polyurethanes (PUs) with biodegradable, and/or resorbable
units for long-term implant has been of interest for the materials science community.

Altering stereochemistry in nature has evolved into a way to control mechanical properties (i.e., natural rubber
and gutta-percha).®" % Property differences among these materials are due to the stereochemistry®® (cis vs. trans) of

the alkene moiety within the polymer backbone and the elastic properties from natural rubber in particular arise
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from its high cis content which enhances the interchain packing. Stereo-chemically controlled addition within
synthetic polymers has recently been accomplished by nucleophilic thiol-yne Michael addition yielding a,f-
unsaturated carbonyl moieties along the polymer backbone.?® ***® These materials have been found to have tunable
thermal and mechanical properties which are highly desirable. Regarded as an efficient synthetic tool, the cis/trans
ratio can be altered by choices of or organic base catalyst and solvent polarity without changing the stoichiometric
composition of the final polymer materials. Additionally, the polymerization is easily scalable without an anhydrous
reaction environment.® 3

Herein, we strategically designed and synthesized a urethane-based dipropiolate, 5,14-dioxo-4,15-dioxa-6,13-
diazaoctadecane-1,18-diyl dipropiolate, as a novel monomer made from bromo-substituted carbamate and further
nucleophilic substitution. The subsequent polymerization can be achieved by utilizing the efficient thiol-yne
Michael reaction between the urethane-based dipropiolate and distilled 1,6-hexanedithiol to yield an unsaturated
polyurethane. The control over stereochemistry of @, f-unsaturated carbonyl moiety along the backbone provides
tunable thermal and mechanical properties of which we showcased by exploiting different solvents (DMSO and/or
CHCIl3) and amine catalysts (EtsN or DBU) to achieve various configuration of cis double bond content. The
urethane unit of the polymer chain displayed high potential shape memory behavior based on hydrogen bonding
networks. Moreover, the hydrogen bonding interaction of thiol-yne polyurethanes was found to enhance mechanical
properties with relatively low cis content. Significantly, polymers with various cis content were all found to be
amorphous and in vitro investigation including accelerated degradation and cell viability indicated excellent

biostability and biocompatibility.

EXPERIMENTAL SECTION

Materials. All reagents and solvents were used as received without further purification except 1,6-
hexanedithiol. ~ The chloroform-d (CDCIl;) and was purchased from Cambridge lIsotopes Laboratories, Inc
(Tewksbury, MA). Chloroform was purchased from VWR (Raleigh, NC; ACS Grade, stabilized with amylene).
Diethyl ether (Et,0) and isopropyl alcohol (‘PrOH) were purchased from EMD Millipore (Burlington, MA).

Anhydrous methylene chloride (CH.Cl,), ethyl acetate (EtOAc), N,N-dimethylformamide (DMF), dimethyl



sulfoxide (DMSO), methanol (MeOH), sodium hydroxide (NaOH), sodium sulfate (Na2SO4), sodium bicarbonate
(NaHCOs3), ammonium chloride (NH.CI), propiolic acid, 3-bromo-1-propanol, hexamethylene diisocyanate (HDI),
dibutyltin dilaurate, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), triethylamine (EtsN), hexanes, butylated

hydroxytoluene (BHT), were purchased from Sigma-Aldrich (Milwaukee, WI).

Characterization. *H and *C NMR spectra were obtained using a Varian Mercury 300 MHz NMR
spectrometer operated at 303 K. All chemical shifts are reported in ppm () and referenced to the chemical shifts of
residual solvent resonances (CDCl3 *H: § = 7.26 ppm, **C: 6 = 77.16 ppm).

Differential scanning calorimetry (DSC) was performed using a TA Instruments Q200 DSC (TA Instruments
— Waters L.L.C., New Castle, DE) on sample sizes between 5 — 10 mg using temperature heating ramps of 10
°C-min™ and a cooling rate of 10 °C-min™ from -30 °C to 150 °C. The glass transition temperature (T,) was
determined from the midpoint in the second heating cycle of DSC. The crystalline temperature (Tc) and the melting
temperature (Tm) were obtained at 1 °C-min™ in the second heating cycle.

Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA Q50 (TA Instruments —
Waters L.L.C, New Castle, DE) on sample sizes of ca. 10 mg using a heating ramp of 20 °C-min™ from r.t. to 800
°C. The decomposition temperature (Tq4) was determined at 5% weight loss.

Size exclusion chromatography (SEC) was performed on all samples using an ECoOSEC HLC-8320 GPC (Tosoh
Bioscience LLC, King of Prussia, PA) equipped with a TSKgel GMHur-M mixed bed column and refractive index
(RI) detector. Molecular masses were calculated using a calibration curve determined from polystyrene standards
(PStQuick MP-M standards, Tosoh Bioscience, LLC) with DMF with 0.1 M LiBr as eluent flowing at 1.0 mL-min
! at 323K, and a sample concentration of 3 mg-mL™ from DMF/ DMSO (v/ v 1:1).

Infrared (IR) spectra of 0.5 mm 82% cis polymer thin films (before and after stretched) were collected on a

Nicolet i550 FT-IR (Thermo Scientific) (32 scans, 8 cm* resolution).

Mechanical Property Measurements. Tensile Tests at Different Strain Rates: Thin films of each polymer



were fabricated using a vacuum compression machine (TMP Technical Machine Products Corp.). The machine was
preheated to 150 °C. Polymer was then added into the 50 % 50 x 0.5 mm mold and put into the compression machine
with vacuum on. After 15 minutes of melting, 5 1bs*1000, 10 1bs*1000, 20 1bs*1000 of pressure were applied for 5
minutes, respectively. Following compression, the mold was cooled while maintaining 20 1bs*1000 of pressure to
prevent wrinkle formation on the film’s surface. The films were visually inspected to ensure that no bubbles were
present. Dumbbell-shaped samples were cut using a custom ASTM Die D-638 Type V. Strain rates of 0.1, 1, 5, 10,
20 mm/min were used and a rate of 10 mm/min was determined to be appropriate. Tensile tests at different stretching
velocities were carried out using an Instron 5567 Universal Testing Machine at 25 °C. The gauge length was set as
7 mm and the neck dimensions of the specimens were 7.11 mm in length, 1.70 mm in width and 0.50 mm in
thickness.

Tensile Tests at 10 mm/min: Dumbbell-shaped samples were prepared using the same method as noted above.
Tensile tests were carried out using Instron 5567 Universal Testing Machine at 25 °C. The gauge length was set as
7 mm and the crosshead speed was set as 10 mm/min. The dimensions of the neck of the specimens were 7.11 mm
in length, 1.70 mm in width and 0.50 mm in thickness. Modulus was obtained from the slope of the initial linear

region. The reported results are average values from three individual measurements.

Dynamic Mechanical Analysis (DMA). Temperature Sweep Data: Rectangular DMA specimens (25 x 5 x
0.5 mm) were prepared by compression molding. Single frequency (1 Hz), strain-based (15 pm amplitude),
temperature sweep (-50 to 120 °C at a rate of 3 °C'min™') experiments were conducted on three independent samples.
Shape Memory Characterization: Cyclic thermomechanical testing was conducted using a DMA Q800
instrument. Testing was completed in controlled force mode with heating and cooling rates of 10 °C-min”". The
fixity and recovery parameters for shape memory were calculated using the standard shape memory equations

shown in previous literature.*’

In Vitro Accelerated Degradation. A film in 0.5 mm thickness of each elastomer was prepared from vacuum



compression mold using the same method as stated above. Discs with 4 mm in diameter were cut from the film and
placed in 5 M NaOH solution in the incubator (37 °C + 5% CO, humidified atmosphere) for up to 12 weeks. The
films absorbed, degraded, swelled and the 5 M NaOH solution was changed every week to ensure the degradation
process. At specified intervals (1%, 2™, 4™, 8" and 12" week respectively), the samples were removed, dried and
weighed. The results of mass changes are the average values of four individual samples for each material at each
time point. The surface changes during degradation were characterized using field emission scanning electron

microscopy (SEM, JSM-7401F, JEOL, Peabody, MA).

Cell Viability Studies. Cell seeding onto polymer thin films: Mouse fibroblast cells (L929, passage 8) were
cultured using Eagle’s Minimum Essential Medium (ATCC) supplied with 10 vol. % horse serum, 100 units/mL
penicillin, and 100 pg/mL streptomycin at 37 °C + 5% CO». Cells were subcultured every 3 days with 0.25% (w/v)
trypsin and 0.5% (w/v) EDTA solution. Films were sterilized by ethylene oxide (EtO) using an Anprolene AN74i
sterilizer (Andersen Products) for 12 h followed by a purge cycle for 48 h. Samples were washed 3 x with PBS prior
to cell seeding. Cells were seeded on the polymer thin films at 30,000 cells/cm®. For positive and negative controls,
cells were seeded on glass slides.

LIVE/DEAD imaging of cells seeded on polymer thin films: 48 h after cell seeding, polymer thin film and
positive control glass slides were washed 3x with PBS and soaked in a LIVE/DEAD solution (Molecular Probes,
Invitrogen) containing 5 pL of 4 mM calcein AM and 5 pL of 2 mM ethidium homodimer-1 in 5 mL PBS for 30
minutes. Samples were then mounted with mounting media and imaged at 20x magnification using a Keyence BZ-
X700 microscope with filters for Texas Red and GFP. For the negative control, cells on glass slides were soaked in
70% EtOH for 1 h prior to staining, then processed identically to the experimental and positive control groups.

Cell viability as measured by XTT: The XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide) assay (Biotium) was used to measure cell viability. For the experimental and positive controls, 48 h
after seeding, growth media was replaced with 300 pL fresh media. For negative controls, growth media was

replaced with 70% EtOH for 1 h, followed by replacing the 70% EtOH with 300 pL fresh media. Next, 75 puL of



XTT solution was added and the sample was then incubated for 4 h at 37 °C + 5% CO,. Following incubation, the
absorbance at 500 nm (Asg) of the growth media solution was measured. Percent viability of the cells seeded on

the polymer sample was calculated by the equation below,

Viability = Asgo(Exp) — Asgo(Neg) % 100
Y Asgo(Pos) — Asgo(Neg)

where “Exp”, “PC”, and “NC” refer to the experimental, positive control, and negative control groups respectively.

Syntheses of Monomer and Polymers. Bis(3-bromopropyl) hexane-1,6-diyldicarbamate (2): Under
anhydrous condition, hexamethylene diisocyanate (24.00 mL, 0.15 mol), 3-bromo-1-propanol (30.00 mL, 0.33 mol)
were dissolved in anhydrous DCM (200 mL) and the mixture was cooled to 0 °C for 10 min before a drop of
dibutyltin dilaurate as catalyst was added in one aliquot. The reaction was kept at 0 °C for additional 10 min then
warmed to room temperature and stirred overnight. The reaction solution was precipitated in diethyl ether (500 mL),
filtered, washed again by additional diethyl ether (500 mL), and collected. The collected precipitate was dried by
high vacuum system at room temperature for 24 h to obtain the product as a white powder (52.00 g, 78%). '"H NMR
(300 MHz, CDCl3) 6 4.69 (br, 2H), 4.19 (t, J= 6 Hz, 4H), 3.46 (t, /= 6 Hz, 4H), 3.16 (q, /= 6 Hz, 4H), 2.16 (quint,
J = 6 Hz, 4H), 1.54-1.45 (m , 4H), 1.36-1.30 (m, 4H). >*C NMR (75 MHz, CDCl3) 6 156.47, 62.53, 40.88, 32.29,
29.95, 29.74, 26.30. ESI-MS for C14H26BraN>O4Na, m/z theoretical: [M+Na]" = 469.01 Da, observed: [M+Na]" =
469.0 Da.

5,14-Dioxo-4,15-dioxa-6, 13-diazaoctadecane-1,18-diyl dipropiolate (Us): In the dark hood, bis(3-
bromopropyl) hexane-1,6-diyldicarbamate (2) (10.00 g, 0.022 mol) and sodium propiolate®® (5.15 g, 0.056 mol)
were dissolved in DMF (150 mL), then the mixture was heated up to 50 °C, and stirred for 24 h. After the reaction
was cooled to room temperature, a saturated solution of NH4Cl (200 mL) was added to the mixture and stirred for
10 min. The mixture was extracted with ethyl acetate (150 mL x 3) and the organic extracts were combined. The
extracted organic solution was extracted further with a saturated solution of NaHCO; (150 mLx 3) to remove excess
acid. The organic layer was combined and dried over anhydrous Na,SOs, filtered, and concentrated. The residue

was purified by flash column chromatography on silica gel (EtOAc/ hexanes 2:1; Ry = 0.35) twice. After removal
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of the solvent, the final product was dried under high vacuum to yield the product as a white powder (6.66 g, 70%).
"H NMR (300 MHz, CDCl;) 6 4.74 (br, 2H), 4.27 (t, J = 6 Hz, 4H), 4.14 (t, J = 6 Hz, 4H), 3.15 (q, J = 6 Hz, 4H),
3.12 (s, 2H), 1,99 (quint, J = 6 Hz, 4H), 1.51-1.47 (m, 4H), 1.35-1.32 (m, 4H). *C NMR (75 MHz, CDCls) 6 156.46,
152.77, 75.05, 74.67, 63.15, 61.05, 40.89, 29.96, 28.17, 26.63. ESI-MS for CyH23N>OgNa, m/z theoretical:

[M+Na]" = 447.17 Da, observed: [M+Na]" = 447.1 Da.

General procedure of thiol-yne step-growth polymerization for polymer UsTs: Synthesis of 82% cis content
was taken as example. 5,14-Dioxo-4,15-dioxa-6,13-diazaoctadecane-1,18-diyl dipropiolate (Us, 2.82 g, 6.6 x 107
mol) and 1,6-hexanedithiol (Ts, 1.00 g, 6.6 x 10~ mol) were added to a 100 mL round bottom flask with 20 mL
CHCls. The solution was then cooled to -15 °C with stirring for 15 min before 1,8-diazabicyclo[5.4.0Jundec-7-ene
(10 pL, 6.6 x 10° mol) was added in one aliquot. Notably, the addition of DBU caused the solution to boil due to
an exothermic reaction. After 10 min, the reaction was allowed to warm to room temperature. After 1 h, excess of
5,14-dioxo0-4,15-dioxa-6,13-diazaoctadecane-1,18-diyl dipropiolate was dissolved in 5 mL CHCl; and added into
reaction solution to prevent residual thiol as an end group. After another 0.5 h, the solution was diluted with CHCl3
(20 mL) and butylated hydroxytoluene (BHT) (0.11 g, 5.0 x 10™* mol) was added to limit interchain crosslinking.
The polymer solution was then precipitated into diethyl ether (300 mL) and collected by decanting the supernatant.
The polymer was then dissolved in CHCI; (50 mL) and reprecipitated into diethyl ether (300 mL), collected by
decanting the supernatant, and dried in vaccuo at room temperature for 24 h to obtain the pale-yellow polymer (3.43
g, 90 %). 'H NMR (CDCls, 300 MHz): % cis: % trans = 82 %: 18 %, and cis content was determined by vinyl
proton resonances in Figure S5.SEC (DMF + 0.1M LiBr, based on PS standards): M, = 52.9 kDa, M,, = 94.4 kDa,
Dm=1.8.DSC: T, =12 °C, T. =78 °C, T, = 108 °C. TGA: Ty = 347 °C. Tensile tests: £y =3.6 = 0.1 MPa, &€preak =
1393 + 11 %, UTS =39.1 £ 0.7 MPa.

Synthesis of 71% cis content: The polymer was prepared by the general procedure described above by using
DMSO/CHCI; (v/v: 1/3) co-solvent system with Et;N as organic base. 'H NMR (CDCls, 300 MHz): % cis: % trans

=71 %: 29 %, and cis content was determined by vinyl proton resonances in Figure S7. SEC (DMF + 0.1M LiBr,



based on PS standards): M, = 51.3 kDa, M,, = 98.2 kDa, Bm=1.9. T, =9 °C. TGA: Tq= 341 °C. Tensile tests: £y =
2.1 +0.1 MPa, gpreak = 1656 + 27 %, UTS = 38.1 + 2.5 MPa.

Synthesis of 62% cis content: The polymer was prepared by the general procedure described above by using
DMSO/CHCI; (v/v: 1/4) co-solvent system with Et;N as organic base. "H NMR (CDCls, 300 MHz): % cis: % trans
=62 %: 38 %, and cis content was determined by vinyl proton resonances in Figure S9. SEC (DMF + 0.1M LiBr,
based on PS standards): M, = 56.0 kDa, M,, = 93.5 kDa, BDm=1.7. Ty =3 °C. TGA: Tq= 346 °C. Tensile tests: £y =
1.7 £ 0.1 MPa, gpreak = 1669 = 5 %, UTS =26.0 = 0.9 MPa.

Synthesis of 46% cis content: The polymer was prepared by the general procedure described above by using
DMSO/CHCI; (v/v: 1/5) co-solvent system with Et;N as organic base. "H NMR (CDCls, 300 MHz): % cis: % trans
=46 %: 54 %, and cis content was determined by vinyl proton resonances in Figure S11. SEC (DMF + 0.1M LiBr,
based on PS standards): M, = 45.8 kDa, M,, = 100.6 kDa, By =2.2. Ty =1 °C. TGA: Ty =315 °C. Tensile tests: Ey
=5.0+ 0.5 MPa, gpreak = 1056 + 22 %, UTS = 5.4 = 0.5 MPa.

Synthesis of 32% cis content: The polymer was prepared by the general procedure described above by using
DMSO/CHCI; (v/v: 1/6) co-solvent system with Et;N as organic base in Figure S13. '"H NMR (CDCls, 300 MHz):
% cis: % trans = 32 %: 68 %, and cis content was determined by vinyl proton resonances. SEC (DMF + 0.1M LiBr,
based on PS standards): M, = 34.5 kDa, M, = 74.0 kDa, Pm = 2.1. T, = -1 °C. TGA: T4 =320 °C. Tensile tests: £y

=4.0£0.1 MPa, gpreak = 785 = 66 %, UTS = 2.6 £ 0.2 MPa.

RESULTS AND DISCUSSION
Monomer and Polymer Syntheses

As depicted in Scheme 1, the synthesis of the urethane-based dipropiolate monomer, 5,14-dioxo-4,15-dioxa-
6,13-diazaoctadecane-1,18-diyl dipropiolate (Us), began from 3-bromo-1-propanol (1) reacted with hexamethylene
diisocyanate (HDI) with catalytic dibutyltin dilaurate to afford the dibromo-substituted urethane compound, bis(3-

bromopropyl) hexane-1,6-diyl dicarbamate (2). Further nucleophilic substitution (Sn2) of dibromo-substituted



urethane (2) was successfully accomplished by reacting with sodium propiolate to obtain the urethane-based

dipropiolate monomer (Us) (See Figure 1A).
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Figure 1. Characterization of stereocontrolled polyurethanes. A) A base-directed thiol-yne step-growth
polymerization for different %cis content polymers was carried out with 5,14-dioxo-4,15-dioxa-6,13-
diazaoctadecane-1,18-diyl dipropiolate (Us) and the distilled 1,6-hexanedithiol (Te) in different solvents and
catalytic bases. B) Stacked "H NMR spectra in CDCl; demonstrated two clear vinyl proton doublets at 6 = 7.1 ppm
(cis, 9 Hz) and 6 = 7.7 ppm (trans, 15 Hz), respectively. Significantly, the ratio of the cis to trans is determined by
the resonance H; to reveal the stereochemistry can be controlled under thiol-yne step-growth polymerization with
specific solvent and catalytic base. C) SEC chromatograms determined by polystyrene (PS) standards for
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polyurethanes with tunable stereochemistry. D) Mechanisms of how to control the cis and frans configuration
through the base and solvent modulation.™

The combination of 5,14-dioxo-4,15-dioxa-6,13-diazaoctadecane-1,18-diyl dipropiolate (Us), the distilled 1,6-
hexanedithiol (Ts), and 1.0 mol% 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in chloroform yielded U¢T¢ polymer
with 82% cis content (M, = 52.9 kDa, M,, = 94.4 kDa, Pm = 1.8). (see Figure 1A and Table 1). Correspondingly, the
%cis content can be identified by J coupling (Jeis = 9 Hz and Jirans = 15 Hz), and be quantitatively calculated by the
integration of cis and trans vinyl protons H; using the '"H NMR spectra shown in Figure 1B. Prototypical conditions
(EtsN as basic catalyst and DMF as co-solvent in chloroform) were utilized to achieve relatively low %cis content
polymers.? %% 3% Unfortunately, the polymer gradually precipitated out due to poor solubility. In order to achieve
the targeted %cis content with high molar mass, we replaced DMF with DMSO as a co-solvent in CHCI3 while
maintaining Et;N as the organic base catalyst. Four distinct volume ratios of DMSO (25%, 20%, 16.7%, and 14.3%)
were used to provide various %cis content polymers with high molar mass. All polymerization conditions and molar

masses are listed in Table 1.

Table 1. Stereochemistry and molecular masses of thiol-yne polymers (U¢Ts) were obtained using different
polymerization conditions from 5,14-dioxo0-4,15-dioxa-6,13-diazaoctadecane-1,18-diyl dipropiolate (Us) and 1,6-
hexanedithiol (Ts) precursors and thermal properties were obtained by DSC.

%Cis Solvent Base (knga) (Igl)";) D (;’é) (;’é)
82 CHCls DBU 52.9 94.4 18 12 347
71 DMS(?:/%HC'?’ EtN 51.3 98.2 19 9 341
62 DMS(?:/E)HC'?’ EtN 56.0 93.5 17 3 346
46 DMS(?:/g)HC'?’ EtsN 45.8 100.6 2.2 1 315
32 DMS(?:/E?)HC“ Et:N 345 74.0 2.1 A 320

Thermal and Mechanical Properties
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The thermal properties of the materials were investigated by using differential scanning calorimetry (DSC) to
observe the glass transition (7}), crystalline (7¢), and melting (7m) temperatures and by using thermogravimetric
analysis (TGA) to characterize the degradation temperature (73). All three different %cis U¢Te stercoelastomers
exhibited glass transitions (7,) while no melting nor crystalline temperatures were observed during the 2™ heating
and 1% cooling cycle at 10 °C/min ramp speed. Moreover, the T, trend shown in Figure 2A displayed a positive
correlation with %cis content. 82% cis content stereoelastomer possessed the highest glass transition temperature
(Ty =12 °C) while 32% cis content analog had the lowest glass transition (7, = -1 °C). The glass transition of 82%
cis was then screened using three different ramp speeds (10 °C/min, 5 °C/min, and 1 °C/min) which showed the 7,
gradually decreased from 12 °C to 7 °C (see Figure 2B). Interestingly, crystalline (7. = 78 °C) and melting (71 =
108 °C) temperatures were only detected for the 82% cis stereoelastomer during the heating cycle. The thermal-
induced crystallinity of 82% cis at slow ramp speeds (1 °C/ min) revealed the highest %cis content which enables
better hydrogen bonding interactions between urethane units on polymer backbones. These results suggested that

all materials were predominantly amorphous.
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Figure 2. Thermomechanical characterization of polyurethane stereoelastomers. A) DSC thermograms of the 2™
heating cycle presented for UsTs with five different %cis. Higher cis content revealed higher glass transition
temperature (7) to show more stiffer property. B) DSC thermograms of the 2™ heating cycle with three different
ramp speeds presented for 82% cis content. Polymer chains formed better chain packing by hydrogen bonding
interaction resulting in remarkable thermal-induced crystallinity (7;) at 78 °C under slow ramp speed. C)
Representative stress vs. strain curves for UgTe with the various %cis content at 10 mm/ min under room
temprerature. D) Storage modulus, loss modulus, and tan &were presented by a DMA temperature ramp-frequency
sweep for the 82% cis content stereoelastomer.

Mechanical properties were investigated for UgTs with various stereochemistry are listed in Table 2. The
Young’s modulus, extension at break, and strain at break were all determined from the stress vs. strain curves
obtained using tensile testing. The differences of Young’s modulus (£) of all polymers are not distinctive. This is
attributed to each of the species having a glass transition temperature (7;) below room temperature while also being
predominantly amorphous. The 82% cis content displayed significant strain-induced crystallization and strain-

hardening after it was elongated over 600% of strain. Additionally, Fourier-transform infrared (FT-IR) spectroscopy
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was used to study hydrogen bonding interactions. The stretches at 3334 cm™ and 1686 cm™ from the 82% cis
stereoelastomer are associated with hydrogen bonding between amide N-H and C=0 groups, respectively.* Thus,
the results from FT-IR support the hypothesis of hydrogen bonding between urethane linkages (see Figure S16 for
details). The 32% cis content exhibits the lowest strain at break (eprea%0) 785 + 66 % (see Figure 3C) due to reduced
hydrogen bonding effect resulting from twisting configuration of polymer backbones based on increase of %trans
content. Notably, mechanical properties of 71% cis not only revealed exactly same UTS (39.1 + 0.7) as 82% cis but
also performed elongation at strain break (eprea%) 1656 £ 27 % which is similar as 71% cis. Mechanical
performance of 71% cis based on representative stress vs strain curves suggested that 71% cis stereochemistry
would be enough to concomitantly obtain maximum UTS and elongation for the species under study once hydrogen

bonding system incorporated.

Table 2. Thermal and mechanical properties for five different %cis UsTe polymers.

%Cis Eo (MPa) Ebeak (%) UTS (MPa)
82 3.6%0.1 1393 + 11 39.1+0.7
71 2101 1656 + 27 38125
62 1.7+£0.1 1669 + 10 26.0+0.9
46 50+0.8 1056 + 22 54+05
32 4.0+0.1 785 + 66 26+0.2

DMA Tests and Shape Memory Properties
The shape memory properties were tested by using a DMA Q800 instrument with cyclic thermomechanical

testing over three cycles. Testing was completed in controlled force mode with heating and cooling rates of 10 °C/
min. As a proof of concept for shape memory based on hydrogen bonding, a 82% cis content stereoelastomer was
chosen to perform thermomechanical behavior. After investigated by temperature sweep, a storage modulus drop
was observed at the glass transition temperature (7,), followed by a rubbery-like plateau (see red line in Figure 2D).
This feature shows that the material has thermally stimulated shape memory properties. The large peak in loss
modulus (see blue transition in Figure ) revealed activation of molecular mobility and the rubbery-plateau indicated
the presence of a network based on hydrogen bonding that is responsible for shape transformations.*'*** The material
(82% cis) was examined with three shape memory cycles (see Figure 3A). The depicted results show the 1% cycle

shape recovery was ~24%. Nevertheless, the 2™ and 3™ cycle displayed significant shape recovery improvement
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(~90%), and all of three cycles presented ideal fixity (~98.5%).

A B

"Streched at 50 °C"

Cool
| Heat, 50°C r20 100

60
© 40 i -15 [80 2
= © -
o 2602 c
= L103| €
S 0 gra0g @
£ o @

£ L0.5
—-20 - 20

40 0.0 to

0 20 40 60 80 100 120
Time / min

Figure 3. Shape Memory characterization of 82% cis content stereoelastomer. A) Representative curves of three
shape memory cycles for 82% cis content stereoelastomer are shown. B) Visual demonstration of shape memory is

observed in the 3™ cycle for the 82% cis content stereoelastomer by heating to 50 °C and the shape is shown to
recover up to 90%.

Unlike most shape memory materials based on covalently crosslinked bonding system,*** the properties of
the polyurethane stereoelastomers are based on hydrogen bonding within the urethane units which function as
physical crosslinking units.** * 4" When the material is heated, the hydrogen bonding orientation is disordered.
However, the DSC thermogram of the 82% cis content showed a thermally induced crystalline transition (7t)
indicating that when the material was heated close to the onset of 7T¢, additional highly ordered hydrogen bonds
would be formed. The result of thermomechanical analysis from the 1* cycle matched the observation from DSC
as well. Significantly, part of the polymer chains with weaker or disordered hydrogen bonding interaction exist in
an amorphous domain which plays a key role in the shape recovery from the 2™ cycle that improve shape recovery
performance from 24% to 90%. These features make urethane-based elastomer distinct from other SMP systems
that depend on crosslinked chemical bonds, copolymers, polymers with blending, and classic physical crosslinking
bond (H-bond) to form the network. In Figure 3B, a visual demonstration with a three-dimensional plot of the 3"

cycle for 82% cis content is shown as it performs an ideal shape recovery process.
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Accelerated Degradation and Biocompatibility Studies
The hydrolytic stability was assessed for all three different %cis UsTs polymers and molar masses were listed

in Table 1. All testing samples for degradation studies were prepared by compression molding of a film with 0.5
mm thickness, cut into discs with 4 mm in diameter, and tested using accelerated degradation conditions in 5 M
NaOH solution at 37 °C + 5% CO, for up to 12 weeks. The results show that degradation rates are highly dependent
on the %cis conformation of ¢,funsaturated alkenes on the backbone (see Figure 4A and 4B). The lower %cis
content provides more flexibility to increase the chain mobility matched the DSC thermograms (see Figure 2A) and
helps to accelerates the degradation rate through increased water penetration into the discs. SEM analysis of tested
coupons from the accelerated degradation conditions on the 62% cis polymer indicates uniform degradation and

confirms surface erosion as the predominant degradation process (see Figure 4C).*
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Figure 4. A) Mass loss over time with different %cis elastomers (black: 82%; red: 71%; blue: 62%; pink: 46%;
olive: 32%, respectively) shows stereochemistry dependent surface erosion behavior. B) Enlarged scale at
degradation region. C) SEM analysis of test coupons from 62% cis content exposed to accelerated degradation
conditions indicates uniform degradation from surface erosion processes. Cell viability of 82% cis content. D)
LIVE/DEAD imaging at 20x magnification of L929 cells on a 82% cis stereoelastomer disc and after exposure to
70% EtOH for 1 h. E) Cell viability as measured by XTT assay.

To assess further potential cytotoxicity from these materials, stereoelastomer samples with 82% cis content
were seeded with L929 fibroblasts and cell viability was evaluated for 48 h after cell seeding. LIVE/DEAD imaging
showed that cells viability was nearly quantitative as assessed by XTT assay and nearly identical to L929’s seeded

on glass slides (Figures 3D and 3E). These data suggest that the urethane-based elastomers are compatible with
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cells and have potential use as an implantable biomaterial.

CONCLUSION
The urethane-based dipropiolate, 5,14-dioxo-4,15-dioxa-6,13-diazaoctadecane-1,18-diyl dipropiolate, was

successfully synthesized and utilized as a new class of dipropiolic monomer that can further be polymerized using
stereo-chemically controlled thiol-yne Michael additions to yield polyurethanes. The thermal and mechanical
properties are tunable by varying the stereochemistry of the alkene unit from 82% to 32% cis content in the polymer
backbone. Amorphous polymers possessing hydrogen bonding along the backbone retain their mechanical
properties. The thermomechanical analysis of 82% cis content polymer displayed shape memory behavior. The
investigation of accelerated degradation behavior in 5 M NaOH solution up to a three-month period has displayed
the materials with reduced %cis content yielded faster degradation rates thus demonstrating that stability of material
is highly stereo-chemically dependent. /n vitro cell viability of 82% cis content has indicated urethane-based
elastomers possess excellent biocompatibility. The combination of biocompatible, biostable, and tunable thermal
and mechanical properties supports our material as potentially new candidates for a long-term implantable
biomaterial and biomedical device. Nonetheless, biodegradable polymeric materials might be more valuable for soft
tissue engineering due to degraded segments would be expected to be non-toxic and resorbable in biological systems.
Importantly, a well-known degradable unit such as an ester moiety can be easily incorporated into our polyurethane

backbone and formulated as copolymer systems could provide a series of resorbable polymers in the future.
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