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Abstract

Thermoresponsive shape memory polymers are stimuli-responsive materials whose shape is
modulated by heat. They have been investigated as smart materials in a variety of biomedical,
industrial and aerospace applications. The vast majority of shape memory polymers have been
limited to those prepared from organic polymers. In this present work, shape memory polymers
comprised of inorganic silicon-containing polymer segments (polydimethylsiloxane, PDMS) and
organic poly(e-caprolactone) (PCL) segments were developed. Because of its low 75, PDMS
served as a highly effective soft segment. The photochemical cure of diacrylated PCL - block-
PDMS37-block-PCL , macromers with tailored PCL segment lengths produced networks with
excellent mechanical properties, shape fixity, and shape recovery.

Introduction

Shape memory polymers (SMPs) are stimuli-responsive materials which change their shape
upon application of an external stimulus such as heat.12 Compared to shape memory alloys
(SMAs) and shape memory ceramics, SMPs are lightweight, readily fabricated, exhibit
greater elastic deformation, and optionally are biodegradable.? These properties have
prompted their investigation into a variety of biomedical applications.~7 New
thermoresponsive SMPs with sharp and tunable transition temperatures ( 7ians) to actuate
shape change, high strain recovery and fixity, high moduli to withstand tensile and
compressive forces, and high elasticity should lead to improved and new devices in medical
as well as other fields. In general, hybrid materials comprised of inorganic (e.g. silicon-
based) and organic polymer components have attracted interest to yield properties superior
to that of parent materials.8-12 However, SMPs formed from silicon (Si)-containing
inorganic and organic polymer components have been limited to a single report.13

The shape memory effect of SMPs is attributed to switching segments and net points which
work cooperatively.! The net points determine the permanent shape and may be either
chemical or physical crosslinks formed via covalent bonds or molecular interactions,
respectively. The switching segment exhibits a thermal transition temperature ( 7iyans) Which
corresponds to either the glass transition (75) or melting transition (7). Thus, a temporary
shape formed by the application of stress at 7> Tians is fixed by cooling the deformed SMP
at 7< Tians and the permanent shape subsequently recovered by reheating to 7> Tians. The
ability of an SMP to maintain its temporary shape at 7 < Tians @nd to recover its permanent
shape at 7> Tyang is referred to as strain fixity and strain recovery, respectively. SMPs based
on both physically and chemically crosslinked poly-(e-caprolactone) (PCL; 74 = —60 °C)
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have received much attention due to PCLs biodegradability and elasticity.1415 PCL is an
effective crystalline switching segment in which the 7y, serves as the Tiang Of the network.
The 7, of PCL is well-defined and increases with M, (43-60 °C) which is in the range
useful for deployment in vivo.1® To manipulate the thermomechanical properties of PCL-
based SMPs, other organic polymeric components have been introduced, including:
polyurethanes,1’~19 poly(L-lactide),2%-24 poly(glycolide),2> poly(ethylene glycol),28 poly(o-
dioxanone)?” and poly(r+-butyl acrylate).28

The lack of PCL-based SMPs which incorporate an inorganic polymer component prompted
us to explore the introduction of polydimethylsiloxane (PDMS), a polymer with an inorganic
backbone. PDMS has many interesting properties, including: good biocompatibility, thermal
and oxidative stability, and gas permeability.230 In particular, its exceptionally low 7y
(-125 °C) makes PDMS a very effective “soft segment” which should enhance the
deformability (7.e. % strain at break) of the SMPs. SMPs based on a combination of PCL
and polysiloxanes have been limited to those prepared via the radiation crosslinking of
physical blends of PCL (M, = 50k g mol~1; 80-95 wt%) with polymethylvinylsiloxane
(PMVS; M, ~ 60 kg mol~1; 5-20 wt%).13 However, blends could only be prepared with less
than 20 wt% of PMVS due to blend instability. In addition, networks with less than 50% sol
(i.e. uncrosslinked material) were not achieved and radiation-induced chain scission of PCL
led to diminished strength.

In the present work, we report inorganic—organic SMPs formed via the photochemical cure
of a series of photosensitive triblock macromers consisting of a central inorganic PDMS
segment and terminal organic PCL segments of varying lengths (Fig. 1). Six compositionally
unique photosensitive macromers were prepared with the general formula: AcO-PCL,-
block-PDMS37-block-PCL -OAc (n=5, 10, 20, 30, 40 and 50). Following the
photochemical cure of each macromer, the thermal, mechanical, and shape memory
properties of the resulting networks were tested and related to composition.

Experimental

Materials

e-Caprolactone, triethylamine (Et3N), acryloyl chloride, stannous 2-ethylhexanoate, 2,2-
dimethoxy-2-phenylacetophenone (DMAP), 1-vinyl-2-pyrrolidinone (NVP), 4-
(dimethylamino)-pyridine (DMP), K,COg, poly(dimethylsiloxane)-bis(3-aminopropyl)
terminated (NH, -PDMS37-NH,; M, = 3000 g mol~! by IH NMR end-group analysis) and
solvents were obtained from Aldrich. Reagent-grade CH»Cl,, CHCI3, and NMR-grade
CDClI3 were dried over 4 A molecular sieves.

Macromer synthesis and characterization

The HO-PCL ;- block-PDMS37- block-PCL ,~OH macromers (=5, 10, 20, 30, 40 and 50)
(a) were prepared by ring-opening polymerization of e-caprolactone in the presence of bis-
(3-aminopropyl) terminated PDMS (NH,-PDMS37-NH,) and a tin catalyst (Fig. 1).31 The
segment length of the PCL blocks was controlled by the ratio of 3-caprolactone to NH»-
PDMS37-NH,. The terminal hydroxyl groups were subsequently converted to photosensitive
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acrylate (OAc) groups by reaction with acryloyl chloride to yield AcO-PCL ,-block-
PDMS37-block-PCL ;-OAc macromers (b). The number average molecular weight (A4,) as
well as PDMS and PCL segment lengths were determined by H NMR.

Synthesis of a-p1.—NH»-PDMS37-NH> (20.0 g, 6.69 mmol), e-caprolactone (7.17 g,
62.89 mmol), and stannous 2-ethylhexanoate (0.043 g, 0.11 mmol) were combined in a 250
mL round-bottomed (rb) flask equipped with rubber septum and magnetic Teflon stir bar.
The reaction was stirred for 24 h at 145 °C under N,. After cooling to room temperature
(RT), the crude product was dissolved in a minimal amount of CHCI3 and precipitated twice
in an excess of cold (~10 °C) methanol. The isolated product was dried under vacuum at

45 °C for 20 h. In this way, a-p1 (19.33 g, 71% yield; M, = 4126 g mol~1) was obtained as a
viscous, yellow liquid. M, and PDMS : PCL ratio were determined by 1H NMR
spectroscopy. &4 (300 MHz, CDCl3): 0.11-0.40 (br m, 240H, SiCHs), 0.49 (m, 4H,
-SiCH,CH,CH»,-), 1.35 (m, 20H, -CH,CH,CH,CH,CH»,—0H),1.58 (m, 40H,
—CH2CH2CH2CH2CH2—OH), 211 (m, 4H, —SiCH2CH2CH2-), 2.27 (m, 20H,
-CH,CH,CH,CH,CH,—0H),3.18 (m, 4H, =SiCH,CH,CH»-), 3.60 (m, 4H, NH), 4.02 (m,
20H, -CH,CH,CH,CH,CH,0H).

Synthesis of a-p2.—NH,-PDMS37-NH> (15.0 g, 5.0 mmol), e-caprolactone (10.76 g,
94.4 mmol), and stannous 2-ethylhexanoate (0.043 g, 0.11 mmol) were reacted as above. In
this way, a-p2 (24.88 g, 97% yield; M, = 5266 g mol ~1) was obtained as a viscous, yellow
liquid. &4 (300 MHz, CDCl3): 0.35-0.11 (br m, 240H, SiCHj3), 0.50 (m, 4H,
—SiCHch2CH2—),1.39 (m, 40H, —CH20H2CH20H2CH20H), 1.61 (m, 80H,
-CH,CH,CH,CH,CH,0H), 2.11 (m, 4H, =SiCH,CH,CH>»-), 2.29 (m, 40H,
—CH2CH2CH2CH2CH20H), 3.20 (m, 4H, —SiCH2CH2CH2—), 3.63 (m, 2H, NH), 4.05 (m,
40H, —-CH,CH,CH,CH,CH,0H).

Synthesis of a-p3.—NH,-PDMS37-NH, (7.57 g, 2.52 mmol), e-caprolactone (10.85 g,
95.06 mmol), and stannous 2-ethylhexanoate (0.043 g, 0.11 mmol) were reacted as above. In
this way, a-p3 (14.37 g, 78% yield; M, = 7546 g mol~1) was obtained as a yellow wax. &4
(300 MHz, CDCl3): 0.03-0.11 (br m, 240H, SiCH3), 0.50 (m, 4H, -SiCH,CH,CH>-), 1.39
(m, 80H, -CH,CH,CH,CH,CH,0H), 1.58 (m, 160H, -CH,CH,CH,CH,CH,0H), 2.11 (m,
4H, -SiCHgCH2CH2-), 2.29 (m, 80H, -CHZCH2CH2-CH2CH20H), 3.22 (m, 4H, -
SiCH,CH,CH5-), 3.61 (m, 2H, NH), 4.04 (m, 80H, -CH,CH,CH,CH,CH,0H).

Synthesis of a-smpl.—NH»-PDMS37-NH; (5.0 g, 1.67 mmol), e-caprolactone (10.78 g,
100.21 mmol), and stannous 2-ethylhexanoate (0.043 g, 0.11 mmol) were reacted as above.
In this way, a-smp1 (10.36 g, 66% yield; M, = 9826 g mol ~1) was obtained as a yellow
wax. &y (300 MHz, CDClsg): 0.03-0.12 (br m, 240H, SiCHg), 0.51 (m, 4H, -
SiCH2CH2CH2-), 141 (m, 120H, -CH2CH2CH2CH2CH20H), 1.63 (m, 240H, -
CH,CH,CH,CH,CH,0H), 2.11 (m, 4H, -SiCH,CH,CH»-), 2.27 (m, 120H, -
CH,CH,CH,CH,CH,0H), 3.21 (m, 4H, -SiCH,CH,CH>-), 3.64 (m, 2H, NH), 4.05 (m,
120H, -CH,CH,CH,CH,CH,0H).
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Synthesis of a-smp2.—NH»-PDMS37-NH; (6.71 g, 2.24 mmol), e-caprolactone (19.26
g, 169.0 mmol), and stannous 2-ethylhexanoate (0.043 g, 0.11 mmol) were reacted as above.
In this way, a-smp2 (20.25 g, 77% yield; M, = 12 106 g mol ~1) was obtained as a yellow
wax. &y (300 MHz, CDCl3): 0.03-0.13 (br m, 240H, SiCHg), 0.52 (m, 4H, -
SiCH2CHch2-),l.38 (m, 160H, -CH20H2CH2CH2CH20H), 1.60 (m, 320H, -
CH,CH,CH,CH,CH,0H), 2.16 (m, 4H, -SiCH,CH,CH,NH-), 2.27 (m, 160H, -
CH,CH,CH,CH,CH,0H), 3.20 (m, 4H, -SiCH,CH,CH»-), 3.63 (m, 2H, NH), 4.05 (m,
160H, -CH,CH,CH,CH,CH,0H).

Synthesis of a-smp3.—NH»-PDMS37;-NH> (6.0 g, 2.0 mmol), e-caprolactone (22.26 g,
195.3 mmol), and stannous 2-ethylhexanoate (0.043 g, 0.11 mmol) were reacted as above. In
this way, a-smp3 (23.44 g, 83% yield; M, = 14 386 g mol ~1) was obtained as a yellow wax.
&4 (300 MHz, CDCl3): 0.12-0.15 (br m, 240H, SiCH3), 0.50 (m, 4H, -SiCH,CH,CH-),
1.39 (m, 200H, -CH,CH,CH,CH,CH,0H), 1.64 (m, 400H, -CH,CH,CH,CH,CH,0H),
2.14 (m, 4H, -SiCHzCHgCHzNH-), 2.31 (m, 200H, -CH2CH2CH2-CH2CH20H), 3.19 (m,
4H, -Si-CH,CH,CH5-), 3.65 (m, 2H, NH), 4.05 (m, 200H, -CH,CH,CH,-CH,CH,0H).

Synthesis of b-pl. a-p1—(19.33 g, 4.68 mmol), DMP (0.0023 g,0.02 mmol), EtsN
(0.909 g, 8.99 mmol), acryloyl chloride (1.62 g,17.98 mmol) and dry CH,Cl, (140 mL)
were combined in a 250 mL rb flask equipped with a Teflon stir bar, rubber septum, and
purged with No. EtsN was slowly added to the solution followed by the dropwise addition of
acryloyl chloride. After 30 min, the mixture was refluxed at 50 °C for 20 h. The solvent was
removed under reduced pressure, the crude product dissolved in ethyl acetate and filtered to
remove triethylamine hydrochloride salts. After removing solvent under reduced pressure,
the isolated product was dissolved in CH,Cl, (130 mL), and washed with 2 M K,CO3 (12
mL). After allowing the layers to separate overnight, the organic layer was isolated, dried
with MgSQg, gravity filtered, and volatiles removed under reduced pressure. In this way, b-
pl (15.29 g, 73% yield; M, = 4324 g mol ~1) was obtained as a tacky, yellowish solid. 1H
NMR spectroscopy confirmed diacrylation and maintenance of PDMS : PCL ratio and M.
&H (300 MHz, CDCl3): 0.03-0.11 (br m, 240H, SiCHg), 0.49 (m, 4H, -SiCH,CH,CH-),
1.39 (m, 20H, -CH2CH2CH2CH2CH20-), 1.58 (m, 40H, -CH20H2CH20H2CH20-), 211
(m, 4H, -SiCH,CH,CH>-), 2.27 (m, 20H, -CH,CH,CH,CH,CH,0-), 3.19 (m, 4H, -
SiCH,CH,CH,-), 3.61 (m, 2H, NH), 4.02 (m, 12H, -CH,CH,CH,CH,CH,0-), 5.82 (dd,
2H, J=10.5and 1.5 Hz, -CH]CH), 6.11 (dd, 2H, J=17.4 and 10.5 Hz, -CH == CH,),6.40
(dd, 2H, J=17.4 and 1.8 Hz, -CH == CH)).

Synthesis of b-p2. a-p2—(24.88 g, 4.73 mmol), DMP (0.0023 g,0.02 mmol), Et3N
(0.985 g, 9.74 mmol), acryloyl chloride(1.76 g, 19.44 mmol) were reacted as above. In this
way, b-p2(17.40 g, 66% yield; M, = 5374 g mol~1) was obtained as a tacky, yellow solid. &4
(300 MHz, CDCIl3): 0.05-0.11 (br m, 240H, SiCH3), 0.51 (m, 4H, -SiCH,CH,CH,NH-),
1.39 (m, 40H, -CH,CH,CH,CH,CH,0-), 1.60 (m, 80H, -CH,CH,CH,CH,CH,0-), 2.12
(m, 4H, -SiCH,CH,CH,NH-), 2.27 (m, 40H, -CH,CH,CH,CH,CH,-), 3.22 (m, 4H, -
SiCH,CH,CH,NH-), 3.61 (m, 2H, NH), 4.10 (m, 40H, -CH,CH,CH,CH,CH,0-), 5.82 (dd,
2H, J=10.5 and 1.8 Hz, -CH]CHy), 6.11 (dd, 2H, J=17.4 and 10.5 Hz, -CH == CH,),6.40
(dd, 2H, J=17.3 and 1.7 Hz, -CH == CHy).
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Synthesis of b-p3. a-p3—(14.37 g, 1.90 mmol), DMP (0.0023 g,0.02 mmol), EtzN
(0.372 g, 3.68 mmol), acryloyl chloride (0.664 g, 7.37 mmol) were reacted as above. In this
way, b-p3 (5.02 g, 33% vyield; M, = 7654 g mol~1) was obtained as a tacky, yellow solid. &y
(300 MHz, CDCl3): 0.05-0.11 (br m, 240H, SiCHj3), 0.50 (m, 4H, -SiCH,CH,CH,NH-),
1.39 (m, 80H, -CH2CH2CH2CH2CH20-), 1.60 (m, 160H, -CH2CH2CH2CH2CH20-), 211
(m, 4H, -SiCH,CH,CH,NH-), 2.31 (m, 80H, -CH,CH,CH»-CH,CH,0-), 3.22 (m, 4H, -
SiCH,CH,CH,NH-), 3.70 (m, 2H, NH), 4.05 (m, 80H, -CH,CH,CH,CH,CH,0-), 5.82 (dd,
2H, J=10.5 and 1.5 Hz, -CH == CHy), 6.11 (dd, 2H, J=17.4 and 10.5 Hz, -CH == CHy),
6.40 (dd, 2H, J=17.4 and 1.5 Hz, -CH == CHy).

Synthesis of b-smp1. a-smp1—(10.36 g, 1.05 mmol), DMP(0.0023 g, 0.02 mmol),
Et3N (0.210 g, 2.07 mmol), acryloyl chloride (0.374 g, 4.14 mmol) were reacted as above. In
this way, b-smp1 (4.73 g, 46% yield, M, = 9934 g mol~1-CH]CH,), was obtained as a waxy,
yellow solid. &4 (300 MHz, CDClI3): 0.008-0.14 (br m, 240H, SiCH3), 0.51 (m, 4H, -
SiCHzCHzCHzNH-),l.39 (m, 120H, -CH2CH2CH2CH2CH20-), 1.61 (m, 240H, -
CH,CH,CH,CH,CH,0), 2.11 (m, 4H, -SiCH,CH,CH,NH-), 2.29 (m, 120H, -
CH,CH,CH,-CH,CH,0-), 3.21 (m, 4H,-SiCH,CH,CH,NH-), 3.64 (m, 2H, NH), 4.02 (m,
120H,-CH,CH,CH,CH,CH,0-), 5.82 (dd, 2H, J=10.2 and 1.5 Hz -CH == CH,),6.11 (dd,
2H, J=17.4 and 10.5 Hz, -CH == CH,),6.40 (dd, 2H, J=17.7 and 1.8 Hz, -CH == CH,).

Synthesis of b-smp2. a-smp2—(20.25 g, 1.67 mmol), DMP(0.0023 g, 0.02 mmol),
Et3N (0.343 g, 3.39 mmol), acryloyl chloride (0.612 g, 6.78 mmol) were reacted as above. In
this way, b-smp2 (11.44 g, 55% yield; M, = 12 214 g mol~1) was obtained as a waxy,
yellow solid. &4 (300 MHz, CDCl3): 0.046-0.10 (br m, 240H, SiCH3), 0.53 (m, 4H, -
SiCH2CH2CH2NH-), 1.39 (m, 160H, -CH2CH2CH2CH2CH20-), 1.63 (m, 320H, -
CH,CH,CH,CH,CH,0-), 2.11 (m, 4H, -SiCH,CH,CH,NH-), 2.31 (m, 160H, -
CH,CH,CH»-CH,CH,0-), 3.22 (m, 4H, -SiCH,CH,CH,NH-), 3.64 (m, 2H, NH), 4.06 (m,
160H, -CH,CH,CH,CH,CH,0-), 5.83 (dd, 2H, J=10.4 and 1.5 Hz, -CH == CH,), 6.11
(dd, 2H, J=17.4 and 10.5 Hz, -CH == CH,), 6.40 (dd, 2H, J=17.4 and 1.8 Hz, -CH ==
CHy).

Synthesis of b-smp3. a-smp3—(23.44 g, 1.62 mmol), DMP(0.0023 g, 0.02 mmol),
Et3N (0.343 g, 3.39 mmol), acryloyl chloride (0.612 g, 6.78 mmol) were reacted as above. In
this way, b-smp3 (6.7 g, 28% yield; M, = 14 494 g mol~1) was obtained as a waxy, yellow
solid. &4 (300 MHz, CDCl3): 0.06-0.11 (br m, 240H, SiCHj3), 0.55 (m, 4H, -
SiCH2CHQCH2NH-), 1.40 (m, 200H, -CH2CH2CH2CH2CH20-), 1.65 (m, 400H, -
CH,CH,CH,CH,CH,0-), 2.20 (m, 4H, -SiCH,CH,CH,NH-), 2.32 (m, 200H, -
CH2CH2CH2-CH2CH20-), 3.22 (m, 4H, -SiCH2CH2CH2NH-), 3.64 (m, 2H, NH), 4.06 (m,
200H, -CH,CH,CH,CH,CH,0-), 5.83 (dd, 2H, J=10.4 and 1.5 Hz, -CH == CH>), 6.11
(dd, 2H, J=17.4 and 10.5 Hz, -CH == CH,),6.41 (dd, 2H, /= 17.4 and 1.8 Hz, -CH ===
CHy).

Photocrosslinking

To form crosslinked networks, each acrylated macromer (b-p1-3 and b-smp1-3) was
dissolved in CH,Cl; at 25 wt%. To each 1 mL of the resulting precursor solution was added
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150 pL of photocatalyst solution [10 wt% solution of 2,2-dimethoxy-2-phenylacetophenone
(DMAP) in 1-vinyl-2-pyrrolidinone (NVP)]. The precursor solution was pipetted into a
circular silicone mold (45 mm x 2 mm; McMaster-Carr) sandwiched between glass slides
and exposed to UV light (UV-Transilluminator, 6 mW cm~2, 365 nm) for 3 min. The
resulting solvent-swollen disc was removed from the mold, air dried (RT, 12 h), and dried /in
vacuo (36 inHg, 80 °C, 4 h) to remove solvent. Uncrosslinked material was removed by
soaking the disc in ethanol (3 h), air drying overnight, and drying /in vacuo (36 inHg, 80 °C,
4 h).

Thermal characterization

Differential scanning calorimetry (DSC, TA Instruments Q100) of network specimens in
hermetic pans was ran from —150 to 95 °C at a heating rate of 5 °C min~1 for two cycles.
From the endothermic melting peak of the second cycle, temperature of crystalline melt
(7m), enthalpy change (AHy,) and percent crystallinity (% <) were measured. The percent
crystallinity (% x ) was calculated as follows:

% A 100 (1)
oY, = — X
¢ AH®

m

where AH,, was calculated by area of the melting peak and AH , is the enthalpy of fusion of
100% crystalline PCL (139.5 J g71).32

Mechanical characterization

Tensile properties of networks were evaluated at room temperature with a tensile tester
(Instron 3340) by subjecting rectangular strips (~ 20 mm x ~3.3 mm x ~ 1.1 mm) to a
constant strain rate (50 mm min~1) in tension until they broke.33From the resulting stress—
strain curves, modulus (£), tensile strength ( 7.5), and percent strain at break (% €) were
determined.

Shape memory behavior

Shape memory properties of networks were measured via strain-controlled cyclic thermal-
mechanical tensile tests over four cycles (A). Rectangular specimens (~ 7 mm x ~3 mm X ~
1.1 mm) were subjected to the following sequence: (1) after equilibrating at 80 °C ( 7hign) for
5 min, elongate to a maximum strain(ey, = 75%) at a rate of 50% strain min~1 (or 3.1 mm
min~1), (2) hold at e, for 5 min and then cool to 25 °C ( 7j,y) to fix the temporary shape, (3)
remove load and immediately measure e, and (4) reheat the sample to 80 °C ( 7jgn) to
recover to the permanent shape and measure ep, and then begin the second cycle. The shape
memory effect was quantified by strain fixity (/%), strain recovery (&), and total strain
recovery (Rr’tot).3 Strain fixity (/) quantifies the ability of the material to maintain a
mechanical deformation (&) after cooling resulting in a temporary deformation (g,):
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£,(N)

€m

R((N) = @)

For each cycle (N), strain recovery rate (/) quantifies the ability of a material to return to its
permanent shape (&) after application of mechanical deformation (ep):

. Ep— ep(N )
R(N) = m ©))

where e5(NV = 1) and e,(N) are the strains of the sample in two

successively passed cycles in the stress-free state. Total strain recovery rate (R tor) is defined
as the total recovered strain for each independent cycle (e,(/V)) as compared to the original
strain deformation (eq):

e~ ep(N )

Rr,tot(N )= 4)

m

Results and discussion

Introduction of PDMS as a soft segment to PCL-based SMPs was accomplished with series
of photosensitive AcO-PCL ,-b/ock-PDMS 3 block-PCL ,-OAc macromers (b). These were
prepared with a synthetic strategy which permitted the systematic control of PCL segment
length and hence macromer PDMS : PCL ratio, M, and crosslink density of the resulting
networks (Fig. 1).Networks (P1-3 and SMP1-3) were formed via the rapid photochemical
crosslinking of a precursor solution consisting of a designated macromer (b) dissolved in
CH,Cl, at a concentration of 25 wt%. As a photo-crosslinked system, crosslinking was rapid
and permitted spatial and temporal control.3> Uncrosslinked macromer (/.e. sol) was
removed from crosslinked networks via soaking samples in ethanol. The % sol extracted was
less than 10 wt% in all cases and did not significantly increase with further soaking.
Network compositions are summarized in Table 1.

Networks P1 and P2 exhibited no melting transition whereas P3 and SMP1-3 did (Table 1).
The PCL segments of P1 (n=15) and P2 (n= 10) were apparently too short to permit the
devel-opment of crystallites. P3 (17= 20) exhibited a low 7y, (34 °C) and its AHy, (23 g71)
and % crystallinity (17%) values were somewhat lower compared to SMP1-3. With
increasing PCL segment lengths, SMP1 (n=30), SMP2 (1= 40), and SMP3 (7= 50)
exhibited similar 7y, values (50-52 °C) to each other and AHy, (33-42 J g~2) and
crystallinity (24-30%) increased somewhat. The increased level of network crystallinity
with longer PCL segment length is visually apparent in the higher opacity of specimens (Fig.
1).
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The mechanical properties of polymer networks were characterized by tensile tests (Table
1). For covalently crosslinked networks, an increase in molecular weight between crosslinks
gives rise to a lower crosslink density which typically results in a decrease in £and TS but
an increase in % .36 Indeed for these networks, values of % e dramatically increased from
156% (P1) to 1197% (SMP3) as the PCL segment length (/) and total macromer M,
increased which produced a lower crosslink density. However, an unusual simultaneous
increase in £and TS was observed as % e increased. £increased from 0.7 MPa (P1) t060.5
MPa (SMP3) and TS increased from 0.3 MPa (P1) to 15.9 MPa (SMP3). These increases
may be attributed to the increased formation of PCL crystalline domains as PCL segment
length increases which act as physical crosslinks to reinforce the network even as the
crosslink density decreases. Other approaches to extend the mechanical properties of PCL-
based SMPs have been reported but do not result in concomitant, systematic increases in £,
TS, and % e. Furthermore, high values of % e achieved are also notable compared to many
other PCL-based SMPs. For example, for the photochemical cure of oligo(e-
caprolactone)dimethacrylates (M, = 1.5-10k g mol~1),increased macromer M, produced
networks whose % e increased (16-296%) but £(71 to 2.4 MPa) and TS (16.2 to 0.4 MPa)
simultaneously decreased.3” PCL-based shape memory “AB polymer networks” have also
been formed by incorporation of a second segment (i.e. comonomer). For instance, poly(L-
lactide) (PLLA, 7p, = 175-178 °C, Ty = 65 °C) was introduced as a hard segment v/a the
photocuring of multiblock copolymers consisting of PLLA, PCL, and photosensitive chain
extender segments.24 For networks lacking high sol contents (/.e. <20% sol), increased
PLLA content generally produced networks with higher £(160-720 MPa) and TS (14-24
MPa) values but lower % & (430 to 260%). Thermoplastic AB networks have been formed
by the introduction of poly(p-dioxanone) (PD; 7y, = 110 °C, 74 = 10 °C) as a crystallizable
hard segment (/.e. net=points) by using multiblock copolymers comprised of PD, PCL, and a
coupling agent.? Increased PD content (9-83 wt%) generally produced networks with
increasing £(34-90 MPa) and TS (13-25 MPa) but with concomitant decrease in % & (1100
to 650%).

Because of the low 74 of poly(/-butyl acrylate) (74 = 55 °C), AB networks containing soft
segments were prepared by cross-linking 7+butyl acrylate with oligo(e-
caprolactone)dimethacrylates (PCL-DA; M, = 2k or 10k g mol~1).28 As r+-butyl acrylate
content increased (20-71 wt% for 10k g mol~ PCL-DA), crosslink density decreased and
networks generally exhibited an increase in % e (290-555%) but with a simultaneous
decrease in £(58 MPato ~ 7.8 MPa) and TS (14.6 to 4.3 MPa) values. Because of their
lower 7gys, polysiloxanes are expected to be particularly good soft segments for PCL-based
SMPs. For radiation cured (100 kGy) PCL-PMVS blends, SMP networks had extremely
high sol content (>70 wt%) and as PMVS content increased (~ 2 to 13 wt%), these networks
exhibited a decrease in TS (21.1 to12.7 MPa) and nearly unchanged % & (227-267%)
values.13 Thus, in this study, the PDMS segment is a particularly effective softening segment
for PCL networks due to its extremely low 7g (=125 °C) which gives rise to exceptionally
high % e values. In addition, the PDMS soft segments permit the crystallization of PCL
segments of sufficient length such that £and TS are also enhanced.
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Shape memory properties of networks were measured v/a strain-controlled cyclic thermal—
mechanical tensile tests over four cycles (N). R, Ry, and R; tor for SMP1-3 are shown as a
function of cycle number in Table 2. P1-3 exhibited no shape memory effect because of the
lack of switching segments since the PCL segments were of insufficient length to
sufficiently crystallize as confirmed by DSC. At longer PCL segment lengths (/7= 30-50),
the PCL segments exhibited substantial crystallization which led to a shape memory effect
for SMP1-3. Ideally, R, Ry, and R tor should be 100%. For SMP1-3, Rf of SMP2 and
SMP3 were essentially 100% after each cycle indicating a perfect ability to fix the
temporary deformed shape. For SMP1, Rrwas just slightly lower (~ 98%). Thus, as
crosslink density decreased (SMP1 > SMP2 > SMP3), the ability of the PCL switching
segments to maintain the deformed shape was not diminished. Shape recovery (R, and R o)
of SMP1-3 approached 100% and was not significantly different from each other. Thus, the
shape recovery is not affected by changes in crosslink density and the PCL blocks were also
able to effectively “switch” to a mobile state at 7> Tians. A decrease in shape recovery was
observed with each successive cycle with the largest decrease occurring between cycles 1
and 2 and becoming smaller with subsequent cycles. This trend is commonly exhibited by
SMPs and the larger recovery decrease between cycle 1 and 2 attributed to extensive chain
alignment of original cast films.22:38 A photosequence demonstrating the macroscopic shape
memory effect of SMP1 is shown in Fig. 2.

Conclusions

To summarize, shape memory polymers (SMPs) comprised of an inorganic Si-containing
polymer component (PDMS) and organic PCL component were prepared. In this system, the
PCL served as the switching segment and PDMS served as the soft segment to tailor
mechanical properties. Networks were prepared by the rapid photochemical cure of AcO-
PCL,-block-PDMS37_block-PCL -OAc macromers in which the PCL segment length was
systematically tuned (7= 5, 10, 20, 30, 40 and 50). PCL segments of higher lengths (n = 30-
50) underwent sufficient crystallization (24—-30% crystallinity) and thus served as effective
switching segments for resulting networks (SMP1-3). As PCL segment length increased and
hence crosslink density decreased, an unusual simultaneous increase of % e, £and TS was
observed. SMP1-3 exhibited excellent shape fixity and shape recovery.

Thus, inorganic—organic SMPs containing PDMS and PCL segments represent a new class
of SMPs with desirable mechanical and shape memory properties.
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Fig. 1.

Synthesis and photochemical cure of AcO-PCL ,-block-PDMS37-block-PCL -OAc (b-p1-3
and b-smp1-3) to form P1-3 and SMP1-3 networks. SMP1-3 exhibited shape memory
behavior.
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Fig. 2.
Time series photos showing shape memory effect of SMP1 when placed in 60 °C DI water.

The permanent shape is a flat, rectangular strip and the temporary shape is a spiral. The
temporary shape was formed by sequentially elongating the specimen 150% at 60 °C,
wrapping around a 3 mm diameter mandrel and fixing the shape by cooling to ~ 10 °C.
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Shape memory properties of networks?

Table 2

Network  Cycle number (N) Ry (N) (%)

Rrot (N) (%)

Rt (N) (%)

SMP1 1
2
3
4
Ave (1-4)
SMP2 1

2

3

4

Ave (1-4)
SMP3 1

2

3

4
Ave (1-4)

97.7+0.7
95.1+29
98.5+0.7
99.0+0.3
976+11
942+05
97.2+1.0
98.6 +0.3
98.7+0.3
97.2+05
984+14
97.8+0.2
98.5+0.3
98.6 +0.3
98.3+0.6

a -
All samples run in triplicate.

J Mater Chem. Author manuscript; available in PMC 2019 October 08.

97.7+0.7
93.0+23
91520
90.6+1.9
932+13
94205
916+14
90.3+1.6
89.2+138
91.3+1.3
98.4+14
96.2+1.6
94819
93421
95.7+1.7

98.8+0.3
98.0+0.5
975+0.3
97.1+04
97.9+04
98.9+0.2
99.1+0.2
99.1+0.2
99.1+0.2
99.1+02
99.7+£0.2
99.7+0.2
99.7+£0.2
99.7+£0.2
99.7+02
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