
US 20090253 842A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2009/0253842 A1 

Mather et al. (43) Pub. Date: Oct. 8, 2009 

(54) 

(76) 

(21) 

(22) 

(63) 

(60) 

SHAPE MEMORY POLYMERS BASED ON 
SEMICRYSTALLINE THERMOPLASTIC 
POLYURETHANES BEARING 
NANOSTRUCTURED HARD SEGMENTS 

Inventors: Patrick T. Mather, Chagrin Falls, 
OH (U S); Changdeng Liu, Storrs, 
CT (US); Qing Ge, Coventry, CT 
(Us) 

Correspondence Address: 
CANTOR COLBURN, LLP 
20 Church Street, 22nd Floor 
Hartford, CT 06103 (US) 

Appl. No.: 12/403,410 

Filed: Mar. 13, 2009 

Related US. Application Data 

Continuation of application No. 11/111,388, ?led on 
Apr. 21, 2005, noW Pat. No. 7,524,914, Which is a 
continuation-in-part of application No. 10/683,167, 
?led on Oct. 10, 2003, noW Pat. No. 7,091,297. 

Provisional application No. 60/418,023, ?led on Oct. 
11, 2002, provisional application No. 60/466,401, 

?led on Apr. 29, 2003, provisional application No. 
60/419,506, ?led on Oct. 18, 2002, provisional appli 
cation No. 60/488,590, ?led on Jul. 18, 2003, provi 
sional application No. 60/488,323, ?led on Jul. 18, 
2003. 

Publication Classi?cation 

(51) Int. Cl. 
C08G 71/04 (2006.01) 
C08K 3/38 (2006.01) 
C08K 3/36 (2006.01) 
C08K 3/10 (2006.01) 

(52) U.S. Cl. ......... .. 524/404; 528/28; 524/588; 524/445; 
524/437 

(57) ABSTRACT 

Thermoplastic polyurethanes having an alternating sequence 
of hard and soft segments in Which a nano structured polyhe 
dral oligosilsesquioxane diol is used as a chain extender to 
form a crystalline hard segment constituting SMPs. The poly 
urethanes are formed by reacting a polyol, a chain extender 
dihydroxyl-terminated polyhedral oligosilsesquioxane and a 
diisocyanate. The polyurethanes have multiple applications 
including for example, implants for human health care, drug 
delivery matrices, superabsorbant hydrogels, coatings, adhe 
sives, temperature and moisture sensors, etc. 
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SHAPE MEMORY POLYMERS BASED ON 
SEMICRYSTALLINE THERMOPLASTIC 

POLYURETHANES BEARING 
NANOSTRUCTURED HARD SEGMENTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. Nonpro 
visional patent application Ser. No. 11/111,388 ?led Apr. 21, 
2005, Which is a continuation-in-part application of US. 
Nonprovisional patent application Ser. No. 10/683,167 ?led 
Oct. 10, 2003 and issued Aug. 15, 2006 as US. Pat. No. 
7,091,297 B2, Which claims bene?t of US. Provisional 
Application Nos. 60/418,023 ?led Oct. 11, 2002, 60/466,401 
?led Apr. 29, 2003, 60/419,506 ?led Oct. 18, 2002, 60/488, 
590 ?led Jul. 18, 2003, and 60/488,323 ?led Jul. 18, 2003; 
each of Which is incorporated herein by reference in its 
entirety. U.S. Nonprovisional patent application Ser. No. 
10/425,451 ?led Apr. 29, 2003, and US. Provisional Patent 
Application No. 60/377,544 ?led May 2, 2008, to Which it 
claims priority, are also incorporated herein by reference. 

TECHNICAL FIELD 

[0002] The instant disclosure relates to shape memory 
polymers and more particularly thermoplastic polyurethanes 
With an alternating sequence of hard and soft segments in 
Which a nanostructured polyhedral oligosilsesquioxane diol 
is used as a chain extender to form a crystalline hard segment 
and also relates to methods for the preparation of these ther 
moplastic polyurethanes and to applications thereof. 

BACKGROUND OF THE INVENTION 

[0003] Shape memory materials feature an ability to trans 
form shape from a temporary, froZen, shape to a permanent 
shape When triggered by an environmental stimulus, such as 
heat, light, or vapor. Used creatively, these phenomena can be 
exploited for a Wide range of applications. While both shape 
memory alloys (SMAs) and shape memory polymers (SMPs) 
shoW similar thermo-stimulated shape memory properties, 
their mechanisms of action are quite distinct. Advantages of 
SMAs include rapid strain recovery (Within 1 second), the 
potential training for tWo-Way reversible memory, and an 
apparent superelasticity due Within the austentite phase at loW 
temperature. In contrast, polymers intrinsically exhibit shape 
memory effects derived from their highly coiled constituent 
chains that are collectively extensible via mechanical Work 
and this energy may be stored inde?nitely, knoWn as “shape 
?xing,” by cooling beloW T8 or Tm. The polymeric samples 
can later perform mechanical Work and return to a stress-free 
state When heated above the critical temperature, mobiliZing 
the froZen chains to regain the entropy of their coiled state. In 
comparison to SMAs, thermally stimulated SMPs have the 
advantages of: (i) large recoverable deformations in excess of 
several hundred percent strain; (ii) facile tuning of transition 
temperatures through variation of the polymer chemistry; and 
(iii) processing ease at loW cost. 
[0004] Thermally stimulated SMPs With different thermo 
mechanical properties to function in various applications, for 
example as medical devices and mechanical actuators have 
previously been synthesiZed and characterized by the instant 
inventors. The materials span a range of room temperature 
moduli, from rigid glassy materials having storage moduli of 
several GPa to compliant rubbers With moduli as loW as tens 
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of MPa. Moreover, the retracting (rubbery) moduli have been 
adjusted over the range 0.5<E<10 MPa, as prescribed by the 
end application. One such example is chemically crosslinked 
polycyclooctene (PCO), a stiff semicrystalline rubber that is 
elastically deformed above Tm to a temporary shape that is 
?xed by crystalliZation. Fast and complete recovery of gross 
deformations is achieved by immersion in hot Water. These 
SMPs have been described in Provisional Patent Application 
Ser. No. 60/419,506 ?led Oct. 18, 2002 entitled Chemically 
Crosslinked Polycyclooctene, the entirety of Which is incor 
porated herein by reference. In Provisional Patent Applica 
tion Ser. No. 60/377,544 ?led May 2, 2002 entitled Castable 
Shape Memory Polymers, the entirety of Which is incorpo 
rated herein by reference, stiffer SMPs offering tunable criti 
cal temperatures and rubber modulus using a thermosetting 
random copolymer made of tWo vinyl monomers that yield 
controlled T8 and casting-type processing are described. Such 
copolymers Were crosslinked With a difunctional vinyl mono 
mer (crosslinker), the concentration of crosslinker control 
ling the rubber modulus and thus the Work potential during 
recovery. Besides their shape memory effects, these materials 
are also castable alloWing for processing more complex 
shapes. In addition, they are optically transparent making 
them useful for additional applications. 
[0005] The use of chemical crosslinking in both of these 
cases limits the types of processing possible and forever sets 
the equilibrium shape at the point of netWork formation. 
Therefore, miscible blends of a semicrystalline polymer With 
amorphous polymers have also been intensively investigated 
due to their attractive crystalline properties and mechanical 
properties. For those blends that are miscible at the molecular 
level, a single glass transition results, Without broadening, an 
aspect important to shape memory. Additionally, in such mis 
cible blends the equilibrium crystallinity (Which controls the 
plateau modulus between T8 and Tm Where shape ?xing is 
performed) also changes dramatically and systematically 
With the blend compositions. It provides a simple route to 
alternative shape memory plastics; i.e. SMPs With relatively 
high modulus in the ?xed state at room temperature, having a 
tunable and sharp transition, and the permanent shape can be 
remolded repeatedly above certain melting temperatures. 
These SMP blends have been described in Provisional Patent 
Application Ser. No. 60/466,401 ?led Apr. 29, 2003 entitled 
Blends of Amorphous and Semicrystalline Polymers With 
Shape Memory Properties, the entirety of Which is incorpo 
rated herein by reference. 
[0006] Microphase-separated semicrystalline thermoplas 
tic polymers With tWo sharp melting transitions 
Tm2>Tm l>room temperature, Where the difference of the tWo 
melting points is at least 200 C., are also good candidates for 
shape memory offering the advantage of melt processing 
above TMZ, and repeated resetting of the equilibrium shape by 
relaxing stress in the ?uid state. Representative past examples 
of such polymers in this class of SMP are conventional poly 
urethanes Whose soft domains are glassy or semicrystalline 
With loW melting point (but higher than Twit) and Whose hard 
domains feature a higher melting point only exceeded during 
processing. 

SUMMARY OF THE INVENTION 

[0007] It is an object of the present invention to provide 
shape memory polymers comprising hybrid polyurethanes. 
[0008] It is another object of the invention to provide shape 
memory polymers having medium and tunable modulus in 
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the ?xed state at room temperature, having a tunable and 
sharp transition, Whose permanent shape can be repeatedly 
remolded above a certain melting temperature. 

[0009] It is another obj ect of the invention to provide hybrid 
polyurethane SMPs evidencing sharp and tunable transition 
temperatures, adjustable stiffness above their transition tem 
peratures, especially physical properties at 370 C. controlled 
by the level of POSS content, and thermal processability 
above the melting point of the POSS domains. 

[0010] It is yet another object of the invention to provide 
hybrid polyurethane SMPs Which possess excellent shape 
recovery effect at the recovery temperature and the retracting 
force is adjustable according to the composition of the POSS. 

[0011] A further object of the invention is to provide hybrid 
polyurethanes that are biocompatible and can be used as 

medical devices and implants. 

[0012] Still a further object of the invention is to provide 
hybrid polyurethanes that are biodegradable and Whose bio 
degradation rate can be controlled by the type of polyol, the 
molecular Weight of polyol, and the POSS content. 

[0013] Still a further object of the invention is to provide 
hybrid polyurethanes that can be used as a drug delivery 
vehicle Whose elution pro?le is controlled by the polymer 
composition; speci?cally, the chemical structures, the 
molecular Weight, and the Weight ratio of the polyol in the 
polyurethane. 
[0014] Yet another object of the invention is a method for 
synthesiZing such hybrid polyurethanes. 
[0015] Broadly the disclosure provides a method for pro 
ducing hybrid polyurethane SMPs by reacting (A) a polyol, 
(B) a chain extender dihydroxyl-terminated polyhedral oli 
gosilsesquioxane (dihydroxyl-terminated POSS) and (C) a 
diisocyanate. As used herein, the term “polyol” is de?ned as 
a polymeric diol. The polyol (A) can be a nonbiodegradable 
one, such as, for example: polyethylene glycol (PEG), poly 
tetrahydrofuran (polyTHF), and diols prepared from polycy 
clooctene (PCO), trans-1,4 butadiene, or trans-isoprene; or a 
biodegradable one, such as, for example: diols prepared from 
caprolactone (polycaprolactone (PCL) diol), polycaprolac 
tone-polylactide random copolymers, polycaprolactone 
polyglycolide random copolymers, polycaprolactone-poly 
lactide-polyglycolide random copolymers, polylactide 
polyol, polycaprolactone-poly([3-hydroxybutyric acid) ran 
dom copolymers, or poly([3-hydroxybutyric acid). The diols 
prepared from caprolactone include, for example, diols 
obtained from the polymeriZation of caprolactone initiated 
With a loW molecular Weight diol to obtain a polycaprolactone 
(PCL) diol. Suitable loW molecular Weight diol initiators 
include, for example, Cl-Cl0 alkyl diols (e.g. propane diol, 
butane diol, etc.). Hydroxyl-terminated poly(trans-1,4-buta 
diene), hydroxyl-terminated polycyclooctene (PCO diol), 
and hydroxyl-terminated poly(trans-1,4-isoprene) can also 
be prepared by methods knoWn by one of ordinary skill in the 
art. See, eg Polymer 42 (2001) pp. 4939-4945, for the prepa 
ration of diols via ring opening metathesis-polymeriZation 
chemistry. Eur. Polym. J. (1995) 31:51 and Eur. Polym. J. 
(1997) 31:339) disclose methods to prepare hydroxyl-termi 
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nated poly(isoprene). Sartomer Co. Inc. of Exton PA provides 
several commercially available hydroxyl terminated polyb 
utadienes. 

[0016] Also contemplated herein are hydroxyl-terminated 
polymethacrylate copolymers, for example diols of polym 
ethyl methacrylate (PMMA) copolymeriZed With a Tg-reduc 
ing comonomer, including methyl, ethyl, propyl, or butyl 
(meth)acrylate. The hydroxyl-terminated poly(methyl)meth 
acrylate copolymers can be prepared via controlled radical 
polymeriZation methods. An example of the synthesis of 
hydroxyl-terminated poly(meth)acrylate copolymers can be 
found in Macromolecules 37 (2004) pp. 9694-9700. 

[0017] The chain extender dihydroxyl-terminated POSS 
(B) can be a compound containing a polyhedral oligosilses 
quioxane moiety and a diol moiety, Wherein a linking group 
links the tWo moieties. Commercially available polyhedral 
oligosilsesquioxane diols include those provided by Hybrid 
PlasticsTM Hattiesburg, Miss. or Aldrich Chemical (see gen 
erally “Silsesquioxanes, Bridging the Gap Between Polymers 
and Ceramics”, Chem?les, Vol. 1, No. 6, 2001 (Aldrich 
Chemical). Exemplary polyhedral oligosilsesquioxane diols 
include 1-(2,3-propanediol)propoxy-3,5,7,9,11,13,15-isobu 
tylpentacyclo-[9.5.1.13’9.15’l5.17’l3]octasiloxane (“1,2-pro 
panediolisobutyl-POSS” CAS # 480-439-49-4); 1-(2,3-pro 
panediol)propoxy-3,5,7,9,11,13,15-cyclohexylpentacyclo 
[9.5.1.13’9.15’l5.17’13]octasiloxane (“1,2 
propanediolcyclohexyl-POSS”); 2-ethyl-2-[3 
[[(heptacyclopentylpentacyclo-[9.5.1.13’9.15’15.17’l3] 
octasiloxanyl)oxy]dimethylsilyl]-propoxy]methyl]-1,3 - 

propanediol (“TMP cyclopentyldiol-POSS” or “TMP 
Diolcyclopentyl-POSS”, CAS 268747-51-9); 2-ethyl-2-[3 
[[(heptacyclohexylpentacyclo-[9.5.1 .13’9.15’l5.17’13]octasi 
loxanyl)oxy] dimethylsilyl] -propoxy]methyl] - 1 ,3 -pro 
panediol (“TMP cyclohexyldiol-POSS”); 2-ethyl-2-[3 
[[(heptaisobutylpentacyclo-[9.5.1.13’9.15’l5.17’l3] 
octasiloxanyl)oxy]dimethylsilyl]-propoxy]methyl]-1,3 - 

propanediol (“TMP isobutyldiol-POSS” or “TMP 
diolisobutyl-POSS”); 1-(2-trans-cyclohexanediol)ethyl-3,5, 
7,9,11,13,15-cyclohexanepentacyclo-[9.5.1.13’9.15’15.17’l3] 
octasiloxane ("trans-cyclohexanediolcyclohexane-POSS” or 
“trans-cyclohexanediolcyclohexyl-POSS”); 1-(2-trans-cy 
clohexanediol)ethyl-3,5,7,9,11,13,l5-isobutylpentacyclo 
[9.5.1.13’915’15.17’13]octasiloxane, (“transcyclohex 
anediolisobutyl-POSS”, CAS 480-439-48-3); and 2-ethyl-2 
[3-[[(heptaisobutylpentacyclo-[9.5.1.13’9.15’l5.17’l3] 
octasiloxanyl)oxy]-dimethylsilyl]propoxy]propane-1,3 - 

diol. 

[0018] The diisocyanate (C) can be selected from a large 
number of diisocyanates and is preferably 4,4'-diphenyl 
methylene diisocyanate (MDI). Other diisocyanates (C) that 
Will function Well for the synthesis of hybrid polyurethane 
SMPs include, for example: toluene-2,4-diisocyanate (TDl), 
toluene-2,6-diisocyanate, hexamethylene-1,6-diisocyanate 
(HDI), isophorone diisocyanate (lPDl), hydrogenated 4,4' 
diphenylmethane diisocyanate (H12MDI), 1,3-bis-isocy 
anato-1-methylene ethylene benZene, and the like. 
[0019] The (B) list can be used in conjunction With non 
hybrid (conventional) loW molecular Weight diols. These can 
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be chosen from alkane diols (e.g., 1,3-propanediol, 1,4-bu 
tane diol, 1,5-n-pentane diol, 1,6-n-hexane diol, 1,4-trans 
cyclohexane exodiol, and 1,4-trans cyclohexane endodiol). 
[0020] The polyol can be semicrystalline and preferably 
selected from polyethylene glycol (PEG), hydroxyl-termi 
nated polycaprolactone (PCL), hydroxyl-terminated polycy 
clooctene (PCO), hydroxyl-terminated poly(trans-1,4-buta 
diene), hydroxyl-terminated poly(trans-isoprene) or it can be 
amorphous in Which case it can be poly(tetrahydrofuran) diol, 
polynorbornene diol and/or a hydroxyl-terminated poly(m 
ethyl)methacrylate copolymer or homopolymer. As used 
herein, “semicrystalline” is de?ned as the physical state 
Where at least a portion of the material is spatially organized 
into crystalline regions that are characterized by both a dis 
tinct crystalline structure and a melting transition, Tm, above 
Which the material behaves as a structure-less liquid. 

[0021] Other suitable diisocyanates (C) include, for 
example, C4-C3O linear or branched alkyl diisocyanates; 
CS-C3O aryl diisocyanates including diisocyanates containing 
phenyl groups; and the like. Optionally the alkyl or aryl 
groups can be substituted With one or more substituents cho 

sen from C4-C 1O tertiary alkyl, C l-C 12 primary or secondary 
alkyl, C4-Cl0 tertiary alkoxy, Cl-Cl2 primary or secondary 
alkoxy, halogen, and the like. The mol ratio of polyol:chain 
extender:diisocyanate can be about 1:2:3; speci?cally about 
1:5:6; and more speci?cally about 1:10:11. TPUs can be 
prepared from a ratio of polyol to polyhedral oligosilsesqui 
oxane diol (ratio of x:y) of about 1:2 to about 1:20, speci? 
cally about 1:4 to about 1:12, and more speci?cally about 1:5 
to about 1:10. The ratio of polyol to dihydroxyl-terminated 
POSS affects the shape memory properties of the resulting 
TPU by determining the ?atness of the rubber modulus versus 
temperature plateau above the Tm or T8 of the polyol segment. 
In some embodiments, the shape memory polymer comprises 
a T8 above about 37° C., speci?cally above about 55° C. 
[0022] The method of the invention and the novel hybrid 
polyurethanes prepared thereby are illustrated by the folloW 
ing non-limiting reaction schemes. 

S1 
0/ \R 

OCNAQiCHZIQiNCO 
[0023] Scheme 1 shoWs an example of the synthesis of TPU 
using polyethylene glycol as polyol (n is a number such that 
the diol molecular Weight is in the range of about 2,000 to 

R I isobutyl 
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about 20,000 g/mol), trans-cyclohexanediol isobutyl-POSS 
as chain extender to react With 4,4' diphenyl methylene diiso 
cyanate in toluene. 

Schemil 

2 

OH 

0/ O\ \ / 

R I isobutyl 

[0024] Scheme 2 shoWs an example of the synthesis of TPU 
using a polycaprolactone diol as polyol (n is a number such 
that 2*n gives a total PCL diol molecular Weight in the range 
of about 2,000 to about 20,000 g/mol), TMP lsobutyldiol 
POSS as chain extender to react With 4,4' diphenyl methylene 
diisocyanate. 

OH 

OH + 

/ 0113 

R I isobutyl 

[0025] Scheme 3 shoWs an example of the synthesis of TPU 
using a polycyclooctene diol as polyol (n is chosen such that 
the diol molecular Weight is in the range of about 2,000 to 
about 20,000 g/mol), TMP lsobutyldiol-POSS as chain 
extender to react With 4,4' diphenyl methylene diisocyanate. 



[0026] Scheme 4 illustrates an example of the synthesis of 
polycaprolactone-polylactide random copolymer diol using 
ring-opening polymerization. The copolymers shoW one 
single sharp Tg that can be tunable according to the CLzLA 
molar ratios. In an exemplary embodiment, D,L-lactide or 
“meso” lactide (CAS # 96-95-5,3,6-dimethyl-l,4-dioxane-2, 
5-dione) is reacted With caprolactone to provide the copoly 
mer. 

Schemei. 

Y! 

-continued 

(X + y) OCNAQCHZQNCO 

[0027] Scheme 5 shoWs an example of synthesis of TPU 
HO OH using a polycaprolactone-D,L-polylactide random copoly 

0 mer as polyol, TMP lsobutyldiol-POSS(R is isobutyl) as 
R 0 / \ -/\/\ , . . .. 

OESi/ \Si S1\ 0 chain extender to react With 4,4' d1phenyl methylene d11socy 
R\S/i(/O\ O \H3C CH3 anate. 
/ O\ \\R /O [0028] A general structure for the POSS-based TPUs incor 

+ 

y 0 Ro>si\ O/\Si porating PEG diol and TMP POSS is shoWn in Scheme 6. The 
S/, 0!, I R polymers alloW systematic Variation in the ratio of x/y (l to 

l l 

R/ \O/ \R 20), the polyol degree of polymerization (lénélOOO), and 
the total degree of polymerization, 2§m§l00. 

Schemei. 

H3C 

|| 1? l‘ i? i? l‘ l‘ 
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/CH3 
/Si\CH 
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[0029] In the foregoing scheme, the R substituent can 
include a C l-C l 2 primary, secondary, or tertiary alkyl group. 
Exemplary R groups include methyl, isobutyl, isooctyl, 
cyclopentyl, cyclohexyl, phenyl, and the like. 
[0030] The instant hybrid polyurethanes demonstrate sharp 
and tunable transition temperatures, adjustable stiffness 
above their transition temperatures, and thermal processabil 
ity above the melting point of the POSS domains. The hybrid 
polyurethanes also shoW excellent shape recovery effect at 
the recovery temperature and the retracting force is adjustable 
according to the composition of the POSS. They also posses 
a unique property that is different from the other shape 
memory polymers in that the current invention (in the PEG 
embodiment) can be triggered to recover by moisture (liquid 
or vapor) aside from heating. For the thermal triggering 
mechanism, the range 30° C. to 60° C. according to the ratio 
of the components used and (importantly) thermal annealing 
to achieve steady-state (equilibrium) crystallinity is impor 
tant. The recovery can be ?nished Within seconds When 
heated 20° C. above the transition temperature. The addi 
tional advantages of the materials include that the materials 
are rigid at room temperature, the polymers generally are 
biocompatible. In some cases, the described TPUs are biode 
gradable, and the biodegradation rate can be controlled by the 
chemical compositions, soft segment length, and soft-seg 
ment/hard-segment ratios, and can be used as medical devices 
and implants, as the degradation products are generally non 
toxic, non-immunogenic, and absorbable. Biodegradability 
can be estimated by measuring the percent mass loss after 70 
days immersion in a buffered saline solution (0.01 M phos 
phate, 0.138 M NaCl, 0.027 M KCl). This test is described in 
detail in the Working examples beloW. Some samples exhibit 
less than about 85% mass loss in this test, While others exhibit 
greater than about 85% mass loss. The materials can also be 
used as drug elution stents or stent coatings. The materials can 
further be dyed to any color or rendered radio-opaque for 
x-ray radiography according to application requirements. 
[0031] Any of the hybrid polyurethane polymers men 
tioned above may be ?lled With, for example, nanopar‘ticles of 
boron nitride, silica, titanium dioxide, montmorillonite, clay, 
Kevlar, staple, aluminum nitride, barium subcarbonate and 
bismuth subcarbonate. Clay and silica can be used to, for 
example, increase the modulus of the plastic. Dispersing 
agents and/or compatibiliZing agents may be used, for 
example, to improve the blending of polymers and the blend 
ing of polymers With ?llers. Dispersing agents and/or com 
patibiliZing agents include, for example, ACRAWAX® (eth 
ylene bis-stearamide), polyurethanes and ELVALOY® 
(acrylic functionaliZed polyethylene). 
[0032] In one embodiment, the rate of biodegradation of the 
thermoplastic polyurethane shape memory polymer can be 
controlled by adjusting the content of POSS chain extender, 
the content and composition of the polyol. For example, the 
biodegradation rate can be a) decreased by increasing the 
amount of POSS chain extender in the polymer; b) decreased 
by increasing the molecular Weight of the polyol in the poly 
mer; or c) increased by increasing the amount of hydrolysable 
groups in the polyol. 
[0033] In another embodiment, a drug eluting implant, a 
drug eluting stent, or drug eluting stent coating is prepared 
from a biodegradable shape memory polymer. For example, a 
thermoplastic polyurethane shape memory polymer can 
exhibit a certain rate of biodegradation. The rate of drug 
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elution from the polymer correlates to the rate of biodegra 
dation of the shape memory polymer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0034] FIG. 1 illustrates graphically the DMA plots of the 
TMP POSS based thermoplastic polyurethane (TPU) With 
mole ratio of PEG:POSS as 1:6, 1:4 respectively; 
[0035] FIG. 2 illustrates graphically the DSC results of 
TMP POSS based TPU With different PEG:POSS mole 
ratios; 
[0036] FIG. 3 illustrates visually the response of an 
example TPU (TMP POSS based TPU (PEG:POSS:1:6)) to 
a large tensile deformation; 
[0037] FIG. 4 illustrates graphically the stress-strain plot of 
the TMP POSS based TPU (PEG:POSS:1 :6); 
[0038] FIG. 5 illustrates graphically the mass loss of TPUs 
With different soft segment length and soft-segment/hard 
segment ratios in phosphate buffered saline; 
[0039] FIG. 6 illustrates graphically the molecular Weight 
decrease of TPUs With different soft segment length and 
soft-segment/hard-segment ratios in phosphate buffered 
saline; and 
[0040] FIG. 7 illustrates graphically the critical tempera 
ture change of a TPU in phosphate buffered saline. 

DETAILED DESCRIPTION OF THE INVENTION 

[0041] Thermoplastic polyurethanes With different compo 
sitions Were synthesiZed by one-step condensation polymer 
iZation using scheme 1 shoWn above ((A) PEG as the polyol, 
(B) transcyclohexanediolisobutyl-polyhedral oligosilsesqui 
oxane diol and (C) MDI as the diisocyanate. Toluene Was 
used as solvent and dibutyltin dilaurate Was used as catalyst. 
The reaction Was kept at 90° C. under the nitrogen for 2 hours 
and then cooled doWn to room temperature and precipitated 
into hexane. The product Was dried thoroughly and dissolved 
in toluene to make a 10 Wt % solution for casting ?lms. The 
molecular Weights and molecular Weight distributions of this 
series of samples obtained from siZe exclusion chromatogra 
phy are summariZed in Table 1. 

TABLE 1 

Molecular Weights and molecular Weight distributions 
of POSS-based polyurethanes having polyol (PEG) 

block length of10000 ,q/mol 

Sample Mn (gmol) MW/Mn 

PEG:POSS = 47,400 1.42 

rl>ii3GzPoss = 48,800 1.44 

ll’lgGzPOSs = 54,000 1.54 

I1’lE6G:POSS = 49,200 1.30 
1:8 

[0042] Samples of polyurethanes With different composi 
tions Were characterized by differential scanning calorimetry 
(TA Instruments DSC2920). All of the samples Were charac 
teriZed under the same conditions: tWo scans Were performed 
for each sample With heating and cooling rates of 10° C./min 
(FIG. 2). It Was observed that this series of polyurethanes 
exhibit tWo melting points, one in the range 45<Tm 1, <50° C. 
corresponding to the melting temperature of PEG “soft” 
block. The other melting transition appears in the range 
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110<Tm2<130° C., Which corresponds to the melting of a 
POSS-reinforced hard segment phase. The melting tempera 
ture of the soft segment is observed to shift to lower values 
With a broadening of the melting peak While the melting 
temperature of the hard segment is observed to shift to higher 
values With a sharpening of the melting peak When the mole 
ratio of polyolzchain extender decreases. This result can be 
explained in that as the PEGzPOSS ratio decreases, the result 
ing block copolymer Will have less overall PEG content, 
Which Will directly affect the size and perfection of the crys 
tallization of PEG blocks. Therefore, the melting temperature 
moves to loWer values and the peak is broadened. On the 
contrary, the content of POSS Will increase in the block 
copolymers, Which provides for more clear aggregation of 
hard segments to form larger and more perfect crystals. 
Therefore, the melting temperature of hard segment moves to 
higher values While the peak is sharpened (FIG. 2). 
[0043] The dried ?lms of the formed polyurethanes Were 
cut into thin strips for tests of temporary shape ?xing and 
subsequent recovery, or shape memory. For example, a 
sample Was ?rst heated on the hot stage to 65° C., Which is 
Well above the ?rst transition temperature but loW enough to 
avoid melting of the elastic netWork of the POSS-rich phase. 
It Was then stretched to a certain degree of elongation and 
cooled doWn to the room temperature. The deformed shape 
Was ?xed at room temperature. Finally, the deformed sample 
Was heated up again on hot plate to 65° C. and it Was observed 
that the sample restored to its original length completely and 
Within seconds. A similar phenomenon Was observed When 
Water Was used as a stimulus for the shape recovery except 
that the sample secondarily sWelled to form a tough hydrogel. 
[0044] Biodegradation studies Were performed on polyure 
thanes prepared from poly(e-caprolactone)-co-poly(D,L-lac 
tide) as the polyol; 1-[2-ethyl-2-[(3 -dimethylsiloxy)pro 
poxymethyl]-1,3-propanediol]-3,5,7,9,11,13,15 
isobutylpentacyclo-[9.5.1l3’9.15’l5.17’13]-octasiloxane as the 
dihydroxyl-terminated POSS; and 4,4-methylenebis(phenyl 
isocyanate) as the diisocyanate according to the folloWing 
procedure. 
[0045] Synthesis of poly(e-caprolactone)-co-poly(D,L 
lactide) (PCL-co-PDLLA) Was carried out in bulk. A mixture 
of e-caprolactone (99%, Aldrich, used as received), D, L-lac 
tide (99%, Aldrich, puri?ed by recrystallization), 1,4-butane 
diol (96%, Aldrich, dried using 4 A molecular sieves) (molar 
amounts varied) and catalytic stannous octoate Were put in a 
three-neck ?ask equipped With nitrogen inlet and outlet. Mag 
netic stirring Was used to agitate the reaction mixture. The 
temperature Was set at 140° C. and the polymerization reac 
tion took 4 hours to complete. The product Was dissolved in 
toluene and precipitated into hexane. The sample of PCL-co 
PDLLA Was dried in vacuum oven overnight. 

[0046] POSS-based thermoplastic polyurethanes Were then 
synthesized using a one-step polymerization method. A 50 
mL three-neck ?ask equipped With nitrogen inlet and outlet, 
condenser and thermometer Was used as the reactor for the 
polymerization. Starting With a purging of nitrogen, 1.5 g of 
PCL-co-PDLLA (Mn:10000 g/mol, 1.5><10_4 mol) Were 
mixed together With 1 g (9.03><10_4 mol) of TMP-Diollsobu 
tyl-POSS (1 -[2-Ethyl-2-[(3 -dimethylsiloxy)propoxym 
ethyl]-1,3-propanediol]-3,5,7,9,11,13,15-isobutylpentacy 
clo-[9.5.1 139.1545.17’13]-octasiloxane, 95%, Hybrid 
Plastics, used as received) in 25 mL of toluene (Fisher, ACS 
Certi?ed, dried over molecular 4 A sieves). The reactor Was 
heated to 50° C., folloWed by adding 0.2633 g (1.05><10_3 
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mol) of 4,4-methylenebis(phenyl-isocyanate) (98%, Aldrich, 
used as received). The reaction mixture Was then heated to 
90° C. and 2 drops of dibutyltin dilaurate (95%, Aldrich) Was 
added through a syringe. A thickening phenomenon Was 
observed during the reaction and the reaction Was kept at 90° 
C. for 2 hr under the nitrogen atmosphere before completion. 
Then the thickened polymer solution Was precipitated into 
excess amount of n-hexane, ?ltered and dried to remove any 
unreacted POSS. The dried polymer Was dissolved in toluene 
again to make a 10 Wt % of solution for casting ?lms. Several 
series of samples Were made using PCL-co-PDLLA as soft 
segment and the ratio of PCL-co-PDLLA/POSS as variables 
(See FIG. 5). 
[0047] Biodegradation test of samples (approximately 150 
micrometers thick) With different polyol molecular Weight 
and different polyol:POSS ratio Was carried out at 37° C. in 
Phosphate Buffered Saline (PBS) ((0.01 M); NaCl 0.138 M; 
KCl 0.0027 M) buffer. The samples Were put in the buffer for 
92 days and the progress of degradation Was measured every 
10 days by taking the samples from the buffer and determin 
ing the percent mass retained. The data are summarized in 
FIG. 5. 

[0048] As illustrated by FIG. 5, it Was observed that the 
degradation Was very sloW at the ?rst 30 days. The samples 
having higher molecular Weight of soft segment degraded 
more sloWly than the ones having loW molecular Weight of 
soft segment. Moreover, With same molecular Weight of soft 
segment, those having higher POSS content degraded more 
sloWly than the ones having loWer POSS content. Therefore, 
it can be speculated that the soft segment is a dominant 
species at the beginning of the degradation. The degradation 
progressed by chain scission of the soft segment, particularly 
hydrolysis of the ester linkages (Schemes 4 and 5). Therefore, 
the longer the soft segment, the sloWer the rate of degradation. 
Moreover, if the Weight fraction of the POSS is higher, the 
same chain scission is suppressed and the rate of degradation 
Will also be decreased. 
[0049] After the ?rst 30 days, the rate of degradation Was 
accelerated for most of the samples, With those having loWer 
molecular Weight of soft segment having a higher rate of 
degradation. After 50 days of degradation, cracks appeared on 
the sample surface for those having loWer soft segment 
molecular Weight. The cracks continued to groW until the top 
layer of the surface separated. With continued degradation, 
this phenomenon Was ob served for all samples sooner or later. 
The pro?le of the mass loss of the samples is shoWn in FIG. 5. 

[0050] Size Exclusion Chromatography (SEC) of samples 
degraded as above for 0, 8, 60, and 82 days Was conducted for 
SMP polyurethane samples having 20 kDa soft segment, 
polyol:POSS:1.8 as Well as 35.5 kDa soft segment, polyol: 
POSS:1 : 15 (See FIG. 6). It Was observed that although the 
mass loss is very sloW at the beginning of the degradation, the 
MW during the same stage decreased very fast further prov 
ing that the degradation proceeds by chain scission. After the 
sudden decrease in MW Within the ?rst 8 days, the molecular 
Weight decreased sloWly during the remaining time. 
[0051] Thermal analysis by differential scanning calorim 
etry (DSC) of selected samples at 0, 8, 60, and 82 days Was 
also conducted (see FIG. 7). All of the samples Were ?rst 
heated to 160° C. at 20° C./min, then cooled doWn to 70° C. 
and annealed for 30 min. After annealing, they Were cooled 
doWn to —20° C. and equilibrated at that temperature and 
isothermal for 1 min. This preconditioning Was conducted in 
order to achieve a reproducible state comparable betWeen 



US 2009/0253842 A1 

samples. Finally, they Were heated to 160° C. again at 20° 
C./min. and the heat ?oWs Were recorded (Seen FIG. 7). It Was 
observed that With ongoing degradation, the T8 of the sample 
Was broadened and the Tm shifted to higher temperature With 
the appearance of multi-melting peaks. 
[0052] The hybrid polyurethanes of the invention can be 
used for the folloWing applications. 

[0053] a. Stents, patches and other implants for human 
health care 

[0054] b. Surgical tools requiring adjustable shape but 
high stiffness. 

[0055] c. Arbitrarily shape-adjustable structural imple 
ments, including personal care items (dinnerware, 
brushes, etc.) and hardWare tool handles. 

[0056] d. Self healing plastics 
[0057] e. Medical devices (a dented panel is repaired by 

heating or plasticiZing With solvent) 
[0058] f. Drug delivery matrices 
[0059] g. High-strength thermoplastic (non-crosslinked) 

superabsorbant hydro gels 
[0060] h. Aqueous rheological modi?ers for paints, 

detergents, and personal care products 
[0061] i. Impression material for molding, duplication, 

rapid prototyping, dentistry, and ?gure-printing. 
[0062] j. Toys 
[0063] k. Reversible Embossing for information storage 
[0064] 1. Temperature and moisture sensors 
[0065] m. Safety valve 
[0066] n. Heat shrink tapes or seals 
[0067] 0. Heat controlled Couplings and fasteners 
[0068] p. Large strain, large force actuators 
[0069] q. Coatings, adhesives 
[0070] r. Textiles, clothing 

[0071] The shape memory polymers of the disclosure are 
particularly suitable as biomaterials because of their loW 
thrombogenicity, high biocompatibility, as Well as unique 
mechanical properties. In accordance With the invention the 
shape memory polyurethanes Were formulated such that the 
melting temperature of one segment falls Within a useful 
temperature range for biomedical application: 37° C.-50° C. 
[0072] The present disclosure provides an advantageous 
shape memory polymer that includes thermoplastic polyure 
thane shape memory polymers formed by reacting in one step 
a polyol, a POSS chain extender and a diisocyanate, having 
medium and tunable modulus in the ?xed state at room tem 
perature having a tunable sharp transition, Whose permanent 
shape can be repeatedly remolded above a certain melting 
temperature. 
[0073] The terms “a” and “an” herein do not denote a limi 
tation of quantity, but rather denote the presence of at least 
one of the referenced item. All ranges disclosed herein are 
inclusive and combinable. All cited patents, patent applica 
tions, and other references are incorporated herein by refer 
ence in their entirety. 
[0074] Although the polymers and processing methodolo 
gies of the present disclosure have been described With ref 
erence to speci?c exemplary embodiments thereof, the 
present disclosure is not to be limited to such exemplary 
embodiments. Rather, as Will be readily apparent to persons 
skilled in the art, the teachings of the present disclosure are 
susceptible to many implementations and/or applications, 
Without departing from either the spirit or the scope of the 
present disclosure. Indeed, modi?cations and/or changes in 
the selection of speci?c polymers, polymer ratios, processing 
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conditions, and end-use applications are contemplated 
hereby, and such modi?cations and/or changes are encom 
passed Within the scope of the present invention as set forth in 
the claims Which folloW. 

1-19. (canceled) 
20. A method for making a thermoplastic polyurethane 

shape memory polymer comprising reacting (A) a polyol, (B) 
a polyhedral oligosilsesquioxane diol, and (C) a diisocyanate; 
Wherein the shape memory polymer exhibits a thermal trig 
gering temperature of 30° C. to 60° C. 

21. The method of claim 20 Wherein the polyhedral oli 
gosilsesquioxane diol is a member selected from the group 
consisting of 2-ethyl-2-[3-[[(heptacyclopentylpentacyclo-[9. 
5 .1 .13’9. 15’15. 17’13]octasiloxanyl)oxy]dimethylsilyl]-pro 
poxy]methyl]-1,3-propanediol, 2-ethyl-2-[3-[[(heptacyclo 
hexylpentacyclo-[9.5 .1 .13’9. 15’15. 17’l3]octasiloxanyl)oxy] 
dimethylsilyl] -propoxy]methyl] -1 ,3 -propanediol, 2-ethyl-2 
[3-[[(heptaisobutylpentacyclo-[9.5.1.13’9.15’l5.17’l3] 
octasiloxanyl)oxy]dimethylsilyl]-propoxy]methyl]-1,3 - 

propanediol, 1-(2-trans-cyclohexanediol)ethyl-3,5,7,9,1 1, 
13,15-cyclohexanepentacyclo-[9.5.1.13’9.15’l5.17’l3] 
octasiloxane, and 1-(2-trans-cyclohexanediol)ethyl-3,5,7,9, 
11,13,15-isobutylpentacyclo-[9.5.1.13’915’1517’13] 
octasiloxane. 

22. The method of claim 20 Wherein the diisocyanate is a 
member selected from the group consisting of 4,4'-diphenyl 
methylene diisocyanate (MDI), toluene-2,4-diisocyanate 
(TDI), toluene-2,6-diisocyanate, hexamethylene-1,6-diiso 
cyanate (HDI), isophorone diisocyanate (IPDI), and hydro 
genated 4,4'-diphenylmethane diisocyanate (H12MDI). 

23. The method of claim 20 Wherein the diisocyanate is 
4,4'-diphenyl methylene diisocyanate. 

24. The method of claim 20, Wherein the thermoplastic 
polyurethane shape memory polymer exhibits a thermal trig 
gering temperature of 37° C. to 50° C. 

25. The method of claim 20, Wherein the polyol is a mem 
ber selected from the group consisting of polyethylene glycol 
(PEG), polycaprolactone (PCL) diol, polycyclooctene diol, 
polynorbomene diol and polymethacrylate copolymer. 

26. The method of claim 20, Wherein the polyol is a mem 
ber selected from the group consisting of polyethylene glycol, 
polycaprolactone diol, and polycyclooctene diol, and is semi 
crystalline. 

27. The method of claim 20, Wherein the polyol is an 
amorphous diol having a T8 in the range of 20 to 80° C., and 
is a member selected from the group consisting of polynor 
bornene diol and polymethacrylate copolymer diol. 

28. A method for making a thermoplastic polyurethane 
polymer comprising reacting (A) a polyol, (B) a polyhedral 
oligosilsesquioxane diol, and (C) a diisocyanate, Wherein the 
polyol is a member selected from the group consisting of 
polyethylene glycol, polycaprolactone diol, and polycy 
clooctene diol; Wherein the polyhedral oligosilsesquioxane 
diol is a member selected from the group consisting of 
2-ethyl-2-[3-[[(heptacyclopentylpentacyclo-[9.5 .1 .13’9. 15 ’ 
is.17’l3]octasiloxanyl)oxy]dimethylsilyl]-propoxy]methyl] 
1,3-propanediol, 2-ethyl-2-[3-[[(heptacyclohexylpentacy 
clo-[9.5.1.13’9.15’15.17’13]octasiloxanyl)oxy]dimethylsilyl] 
propoxy]methyl]-1,3 -propanediol, 2-ethyl-2- [3 - 
[[(heptaisobutylpentacyclo-[9.5.1.13’9.15’l5.17’l3] 
octasiloxanyl)oxy]dimethylsilyl]-propoxy]methyl]-1,3 - 

propanediol, 1-(2-trans-cyclohexanediol)ethyl-3,5,7,9,1 1, 
13,15-cyclohexanepentacyclo-[9.5.1.13’9.15’l5.17’l3] 
octasiloxane, and 1-(2-trans-cyclohexanediol)ethyl-3,5,7,9, 
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11,13,15-isobutylpentacyclo-[9.5.1.13’9.15’15.17’13]octasi 
loxane; and wherein the diisocyanate is 4,4'-diphenyl 
methylene diisocyanate. 

29. The method of claim 28 Wherein saidreaction is carried 
out in presence of dibutyltin dilaurate as catalyst. 

30. The method of claim 20, Wherein the polyol is polyeth 
ylene glycol, Wherein the polyhedral oligosilsesquioxane is 
1-(2-trans -cyclohexanediol)ethyl-3, 5 ,7,9,1 1,13,15 -isobutyl 
pentacyclo-[9.5.1.13’9.15’l5.17’13]octasiloxane, and Wherein 
the diisocyanate is 4,4'-diphenyl methylene diisocyanate. 

31. The method of claim 20, Wherein the polyol is polycy 
clooctene diol, Wherein the polyhedral oligosilsesquioxane 
diol is 2-ethyl-2-[3-[[(heptaisobutylpentacyclo-[9.5.1.13’9. 
15 ’ 15 . 1 7’ 13 ]octasiloxanyl)oxy]dimethylsilyl] -propoxy]me 

thyl]-1,3-propanediol, and Wherein the diisocyanate is 4,4‘ 
diphenyl methylene diisocyanate. 

32. A thermoplastic polyurethane polymer prepared by the 
method of claim 20. 
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33. A thermoplastic polyurethane polymer prepared by the 
method of claim 28. 

34. A thermoplastic polyurethane polymer prepared by the 
method of claim 30. 

35. A thermoplastic polyurethane polymer prepared by the 
method of claim 31. 

36. A composition comprising 
a thermoplastic polyurethane shape memory polymer pre 

pared according to the method of claim 20, and 
a ?ller selected from the group consisting of boron nitride, 

silica, titanium dioxide, montmorillonite, clay, staple, 
aluminum nitride, barium subcarbonate, and bismuth 
subcarbonate. 

37. The thermoplastic polyurethane shape memory poly 
mer of claim 36, Wherein the thermoplastic shape memory 
polymer exhibits a thermal triggering temperature of 37° C. to 
50° C. 

38. A thermoplastic polyurethane polymer having the for 
mula 

Wherein R is an alkyl group having six or feWer carbon atoms; 
Wherein the ratio of x to y is 1:1 to 20:1; Wherein the polyol 
degree of polymerization, n, is 1 to 1000; and Wherein the 
total degree of polymerization, m, is 2 to 100. 

39. The thermoplastic polyurethane polymer of claim 38, 
Wherein R is an alkyl group having 4 to 6 carbon atoms. 

40. The thermoplastic polyurethane polymer of claim 38, 
Wherein R is isobutyl, cyclopentyl, or cyclohexyl. 

* * * * * 


