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SHAPE MEMORY POLYMERS AND 
PROCESS FOR PREPARING 

PRIORITY 

This application claims the benefit of Provisional Applica­
tion Ser. No. 61/253,217 that was filed on Oct. 20, 2009, the 
entirety of which is incorporated herein by reference. 

FIELD 

Disclosed herein are tunable thermoset shape memory 
polymers (SMP's) and methods for manufacturing the dis­
closed SMP's. 

BACKGROUND 

Thermoset polymers have many advantages over thermo­
plastic polymers. For example, thermoset polymers are typi­
cally stronger and more durable than thermoplastic polymers; 
however, once crosslinked (formed), thermoset polymers 
cannot be reshaped by heating. As such, thermoset polymers 
(specifically those with tunable shape memory properties) 
have not been widely used in commodity devices because 
once formed, the thermo set polymers cannot be processed in 
the same manner as thermoplastic shape memory polymers, 
inter alia, injection molding, blow molding, extruding, spin­
ning, drawing, transfer molding, foam formation and super­
critical foaming. Therefore, there is a long felt need for pro­
cesses for preparing thermoset shape memory polymers that 
can be shaped via conventional process yet retain thermoset 
properties instead of carving after formation. 

BRIEF DESCRIPTION OF THE FIGURES 

2 
FIG. 4 depicts the stress-strain response and toughness ofa 

shape memory polymer comprising a 94% by weight methyl 
acrylate/6% by weight isobornyl acrylate copolymer back­
bone crosslinked with 25% by weight ofTMPTA at a radia-

5 ti on dose of 50 kGy. The integrated area underneath the dotted 
line represents a toughness value of 12.8 MJ/m3 when mea­
sured at 22° C., the integrated area underneath the dashed line 
represents a toughness value of 6. 7 MJ/m3 when measured at 
36° C. (T g), and the integrated area underneath the solid line 

10 represents a toughness value of3 .97 MJ/m3 when measured at 
60° C. 

FIG. 5 depicts the free strain recovery of a shape memory 
polymer having a 94% by weight methyl acrylate/6% by 
weight isobornyl acrylate copolymer backbone crosslinked 

15 with3% by weightTMPTA (solid line) and 12.5% by weight 
TMPTA (dotted line). 

FIG. 6 depicts the level of crosslinking for pre-thermoset 
admixtures comprising a poly( methyl acrylate) thermoplastic 
polymer and differing amounts of the crosslinker triallyl-1,3, 

20 5-triazinane-2,4,6-trione (TAIC) at various radiation doses. 
The symbol + represents control (0% by weight of TAIC), 
(D) represents 1 % by weight TAIC, (~)represents 3% by 
weight TAIC and 0 represents 5% by weight TAIC. 

FIG. 7 depicts the level of crosslinking for pre-thermoset 
25 admixtures comprising a poly( methyl acrylate) thermoplastic 

polymer and differing amounts of the crosslinker triallyl-1,3, 
5-triazinane-2,4,6-trione (TMPTA) at various radiation 
doses. The symbol + represents control (0% by weight of 
TMPTA), (D) represents 1 % by weight TMPTA, (~) repre-

30 sents 3% by weight TMPTA and e represents 5% by weight 
TMPTA. 

FIG. 8 depicts the increase in rubbery modulus, E" for 
shape memory polymers obtained from pre-thermo set admix­
tures comprising poly(methyl acrylate) thermoplastic poly-

35 mer and 5% by weight of the crosslinker TMPTA with 
increasing radiation doses. The line represented by(-••) indi­
cates curing with a 5 kGy dose, (- - -) indicates curing with a 
10 kGy dose, (- - -) indicates curing with a 25 kGy dose, 
(- - -) indicates curing with a 50 kGy dose, ( •••) indicates 

FIG. 1 depicts the change in gel fraction with increasing 
radiation dose for two disclosed shape memory polymers 
versus control poly( methyl acrylate). Each polymer is 
crosslinked with 9% by weight 2-(acryloxyloxymethyl)-2-
ethylpropane-1,3-diy 1 diacry late ( trimethy lolpropane tria­
cry late, TMPTA). The line represented by open squares (D) 
relates to polymers comprising a copolymer backbone com­
prising 70:30 methyl acrylate:2-carboxyethyl acrylate, the 
line represented by solid circles C•) relates to polymers com- 45 

prising 100% methyl acrylate, and line represented by solid 
triangles (~) relates to polymers comprising a copolymer 
backbone comprising 70:30 methyl acrylate:4-tert-butylcy­
clohexyl acrylate. 

40 curing with 100 kGy and (- - -) indicates curing with a 200 
kGy dose. 

DETAILED DESCRIPTION 

Before the disclosed shape memory polymers and the dis­
closed process for preparing the disclosed shape memory 
polymers are described, it is to be understood that the aspects 
described herein are not limited to specific embodiments, 
apparatus, or configuration, and as such can, of course, vary. 
It is also to be understood that the terminology used herein is 
for the purpose of describing particular aspects only and, 
unless specifically defined herein, is not intended to be lim­
iting. 

FIG. 2 depicts the change in glass transition temperature, 50 

T g' and storage modulus, E" obtained by varying the compo­
sition of the copolymer backbone when irradiated at a dose of 
50 kGy. Dashed line represents a backbone comprising 94% 
by weight methyl acrylate/6% by weight isobornyl acrylate 
crosslinked with 9% by weight TMPTA. Solid line represents 55 

a backbone comprising 70% by weight methyl acrylate/30% 
by weight isobornyl acrylate crosslinked with 9% by weight 
TMPTA. 

All percentages, ratios and proportions herein are by 
weight, unless otherwise specified. All temperatures are in 
degrees Celsius (° C.) unless otherwise specified. All docu­
ments cited are in relevant part, incorporated herein by refer­
ence; the citation of any document is not to be construed as an 
admission that it is prior art with respect to the present inven-

60 tion. 
FIG. 3 depicts the change in storage modulus, E" for a 

shape memory polymer comprising a 94% by weight methyl 
acrylate/6% by weight isobornyl acrylate copolymer back­
bone crosslinked with varying amounts ofTMPTA at a radia­
tion dose of 50 kGy. The alternating dashed line (- - -) repre­
sents crosslinking with 6.25% TMPTA, the dotted line( ... ) 
represents crosslinking with 9% TMPTA, the solid line (- - -) 65 

represents crosslinking with 12.5% TMPTA, and the dashed 
line (- - -) represents crosslinking with 25% TMPTA. 

In this specification and in the claims that follow, reference 
will be made to a number of terms that shall be defined to have 
the following meanings: 

Throughout this specification, unless the context requires 
otherwise, the word "comprise," or variations such as "com­
prises" or "comprising," will be understood to imply the 
inclusion of a stated component, feature, element, or step or 
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group of components, features, elements or steps but not the 
exclusion of any other integer or step or group of integers or 
steps. 

It must be noted that, as used in the specification and the 
appended claims, the singular forms "a," "an" and "the" 
include plural referents unless the context clearly dictates 
otherwise. Thus, for example, reference to "a pharmaceutical 
carrier" includes mixtures of two or more such carriers, and 
the like. 

4 
closure, however, unless otherwise specifically defined, the 
terms used herein are the same as those of the artisan of 
ordinary skill. The term "hydrocarbyl" stands for any carbon 
atom-based unit (organic molecule), said units optionally 
containing one or more organic functional group, including 
inorganic atom comprising salts, inter alia, carboxylate salts, 
quaternary ammonium salts. Within the broadmeaning of the 
term "hydrocarbyl" are the classes "acyclic hydrocarbyl" and 
"cyclic hydrocarbyl" which terms are used to divide hydro-

"Optional" or "optionally" means that the subsequently 
described event or circumstance can or cannot occur, and that 
the description includes instances where the event or circum­
stance occurs and instances where it does not. 

10 carbyl units into cyclic and non-cyclic classes. 
As it relates to the following definitions, "cyclic hydrocar­

byl" units can comprise only carbon atoms in the ring (i.e., 
carbocyclic and aryl rings) or can comprise one or more 
heteroatoms in the ring (i.e., heterocyclic and heteroaryl Ranges can be expressed herein as from "about" one par­

ticular value, and/or to "about" another particular value. 
When such a range is expressed, another aspect includes from 
the one particular value and/or to the other particular value. 
Similarly, when values are expressed as approximations, by 
use of the antecedent "about," it will be understood that the 
particular value forms another aspect. It will be further under­
stood that the endpoints of each of the ranges are significant 
both in relation to the other endpoint, and independently of 
the other endpoint. 

15 rings). For "carbocyclic" rings the lowest number of carbon 
atoms in a ring are 3 carbon atoms; cyclopropyl. For "aryl" 
rings the lowest number of carbon atoms in a ring are 6 carbon 
atoms; phenyl. For "heterocyclic" rings the lowest number of 
carbon atoms in a ring is 1 carbon atom; diazirinyl. Ethylene 

A weight percent (wt. % ) of a component, unless specifi­
cally stated to the contrary, is based on the total weight of the 
formulation or composition in which the component is 
included. 

20 oxide comprises 2 carbon atoms and is a C2 heterocycle. For 
"heteroaryl" rings the lowest number of carbon atoms in a 
ring is 1 carbon atom; 1,2,3,4-tetrazolyl. The following is a 
non-limiting description of the terms "acyclic hydrocarbyl" 
and "cyclic hydrocarbyl" as used herein. 

25 A. Substituted and unsubstituted acyclic hydrocarbyl: 

As used herein the term "contacting" includes the physical 
contact of at least one substance to another substance. 

As used herein the term "sufficient amount" and "sufficient 30 

time" includes an amount and time needed to achieve the 
desired result or results, e.g., dissolve a portion of the poly­
mer. 

"Admixture" or "blend" as generally used herein means a 
physical combination of two or more different components. 35 

In the case of copolymers and crosslinking agent, an admix­
ture or blend of copolymers and crosslinking agent is a physi-
cal blend or combination of the components. 

As used herein the term "polymer melt" refers to a ther­
moplastic copolymer raised to a temperature sufficient for 40 

combining therewith a crosslinking agent. 
As used herein the term "rubbery modulus" (Er) is the 

measured tensile storage modulus at a point that is 30° C. 
above the glass transition temperature, T g' of a disclosed 
shape memory polymer. Er could also refer to compressive 45 

modulus above T g' shear modulus above T g or other metrics to 
assess stiffness in this regime. 

As used herein the term "thermoset shape memory poly­
mer" refers to a network ( crosslinked) polymer possessing a 
glass transition temperature and rubbery modulus and the 50 

property such that when the polymer is brought to a tempera­
ture above its glass transition temperature, it can be deformed 
into a metastable state and then cooled below said transition, 
at which point that metastable state can be fixed. Reheating 
above the transition allows shape recovery at a force propor- 55 

tional to the rubbery modulus. Furthermore, the thermoset 
shape memory polymer has a gel fraction greater than 0. 

As used herein the term "homogeneity" as is applies to the 
admixing of a backbone copolymer and crosslinking agent as 
defined herein, refers to mixing the backbone copolymer and 60 

crosslinking agent in a sufficient amount to achieve intimate 
mixing on the molecular level of both the copolymer back­
bone and crosslinking agent. 

The following chemical hierarchy is used throughout the 
specification to describe and enable the scope of the present 65 

disclosure and to particularly point out and distinctly claim 
the units which comprise the compounds of the present dis-

For the purposes of the present disclosure the term "sub­
stituted and unsubstituted acyclic hydrocarbyl" encom­
passes 3 categories of units: 

1) linear or branched alkyl, non-limiting examples of which 
include, methyl (C1), ethyl (C2 ), n-propyl (C3 ), iso-propyl 
(C3 ), n-butyl (C4 ), sec-butyl (C4 ), iso-butyl (C4 ), tert-butyl 
(C4), and the like; substituted linear or branched alkyl, 
non-limiting examples of which includes, hydroxymethyl 
(C1), chloromethyl (C1), trifluoromethyl (C1), aminom-
ethyl (C1), 1-chloroethyl (C2), 2-hydroxyethyl (C2 ), 1,2-
difluoroethyl (C2 ), 3-carboxypropyl (C3 ), and the like. 

2) linear or branched alkenyl, non-limiting examples of 
which include, ethenyl (C2 ), 3-propenyl (C3 ), 1-propenyl 
(also 2-methylethenyl) (C3 ), isopropenyl (also 2-methyl­
ethen-2-yl) (C3 ), buten-4-yl (C4 ), and the like; substituted 
linear or branched alkenyl, non-limiting examples of 
which include, 2-chloroethenyl (also 2-chlorovinyl) (C2), 

4-hydroxybuten-1-yl (C4), 7-hydroxy-7-methyloct-4-en-
2-yl (C9 ), 7-hydroxy-7-methyloct-3,5-dien-2-yl (C9 ), and 
the like. 

3) linear or branched alkynyl, non-limiting examples of 
which include, ethynyl (C2 ), prop-2-ynyl (also propargyl) 
(C3 ), propyn-1-yl (C3 ), and 2-methyl-hex-4-yn-1-yl (C7 ); 

substituted linear or branched alkynyl, non-limiting 
examples of which include, 5-hydroxy-5-methylhex-3-
ynyl (C7 ), 6-hydroxy-6-methylhept-3-yn-2-yl (C8), 5-hy-
droxy-5-ethylhept-3-ynyl (C9 ), and the like. 

B. Substituted and unsubstituted cyclic hydrocarbyl: 
For the purposes of the present disclosure the term "sub­

stituted and unsubstituted cyclic hydrocarbyl" encom­
passes 5 categories of units: 

1) The term "carbocyclic" is defined herein as "encompassing 
rings comprising from 3 to 20 carbon atoms, wherein the 
atoms which comprise said rings are limited to carbon 
atoms, and further each ring can be independently substi­
tuted with one or more moieties capable of replacing one or 
more hydrogen atoms." The following are non-limiting 
examples of "substituted and unsubstituted carbocyclic 
rings" which encompass the following categories of units: 
i) carbocyclic rings having a single substituted or unsub­

stituted hydrocarbon ring, non-limiting examples of 
which include, cyclopropyl (C3 ), 2-methyl-cyclopropyl 
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(C3 ), cyclopropenyl (C3 ), cyclobutyl (C4 ), 2,3-dihy­
droxycyclobutyl (C4), cyclobutenyl (C4 ), cyclopentyl 
(Cs), cyclopentenyl (Cs), cyclopentadienyl (Cs), cyclo­
hexyl (C6), cyclohexenyl (C6), cycloheptyl (C7 ), 

cyclooctanyl (Cg), 2,5-dimethylcyclopentyl (Cs), 3,5- 5 

dichlorocyclohexyl (C6 ), 4-hydroxycyclohexyl (C6), 

and 3,3,5-trimethylcyclohex-1-yl (C6 ). 

ii) carbocyclic rings having two or more substituted or 
unsubstituted fused hydrocarbon rings, non-limiting 
examples of which include, octahydropentalenyl (Cg), 10 

octahydro-lH-indenyl (C9 ), 3a,4,5,6,7,7a-hexahydro-
3H-inden-4-yl (C9 ), decahydroazulenyl (C10). 

iii) carbocyclic rings which are substituted or unsubstituted 
bicyclic hydrocarbon rings, non-limiting examples of 
which include, bicyclo-[2.1.l]hexanyl, bicyclo[2.2.1] 15 

heptany 1, bicyclo [3 .1.1 ]heptanyl, 1,3-dimethy 1 [2 .2 .1] 
heptan-2-yl, bicyclo[2.2.2]octanyl, and bicyclo[3.3.3] 
undecanyl. 

2) The term "aryl" is defined herein as "units encompassing at 
least one phenyl or naphthyl ring and wherein there are no 20 

heteroaryl or heterocyclic rings fused to the phenyl or 
naphthyl ring and further each ring can be independently 
substituted with one or more moieties capable of replacing 
one or more hydrogen atoms." The following are non­
limiting examples of "substituted and unsubstituted aryl 25 

rings" which encompass the following categories of units: 
i) C6 or C10 substituted or unsubstituted aryl rings; phenyl 

and naphthyl rings whether substituted or unsubstituted, 
non-limiting examples of which include, phenyl (C6), 

naphthylen-1-yl (C10), naphthylen-2-yl (C10), 4-fluo- 30 

rophenyl (C6 ), 2-hydroxyphenyl (C6 ), 3-methylphenyl 
(C6 ), 2-amino-4-fluorophenyl (C6 ), 2-(N,N-diethy­
lamino )phenyl (C6 ), 2-cyanophenyl (C6), 2,6-di-tert-bu­
tylphenyl (C6), 3-methoxyphenyl (C6 ), 8-hydroxynaph­
thylen-2-yl (C10), 4,5-dimethoxynaphthylen-1-yl (C10), 35 

and 6-cyano-naphthylen-1-yl (C10). 

ii) C6 or C10 aryl rings fused with 1 or 2 saturated rings to 
afford Cg-C20 ring systems, non-limiting examples of 
which include, bicyclo[ 4.2.0]octa-1,3,5-trienyl (Cg), 
and indanyl (C9 ). 40 

3) The terms "heterocyclic" and/or "heterocycle" are defined 
herein as "units comprising one or more rings having from 
3 to 20 atoms wherein at least one atom in at least one ring 
is a heteroatom chosen from nitrogen (N), oxygen (0), or 
sulfur (S), or mixtures ofN, 0, and S, and wherein further 45 

the ring which contains the heteroatom is also not an aro­
matic ring." The following are non-limiting examples of 
"substituted and unsubstituted heterocyclic rings" which 
encompass the following categories of units: 
i) heterocyclic units having a single ring containing one or 50 

more heteroatoms, non-limiting examples of which 
include, diazirinyl (C1), aziridinyl (C2 ), urazolyl (C2 ), 

azetidinyl (C3 ), pyrazolidinyl (C3 ), imidazolidinyl (C3 ), 

oxazolidinyl (C3 ), isoxazolinyl (C3 ), thiazolidinyl (C3 ), 

isothiazolinyl (C3 ), oxathiazolidinonyl (C3 ), oxazolidi- 55 

nonyl (C3 ), hydantoinyl (C3 ), tetrahydrofuranyl (C4 ), 

pyrrolidinyl (C4), morpholinyl (C4), piperazinyl (C4 ), 

piperidinyl (C4), dihydropyranyl (Cs), tetrahydropyra­
nyl (Cs), piperidin-2-onyl (valerolactam) (Cs), 2,3,4,5-
tetrahydro-lH-azepinyl (C6), 2,3-dihydro-lH-indole 60 

(Cg), and 1,2,3,4-tetrahydroquinoline (C9 ). 

ii) heterocyclic units having 2 or more rings one of which 
is a heterocyclic ring, non-limiting examples of which 
include hexahydro-lH-pyrrolizinyl (C7 ), 3a,4,5,6,7,7a­
hexahydro-1H-benzo[d]imidazolyl (C7 ), 3a,4,5,6,7,7a- 65 

hexahydro-lH-indolyl (Cg), 1,2,3,4-tetrahydroquinoli­
nyl (C9 ), anddecahydro-lH-cycloocta[b ]pyrrolyl (C10). 

6 
4) The term "heteroaryl" is defined herein as "encompassing 

one or more rings comprising from 5 to 20 atoms wherein 
at least one atom in at least one ring is a heteroatom chosen 
from nitrogen (N), oxygen (0), or sulfur (S), or mixtures of 
N, 0, and S, and wherein further at least one of the rings 
which comprises a heteroatom is an aromatic ring." The 
following are non-limiting examples of "substituted and 
unsubstituted heterocyclic rings" which encompass the 
following categories of units: 
i) heteroaryl rings containing a single ring, non-limiting 

examples of which include, 1,2,3,4-tetrazolyl (C1), [1,2, 
3]triazolyl (C2 ), [1,2,4]triazolyl (C2 ), triazinyl (C3 ), 

thiazolyl (C3 ), lH-imidazolyl (C3 ), oxazolyl (C3 ), isox­
azolyl (C3 ), isothiazolyl (C3 ), furanyl (C4 ), thiophenyl 
(C4 ), pyrimidinyl (C4), 2-phenylpyrimidinyl (C4), 

pyridinyl (Cs), 3-methylpyridinyl (Cs), and 4-dimethy­
laminopyridinyl (Cs) 

ii) heteroaryl rings containing 2 or more fused rings one of 
which is a heteroaryl ring, non-limiting examples of 
which include: 7H-purinyl (Cs), 9H-purinyl (Cs), 
6-amino-9H-purinyl (Cs), 5H-pyrrolo[3,2-d]pyrimidi­
nyl (C6 ), 7H-pyrrolo[2,3-d]pyrimidinyl (C6), pyrido[2, 
3-d]pyrimidinyl (C2 ), 2-phenylbenzo[ d]thiazolyl (C2 ), 

lH-indolyl (Cg), 4,5,6,7-tetrahydro-l-H-indolyl (Cg), 
quinoxalinyl (Cg), 5-methylquinoxalinyl (Cg), 
quinazolinyl (Cg), quinolinyl (C9 ), 8-hydroxy-quinoli­
nyl (C9 ), and isoquinolinyl (C9 ). 

5) C1 -C6 tethered cyclic hydrocarbyl units (whether carbocy­
clic units, C6 or C10 aryl units, heterocyclic units, or het­
eroaryl units) which connected to another moiety, unit, or 
core of the molecule by way of a C1 -C6 alkylene unit. 
Non-limiting examples of tethered cyclic hydrocarbyl 
units include benzyl C1 -(C6 ) having the formula: 

wherein Ra is optionally one or more independently chosen 
substitutions for hydrogen. Further examples include 
other aryl units, inter alia, (2-hydroxyphenyl)hexyl Cc 
(C6 ); naphthalen-2-ylmethyl C1 -(C10), 4-fluorobenzyl 
C1 -(C6 ), 2-(3-hydroxyphenyl)ethyl C2 -(C6), as well as 
substituted and unsubstituted C3 -C10 alkylenecarbocy­
clic units, for example, cyclopropylmethyl C1 -(C3 ), 

cyclopentylethyl C2 -(Cs), cyclohexylmethyl C1 -(C6). 

Included within this category are substituted and unsub­
stituted C1 -C10 alkylene-heteroaryl units, for example a 
2-picolyl C1 -(C6) unit having the formula: 

wherein Ra is the same as defined above. In addition, 
C1 -C12 tethered cyclic hydrocarbyl units include C1 -C10 

alkyleneheterocyclic units and alkylene-heteroaryl 
units, non-limiting examples of which include, aziridi­
nylmethyl C1 -(C2 ) and oxazol-2-ylmethyl C1 -(C3 ). 

For the purposes of the present disclosure carbocyclic rings 
are from C3 to C20 ; aryl rings are C6 or C10 ; heterocyclic rings 
are from C1 to C9 ; and heteroaryl rings are from C1 to C9 . 
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For the purposes of the present disclosure, and to provide 
consistency in defining the present disclosure, fused ring 
units, as well as spirocyclic rings, bicyclic rings and the like, 
which comprise a single heteroatom will be characterized and 
referred to herein as being encompassed by the cyclic family 5 

corresponding to the heteroatom containing ring, although 
the artisan may have alternative characterizations. For 
example, 1,2,3,4-tetrahydroquinoline having the formula: 

co N 
H 

is, for the purposes of the present disclosure, considered a 
heterocyclic unit. 6, 7-Dihydro-5H-cyclopentapyrimidine 
having the formula: 

is, for the purposes of the present disclosure, considered a 
heteroaryl unit. When a fused ring unit contains heteroatoms 

10 

15 

20 

25 

in both a saturated ring (heterocyclic ring) and an aryl ring 
(heteroaryl ring), the aryl ring will predominate and deter- 30 

mine the type of category to which the ring is assigned herein 
for the purposes of describing the invention. For example, 
1,2,3,4-tetrahydro-[1,8]naphthpyridine having the formula: 

H co 
is, for the purposes of the present disclosure, considered a 
heteroaryl unit. 

35 

40 

The term "substituted" is used throughout the specifica­
tion. The term "substituted" is applied to the units described 45 

herein as "substituted unit or moiety is a hydrocarbyl unit or 
moiety, whether acyclic or cyclic, which has one or more 
hydrogen atoms replaced by a substituent or several substitu­
ents as defined herein below." The units, when substituting for 
hydrogen atoms are capable of replacing one hydrogen atom, 50 

two hydrogen atoms, or three hydrogen atoms of a hydrocar­
byl moiety at a time. In addition, these substituents can 
replace two hydrogen atoms on two adjacent carbons to form 
said substituent, new moiety, or unit. For example, a substi­
tuted unit that requires a single hydrogen atom replacement 55 

includes halogen, hydroxyl, and the like. A two hydrogen 
atom replacement includes carbony 1, oximino, and the like. A 
two hydrogen atom replacement from adjacent carbon atoms 
includes epoxy, and the like. Three hydrogen replacement 
includes cyano, and the like. The term substituted is used 60 

throughout the present specification to indicate that a hydro­
carbyl moiety, inter alia, aromatic ring, alkyl chain; can have 
one or more of the hydrogen atoms replaced by a substituent. 
When a moiety is described as "substituted" any number of 
the hydrogen atoms may be replaced. For example, 4-hydrox- 65 

yphenyl is a "substituted aromatic carbocyclic ring (aryl ring) 
", (N,N-dimethyl-5-amino)octanyl is a "substituted C8 linear 

8 
alkyl unit, 3-guanidinopropyl is a "substituted C3 linear alkyl 
unit," and 2-carboxypyridinyl is a "substituted heteroaryl 
unit." 

The following are non-limiting examples of units which 
can substitute for hydrogen atoms on a carbocyclic, aryl, 
heterocyclic, or heteroaryl unit: 

i) C1 -C12 linear, branched, or cyclic alkyl, alkenyl, and 
alkynyl; methyl (C1), ethyl (C2), ethenyl (C2), ethynyl 
(C2), n-propyl (C3), iso-propyl (C3), cyclopropyl (C3), 
3-propenyl (C3), 1-propenyl (also 2-methylethenyl) 
(C3), isopropenyl (also 2-methylethen-2-yl) (C3), prop-
2-ynyl (also propargyl) (C3), propyn-1-yl (C3), n-butyl 
(C4 ), sec-butyl (C4), iso-butyl (C4 ), tert-butyl (C4), 

cyclobutyl (C4 ), buten-4-yl (C4 ), cyclopentyl (C5 ), 

cyclohexyl (C6); 

ii) substituted or unsubstituted C6 or C10 aryl; for example, 
phenyl, naphthyl (also referred to herein as naphthylen-
1-yl (C10) or naphthylen-2-yl (C10)); 

iii) substituted or unsubstituted C6 or C10 alkylenearyl; for 
example, benzyl, 2-phenylethyl, naphthylen-2-ylm­
ethyl; 

iv) substituted or unsubstituted C1 -C9 heterocyclic rings; 
as described herein below; 

v) substituted or unsubstituted C1 -C9 heteroaryl rings; as 
described herein below; 

vi) -(CR102aR1026)aOR101 ; for example, -OH, 
---CH20H, ---OCH3, -CH20CH3, -OCH2CH3, 
---CH20CH2CH3, -OCH2CH2CH3, and 
---CH20CH2CH2CH3; 

vii)-(CR102aR1026)aC(O)R101 ; for example, ---COCH3, 
---CH2COCH3; ---COCH2CH3, ---CH2COCH2CH3, 
---COCH2CH2CH3, and ---CH2COCH2CH2CH3; 

viii) -(CR102aR1026)aC(O)OR101 ; for example, 
---C02CH3, ---CH2C02CH3, ---C02CH2CH3, 
---CH2C02CH2CH3, -C02CH2CH2CH3, and 
---CH2C02CH2CH2CH3; 

ix) -(CR102aR1026)aC(O)N(R101)2; for example, 
---CONH2, ---CH2CONH2; ---CONHCH3, 
---CH2CONHCH3, ---CON(CH3)2, and -CH2CON 
(CH3)2; 

x) -(CR102aR1026)aN(R101)2; for example, -NH2, 
---CH2NH2, -NHCH3, -CH2NHCH3, -N(CH3)2, 
and -CH2N(CH3)2; 

xi) halogen; -F, -Cl, -Br, and -I; 

xii)-(CR102aR1026)aCN; 

xiii)-(CR102aR1026)aN02; 

xiv) -CH1Xk; wherein X is halogen, the index j is an 
integer from 0 to 2, j + k=3; for example, ---CH2F, -CF 3, 
---CC13, or-CBr3; 

xv) -(CR102aR1026)aSR101 ; -SH, ---CH2SH, -SCH3, 
---CH2SCH3, -SC6H5 , and-CH2SC6H5 ; 

xvi) -(CR102aR1026)aS02R101 ; for example, -S02H, 
---CH2S02H, -S02CH3, ---CH2S02CH3, 
-S02C6H5 , and ---CH2S02C6H5 ; and 

xvii) -(CR102aR1026)aS03R101 ; for example, -S03H, 
---CH2S03H, -S03CH3; ---CH2S03CH3, 
-S03C6H5 , and ---CH2S03C6H5 ; 

wherein each R 101 is independently hydrogen, substituted or 
unsubstituted C1 -C6 linear, branched, or cyclic alkyl, phenyl, 
benzyl, heterocyclic, or heteroaryl; or two R 101 units can be 
taken together to form a ring comprising 3-7atoms;R102a and 
R 1026 are each independently hydrogen or C1 -C4 linear or 
branched alkyl; the index "a" is from 0 to 4. 
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Shape Memory Polymers 

One aspect of the disclosed thermoset shape memory poly­
mers comprises: 

a) a thermoplastic backbone comprising at least two linear 
monomers; and 

b) at least one crosslinker. 
Another aspect of the disclosed thermoset shape memory 

polymers comprises: 

10 
50° C. to about 200° C. In a yet further embodiment, the 
disclosed shape memory polymers have a glass transition 
temperature, T g' of from about 0° C. to about 70° C. In a yet 
another embodiment, the disclosed shape memory polymers 
have a glass transition temperature, T g' of from about -40° C. 
to about 20° C. 

a) a plurality of thermoplastic homopolymer backbones; 10 

and 

One aspect of the disclosed shape memory polymers 
relates to polymers having a rubbery modulus, Er, of from 
about 0.01 MPa to about 100 MPa. In one embodiment, the 
disclosed polymers have a rubbery modulus, E" of from 
about0.01 MPa to about 15 MPa. In another embodiment, the 
disclosed polymers have a rubbery modulus, E" of from 
about 1 MPa to about 10 MPa. In a further embodiment, the 

b) at least one crosslinker. 
A further aspect of the disclosed thermoset shape memory 

polymers comprises: 
a) a thermoplastic homopolymer backbone; and 
b) a plurality of crosslinkers. 
A still further aspect of the disclosed thermoset shape 

memory polymers comprises: 
a) a plurality of thermoplastic homopolymer backbones; 

and 
b) at least one crosslinker. 
A yet further aspect of the disclosed thermoset shape 

memory polymers comprises: 
a) a plurality of thermoplastic copolymer backbones 

wherein each copolymer comprises at least one different 
monomer than the other copolymers; and 

b) at least one crosslinker. 
A yet further aspect of the disclosed thermoset shape 

memory polymers comprises: 

15 
disclosed polymers have a rubbery modulus, Er, of from 
about 1 MPa to about 5 MPa. In a yet further embodiment, the 
disclosed polymers have a rubbery modulus, E" of from 
about 1 MPa to about 3 MPa. In a still further embodiment, the 
disclosed polymers have a rubbery modulus, E" of from 

20 about 0.01 MPa to about 10 MPa. In a yet another embodi­
ment, the disclosed polymers have a rubbery modulus, Er, of 
from about 0.01 MPa to about 5 MPa. In a yet still further 
embodiment, the disclosed polymers have a rubbery modu­
lus, E" of from about 0.01 MPa to about 3 MPa. The disclosed 

25 polymers, however, can have any value from about 0.01 MPa 
to about 100 MPa, for example, 1.0 MPa, 1.1 MPa, 1.2 MPa, 
1.3 MPa, 1.4 MPa, 1.5 MPa, 1.6 MPa, 1.7 MPa, 1.8 MPa, 1.9 
MPa, 2.0 MPa, 2.1 MPa, 2.2 MPa, 2.3 MPa, 2.4 MPa, 2.5 
MPa, 2.6 MPa, 2.7 MPa, 2.8 MPa, 2.9 MPa, and 3.0 MPa. 

a) a plurality of thermoplastic copolymer backbones 30 

wherein each copolymer comprises at least one different 
monomer than the other copolymers; and 

The disclosed shape memory polymers have a gel fraction 
greater than 0. In one embodiment the disclosed shape 
memory polymers have a gel fraction greater than about 50%. 
In another embodiment, the disclosed shape memory poly­
mers have greater than about 60% of a gel fraction. In a further 

b) a plurality of crosslinkers. 
A yet further aspect of the disclosed thermoset shape 

memory polymers comprises: 
a) some combination of a plurality of thermoplastic of 

homopolymers and copolymer backbones wherein each 
copolymer comprises at least one different monomer 
than the other copolymers; and 

b) at least one crosslinker. 
A yet further aspect of the disclosed thermoset shape 

memory polymers comprises: 

35 embodiment, the disclosed shape memory polymers have 
greater than about 70% of a gel fraction. In still further 
embodiment, the disclosed shape memory polymers have 
greater than about 80% of a gel fraction. In a yet further 
embodiment, the disclosed shape memory polymers have 

40 greater than about 90% of a gel fraction. In a still yet further 
embodiment, the disclosed shape memory polymers have 
greater than about 95% of a gel fraction. In a still yet further 
embodiment, the disclosed shape memory polymers have a) some combination of a plurality of thermoplastic of 

homopolymers and copolymer backbones wherein each 
copolymer comprises at least one different monomer 45 

than the other copolymers; and 

greater than about 98% of a gel fraction. 
The disclosed shape memory polymers have an average 

molecular weight greater than about 20,000 Daltons. In one 
embodiment, the average molecular weight of the disclosed 
shape memory polymers is from about 40,000 Daltons to 
about 65,000 Daltons. In another embodiment, the average 

b) a plurality of crosslinkers. 
For the purposes of the present disclosure, the copolymer 

backbone is formed by copolymerization of two or more 
monomers as disclosed herein. Further, multifunctional 
crosslinking agents, i.e., "crosslinkers" are combined with 
the thermoplastic polymer as described herein and subse­
quently cured by radiation to form a thermoset plastic net­
work. The disclosed shape memory polymers comprise these 
thermoset plastic networks. 

One aspect of the disclosed shape memory polymers 
relates to shape memory polymers having a glass transition 
temperature, T g' of from about -40° C. to about 200° C. In 
one embodiment, the disclosed shape memory polymers have 

50 molecular weight of the disclosed shape memory polymers is 
from about 40,000 Daltons to about 50,000 Daltons. In 
another embodiment, the average molecular weight of the 
disclosed shape memory polymers is from about 200,000 
Daltons to about 5,000,000 Daltons. In another embodiment, 

55 the average molecular weight of the disclosed shape memory 
polymers is greater than 4,000,000 Daltons. In a further 
embodiment, the average molecular weight of the disclosed 
shape memory polymers is from about 100,000 Daltons to 
about 1,000,000 Daltons. In a still further embodiment, the 

60 average molecular weight of the disclosed shape memory 
polymers is from about 400,000 Daltons to about 750,000 
Daltons. 

a glass transition temperature, T g' of from about 0° C. to about 
200° C. In another embodiment, the disclosed shape memory 
polymers have a glass transition temperature, T g' of from 
about 10° C. to about 150° C. In a further embodiment, the 
disclosed shape memory polymers have a glass transition 
temperature, T g' of from about 20° C. to about 100° C. In a 65 

still further embodiment, the disclosed shape memory poly­
mers have a glass transition temperature, T g' of from about 

Polyacrylate, Polyacrylamide and Poylacrylate/Polyacryla­
mide Polymer Backbones 

One category of the disclosed shape memory polymers 
relates to polymers having backbones comprising two or 
more of the following monomers: 
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i) acrylates having the formula: 

~O'-R; 
0 

and/or 
ii) acrylamides having the formula: 

R2 

I 
~N'R1 

0 

wherein R, R1 and R2 are each independently is chosen 
from: 

i) hydrogen; 
ii) C1 -C20 linear alkyl; for example, methyl (C1), ethyl 

(C2), n-propyl (C3), n-butyl (C4), n-pentyl (Cs), n-hexyl 
(C6 ), n-heptyl (C2), n-octyl (Cg), n-nonyl (C9 ), n-decyl 
(C10), and the like; 

iii) C3-C20 branched alkyl; for example, iso-propyl (C3), 
sec-butyl (C4 ), iso-butyl (C4), tert-butyl (C4 ), and the 
like; 

10 

15 

20 

25 

12 
ii) a fused ring system containing from 2 to 4 rings having 

a total of from 3 to 20 atoms in addition to the nitrogen 
atom to which R1 and R2 are bonded; or 

iii) a bicyclic ring system having a total of from 4 to 20 
atoms in addition to the nitrogen atom to which R 1 and 
R 2 are bonded. 

The substitutions for hydrogen atoms on R, R 1 and R 2 or on 
the rings formed by R 1 and R 2 are independently chosen from: 

i) C1-C12 linear, C3-C12 branched, or C3-C12 cyclic alkyl, 
alkenyl, and alkynyl; 

ii) substituted or unsubstituted C6 or C10 aryl; 
iii) substituted or unsubstituted C6 or C10 alkylenearyl; 
iv) substituted or unsubstituted C1-C9 heterocyclic rings; 
v) substituted or unsubstituted C1 -C9 heteroaryl rings; 
vi)-(CR102aR102b)aOR101; 
vii)-(CR102aR102b)aC(O)R101; 
viii) -(CR 102aR 1026)aC(O)OR 101 ; 
ix) -(CR l02aR l02b)aC(O)N(R 101 )2; 
x) (CR102aR102b)aN(R101)2; 
xi) halogen; 
xii)-(CR102aR1026)aCN; 
xiii)-(CR102aR1026)aN02; 
xiv) -CH1Xk; wherein X is halogen, the index j is an 

integer from 0 to 2, j+k=3; 
xv)-(CR102aR102b)aSR101; 
xvi)-(CR102aR1026)aS02R101 ; or 
xvii)-(CR102aR102b)aS03R101; 

wherein each R 101 is independently hydrogen, substituted or iv) C3-C20 cyclic alkyl; for example, cyclopropyl (C3), 
cyclobutyl (C4 ), cyclopentyl (Cs), cyclohexyl (C6), 

cycloheptyl (C7 ), and the like; 
v) Cs-C20 bicyclic alkyl; for example, 1-methylbicyclo 

[2.2. l ]heptan-2-yl acrylate, 7,7-dimethylbicyclo[2.2.1] 
heptan-2-yl acrylate, 1,7,7-trimethyl-bicyclo[2.2.1] 
heptan-2-yl acrylate, 1,3,3-trimethylbicyclo[2.2.1] 
heptan-2-y 1 a cry late, 2, 6, 6-trimethy lbicyclo [3 .1.1] 
heptan-2-yl acrylate, and the like; 

30 unsubstituted C1 -C6 linear, C3-C6 branched, or C3-C6 cyclic 
alkyl, phenyl, benzyl, heterocyclic, or heteroaryl; or two R101 

units can be taken together to form a ring comprising 3-7 
atoms; R 102

a and R 1026 are each independently hydrogen or 
C1-C4 linear or C3-C4 branched alkyl; the index "a" is from 0 

35 to 4. 

vi) Cs-C20 fused ring alkyl; octahydropentalene, octahy­
dro-lH-indene, decahydronaphthalene (decalin), and 
the like; 40 

vii) C1 -C20 heterocyclic; diazirinyl (C1), aziridinyl (C2), 
urazolyl (C2), azetidinyl (C3), pyrazolidinyl (C3), imi­
dazolidinyl (C3), oxazolidinyl (C3), isoxazolinyl (C3), 
thiazolidinyl (C3), isothiazolinyl (C3), oxathiazolidi­
nonyl (C3), oxazolidinonyl (C3), hydantoinyl (C3), tet- 45 

rahydropyranyl (C4), pyrrolidinyl (C4 ), morpholinyl 
(C4 ), piperazinyl (C4 ), piperidinyl (C4 ), dihydropyranyl 
(Cs), tetrahydropyranyl (Cs), piperidin-2-onyl (valero­
lactam) (Cs), 2,3,4,5-tetrahydro-lH-azepinyl (C6 ), 2,3-
dihydro-lH-indole (Cg), 1,2,3,4-tetrahydro-quinoline 50 

(C9 ), and the like; 
viii) C1-C20 heteroaryl; for example, 1,2,3,4-tetrazolyl 

(C1), [1,2,3]triazolyl (C2), [1,2,4]triazolyl (C2), triazinyl 
(C3), thiazolyl (C3), lH-imidazolyl (C3), oxazolyl (C3), 
isoxazolyl (C3), isothiazolyl (C3), furanyl (C4), 55 

thiopheneyl (C4 ), pyrimidinyl (C4), pyridinyl (Cs), and 
the like; 

ix) C4 -C20 heterobicyclic; 5-azabicyclo[2.1.l]hexanyl, 
7-oxabicyclo[2.2.1 ]-heptanyl, 7-azabicyclo[2.2.1 ]hep­
tanyl, 2-azabicyclo[2.2.2]octanyl, and the like; 

x) c6 or clO aryl; or 
xi) C7 -C20 alkylenearyl; for example, benzyl, 2-phenyl­

ethyl, and the like; or R1 and R2 can be taken together to 
form: 

60 

i) a substituted or unsubstituted ring having from 3 to 20 65 

atoms and optionally from 1 to 3 heteroatoms in addition 
to the nitrogen atom to which R 1 and R 2 are bonded; 

In one embodiment of the disclosed shape memory poly­
mers, the backbones comprise one or more acrylates wherein 
each R unit is independently chosen from: 

i) substituted or unsubstituted C1 -C6 linear alkyl; 
ii) substituted or unsubstituted C3-C6 branched alkyl; 
iii) substituted or unsubstituted C3-C6 cyclic alkyl; 
iv) substituted or unsubstituted C6-C20 bicyclic alkyl; 
v) substituted or unsubstituted C6 or C10 aryl; 
vi) substituted or unsubstituted C7 -C20 alkylenearyl; or 
vii) substituted or unsubstituted C1 -C20 heterocyclic. 
The R units of this embodiment can be substituted with one 

or more units independently chosen from: 
i) C1 -C6 linear alkyl; 
ii) C3-C6 branched alkyl; 
iii) C3-C6 cyclic alkyl; 
iv) halogen; or 
v) ---C(O)OH. 
In one iteration ofthis embodiment, the polymer backbone 

comprises one or more monomers chosen from methyl acry­
late, ethyl acrylate, n-propyl acrylate, iso-propyl acrylate, 
cyclopropyl acrylate, n-butyl acrylate, iso-butyl acrylate, sec­
butyl acrylate, tert-butyl acrylate, cyclobutyl acrylate, n-pen­
tyl acrylate, cyclopentyl acrylate, n-hexyl acrylate, cyclo­
hexyl acrylate, or 4-tert-butylcyclohexyl acrylate. 

In another iteration of this embodiment, the polymer back­
bone comprises one or more monomers chosen from bicyclo 
[1.l .1 ]pentan-1-yl acrylate, bicyclo[l.1.1 ]pentan-2-yl acry­
late, bicyclo[2.1.l]hexan-l-yl acrylate, bicyclo[2.1.l]hexan-
2-yl acrylate, bicyclo[2.1.l]hexan-6-yl acrylate, bicyclo 
[2.2. l ]heptan-1-yl acrylate, bicyclo[2.2.1 ]heptan-2-yl 
acrylate, l-methylbicyclo[2.2.l]heptan-2-yl acrylate, 7,7-
dimethylbicyclo[2.2.l]heptan-2-yl acrylate, 1, 7, 7-trimethyl-
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bicyclo[2.2.1 ]heptan-2-yl acrylate, 1,3,3-trimethylbicyclo 
[2.2. l ]-heptan-2-yl acrylate, or 2,6,6-trimethylbicyclo­
[3.1. l ]heptan-2-yl acrylate. 

In a further iteration of this embodiment, the polymer 
backbone comprises one or more monomers chosen from 5 

phenyl acrylate, 2-chlorophenyl acrylate, 3-chlorophenyl 
acrylate, 4-chlorophenyl acrylate, 2-methylphenyl acrylate, 
3-methylphenyl acrylate, 4-methylphenyl acrylate, benzyl 
acrylate, 2-chlorobenzyl acrylate, 3-chlorobenzyl acrylate, 
4-chlorobenzyl acrylate, 2-methylbenzyl acrylate, 3-methyl- 10 

benzyl acrylate, or 4-methylbenzyl acrylate, 
In another embodiment of the disclosed shape memory 

polymers, the backbones comprise one or more acrylamides 
wherein each R 1 and R 2 unit is independently chosen from: 

i) substituted or unsubstituted C1 -C6 linear alkyl; 15 

ii) substituted or unsubstituted C3 -C6 branched alkyl; 
iii) substituted or unsubstituted C3 -C6 cyclic alkyl; 
iv) substituted or unsubstituted CcC20 bicyclic alkyl; 
v) substituted or unsubstituted C6 or C10 aryl; 
vi) substituted or unsubstituted C7 -C20 alkylenearyl; or 20 

vii) substituted or unsubstituted C1 -C20 heterocyclic. 
In one iteration ofthis embodiment, the polymer backbone 

comprises one or more monomers chosen from acrylamide, 
N-methy la cry !amide, N,N-dimethy la cry !amide, N-ethy­
lacry lamide, N,N-diethylacrylamide, N-methyl-N-ethy- 25 

la cry !amide, N-isopropy la cry !amide, N,N-diisopropy lacry­
lamide, N-cyclopropylacrylamide, N,N­
dicyclopropy lacrylamide, N-acry loy laziridine (1-( aziridin-
l -y l)prop-2-en-1-one ), N-acryloylazetidine (1-(azetidin-1-
y l)prop-2-en-1-one ), N-acry loy lpyrrolidine ( l -(pyrrolidin-1- 30 

yl)prop-2-en-1-one ), 4-acryloylmorpholine 
( l -morpholinoprop-2-en-1-one ), N-acry loy lpiperidine (1-
(piperidin-1-y l)prop-2-en-1-one ), or N-acryloylpiperazine 
(1-(piperazin-1-yl)prop-2-en-1-one ). 

In another aspect of this category of the disclosed shape 35 

memory polymers, the backbones comprise: 
i) from about 1 % to about 30% by weight of a first mono­

mer; and 
ii) from about 70% to about 99% by weight of a second 

monomer. 40 

In one embodiment of this aspect, the backbones comprise: 
i) from about 1 % to about 30% by weight ofbutyl acrylate; 

and 
ii) from about 70% to about 99% by weight of methyl 

acrylate. 45 

One iteration of this embodiment includes backbones com­
prising from about 10% to about 30% by weight of butyl 
acrylate. In another iteration, the polymer backbones com­
prise from about 15% to about 25% by weight of butyl acry­
late. In a further iteration, the polymer backbones comprise 50 

from about 20% by weight of butyl acrylate. 
Another iteration of this embodiment includes backbones 

comprising from about 80% by weight of methyl acrylate. In 
another iteration, the polymer backbones comprise from 
about 75% to about 85% by weight of methyl acrylate. 55 

In a further aspect of the disclosed shape memory poly­
mers, the backbones comprise: 

i) from about 0.1 % to about 99% by weight of a first 
monomer; 

ii) from about 0.1 % to about 99% by weight of a second 60 

monomer; and 
iii) from about 0.1% to about 99% by weight of a third 

monomer. 

14 
wherein the resulting shape memory polymer has a glass 

transition temperature, T g' of from about -40° C. to 
about 200° C., a rubbery modulus, E" of from about 0.01 
MPa to about 100 MPa, and a gel fraction greater than 0. 

Polyurethane Backbones 
Another category of the disclosed shape memory polymers 

relates to polymers having backbones comprising the follow­
ing monomers: 

i) at least one diisocyanate having the formula: 

ii) at least one dial having the formula: 

HO-D-OH; 

wherein W is chosen from: 

i) substituted or unsubstituted C1 -C20 linear alkylene, 
C3 -C20 branchedalkylene, orC3 -C20 cyclic alkylene; for 
example, methylene (C1), ethylene (C2 ), n-propylene 
(C3 ), n-butylene (C4 ), n-pentylene (C5 ), n-hexylene 
(C6 ), n-heptylene (C7 ), 3-methylhexylene (C7 ), n-octy­
lene (C8 ), n-nonylene (C9 ), n-decylene (C10), and the 
like; 

ii) substituted or unsubstituted C2 -C20 linear alkenylene, 
C3 -C20 branched alkenylene, or C5 -C20 cyclic alk­
enylene; for example, (E)-hept-3-enylene and (Z)-oct-
2-enylene; 

iii) substitutedorunsubstitutedC2 -C20 linear alkynylene or 
C3 -C20 branched alkynylene; 

iv) substituted or unsubstituted arylene; for example, 1,3-
phenylene. 1,4-phenylene, 1,5-naphthylene 

v) substituted or unsubstituted alkylenearylene; for 
example, a (C7 ) unit having the formula: 

vi) substituted or unsubstituted alkylenearylalkylene; for 
example, a (C8 ) unit having the formula: 

vii) substituted or unsubstituted heterocycylene; for 
example units having the formula: 

A still further aspect of the disclosed shape memory poly­
mers relates to polymers comprising: 65 and 

a) a poly(methyl acrylate) thermoplastic backbone; and 
b) at least one crosslinking agent as disclosed herein; 

viii) substituted or unsubstituted heteroarylene; for 
example units having the formula: 
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The substitutions for hydrogen atoms on W units are inde­
pendently chosen from: 

i) C1-C12 linear, C3-C12 branched, or C3-C12 cyclic alkyl, 
alkenyl, and alkynyl; 

ii) substituted or unsubstituted C6 or C10 aryl; 
iii) substituted or unsubstituted c6 or clO alkylenearyl; 
iv) substituted or unsubstituted C1 -C9 heterocyclic rings; 
v) substituted or unsubstituted C1 -C9 heteroaryl rings; 
vi)-(CR112aR112b)60R111; 

10 

15 

16 

viii) substituted or unsubstituted heterocycylene; for 
example units having the formula: 

vii)-(CR112aR112b)bC(O)R111; 
viii)-(CR112aR112b)bC(O)OR111; 
ix)-(CR112aR112b)bC(O)N(R111 )2; 

20 and 

x) (CR112aR112b)6N(R111)2; 

xi) halogen; 
xii)-(CR112aR1126)6CN; 
xiii)-(CR112aR112b)bN02; 
xiv) -CH1Xk; wherein X is halogen, the index j 1s an 

integer from 0 to 2, j+k=3; 
xv)-(CR112aR112b)bSR111; 
xvi)-(CR112aR112b)bS02R111; or 
xvii)-(CR112aR112b)bS03R111; 
wherein each R 111 is independently hydrogen, substituted 

25 

30 

ix) substituted or unsubstituted heteroarylene; for example 
units having the formula: 

or unsubstituted C1-C6 linear, C3-C6 branched, or C3-C6 

cyclic alkyl, phenyl, benzyl, heterocyclic, or heteroaryl; or 
two R 111 units can be taken together to form a ring comprising 
3-7atoms;R112a and R 1126 are each independently hydrogen 

The substitutions for hydrogen atoms on D units are inde-
35 pendently chosen from: 

or C 1-C4 linearor C3-C 4 branched alkyl; the index "b" is from 
0 to 4. 

D units are chosen from: 40 

i) substituted or unsubstituted C1 -C20 linear alkylene, 
C3-C20 branchedalkylene, orC3-C20 cyclic alkylene; for 
example, methylene (C1), ethylene (C2), n-propylene 
(C3), n-butylene (C4 ), n-pentylene (C5 ), n-hexylene 
(C6 ), n-heptylene (C2), 3-methylhexylene (C2), n-octy- 45 

lene (C8 ), n-nonylene (C9 ), n-decylene (C10), and the 
like; 

ii) substituted or unsubstituted C2-C20 linear alkenylene, 
C3-C20 branched alkenylene, or C5 -C20 cyclic alk­
enylene; for example, (E)-hept-3-enylene and (Z)-oct- 50 

2-enylene; 
iii) substitutedorunsubstitutedC2-C20 linear alkynylene or 

C3-C20 branched alkynylene; 
iv) substituted or unsubstituted polyoxyalkylene units; 
v) substituted or unsubstituted arylene; for example, 1,3- 55 

phenylene. 1,4-phenylene, 1,5-naphthylene 
vi) substituted or unsubstituted alkylenearylene; for 

example, a (C7 ) unit having the formula: 

i) C1-C12 linear, C3-C12 branched, or C3-C12 cyclic alkyl, 
alkenyl, and alkynyl; 

ii) substituted or unsubstituted C6 or C10 aryl; 
iii) substituted or unsubstituted c6 or clO alkylenearyl; 
iv) substituted or unsubstituted C1-C9 heterocyclic rings; 
v) substituted or unsubstituted C1 -C9 heteroaryl rings; 
vi)-(CR122aR122b)cOR121; 
vii)-(CR122aR122b)cC(O)R121; 
viii)-(CR122aR122)cC(O)OR121; 
ix) -(CR l22aR 122)cC(O)N(R 121 )2; 
x) -(CR l22aR 122b)~(R 121 )2; 

xi) halogen; 
xii)-(CR102aR122b)cCN; 
xiii)-(CR102aR122b)cN02; 

xiv) -CH1Xk; wherein X is halogen, the index j is an 
integer from 0 to 2, j+k=3; 

xv)--CR122aR122b)cSR121; 
xvi)-(CR122aR122b)cS02R121; or 
xvii) -(CR l22aR 122b)cS03R 121; 

wherein each R 121 is independently hydrogen, substituted 
or unsubstituted C1-C6 linear, C3-C6 branched, or C3-C6 

60 
cyclic alkyl, phenyl, benzyl, heterocyclic, or heteroaryl; or 
two R 121 units can betaken together to form a ring comprising 
3-7atoms;R122a and R 1226 are each independently hydrogen 
orC1 -C4 linearorC3-C4 branched alkyl; the index "c" is from 
0 to 4. 

vii) substituted or unsubstituted alkylenearylalkylene; for 
example, a (C8 ) unit having the formula: 

65 Diisocyanates 
One aspect of the disclosed diisocyanates relates to W units 

comprising arylene units, having the formulae: 
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and mixtures thereof; 
wherein the indexj is from 1to10. 

Non-limiting examples include: 

and 

An embodiment of this aspect includes the aryl diisocyan­
ates having the formula: 

10 

18 
embodiment includes meta-tetramethylxylene diisocyanate, 
2,4-diisocyanatotoluene, 2,5-diisocyanatotoluene, 3,5-diiso­
cyanatotoluene, and the like. 

Another aspect of diisocyanates relates to W units that 
comprise arylene and alkylenearylene units, for example, W 
units having the formula: 

15 wherein the index his from 1 to 1 O; and the indices j and k are 
each independently from 1 to 10. The following are non­
limiting examples of this aspect: 

35 A further aspect of the disclosed diisocyanates relates to W 
units comprising C1 -C20 linear alkylene or C3 -C20 branched 
alkylene units, non-limiting examples having the formulae: 

i)--CH2-; (methylene) 

40 ii)--CH2 CH2-; (ethylene) 

iii)-CH2CH2 CH2-; (propylene) 

iv)-CH2CH2 CH2CH2-; (butylylene) 

v)--CH2 CH(CH3)-; and (isopropylene) 
45 

50 

vi)-CH2CH(CH3)CH2-; (2-methylpropylene). 

A yet further aspect of the disclosed diisocyanates relates 
to W units comprising C2 -C20 linear alkenylene units, non­
limiting examples having the formulae: 

i)--CH=CH-; (ethenylene) 

ii)--CH=CHCH2-; and (prop-1-enylene) 

iii) -CH2CH=CHCH2-(but-2-enylene ). 

A still further aspect of the disclosed diisocyanates relates 
wherein B is a 1,2-substituted, 1,3-substituted, or 1,4-substi- 55 to W units comprising C3 -C20 cyclic alkenylene units, having 
tuted aryl unit, for example, 1,4-substituted compounds hav- the formulae: 
ing the formula: 

wherein each Rd is independently hydrogen or methyl, Re 
represents from 1 to 4 substitutions for hydrogen as defined 
herein. Non-limiting examples of diisocyanates of this 

60 

wherein A is a cycloalkyl ring having from 3 to 7 carbon 
65 atoms; the index his from 1 to 1 O; and the indices j and k are 

each independently from 1to10. A first embodiment of this 
aspect relates to W units having the formula: 
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I [Ot I 
wherein A is a C3 -C6 cycloalkylene and the indexj is 1or2. 
Non-limiting examples of this embodiment have the formula: 

and 

Another embodiment relates to W units having the for­
mula: 

wherein A is a cyclohexyl ring. Non-limiting example have 
the formula: 

A further embodiment of this aspect relates to W units 
having the formula: 

10 

15 

20 

I [OJ, I 
wherein A is a C3 -C6 substituted cycloalkylene and the index 
j is 1 or 2. Non-limiting examples of this embodiment 
includes isophorone diisocyanate having the formula: 

20 Dials 
One aspect of the disclosed dials relates to D units com­

prising C1 -C20 linear alkylene units, non-limiting examples 
having the formulae: 

i)--CH2-; (methylene) 

25 ii)--CH2 CH2-; (ethylene) 
iii)-CH2CH2 CH2-; (propylene) 
iv)-CH2CH2 CH2CH2-; (butylylene) 
v)--CH2 CH(CH3)-; and (isopropylene) 
vi)-CH2CH(CH3)CH2-; (2-methylpropylene). 

30 Another aspect of the disclosed dials relates to D units 
comprising polyoxyethylene units having the formula: 

35 

40 

45 

-(CH2CH20),CH2CH2-

wherein the index s is from 1 to 200. 
A further aspect of the disclosed dials relates to D units 

comprising polyoxypropylene units having the formula: 

-(CH2CH2CH20),CH2CH2CH2- or -(CH2CH 
(CH3)0),CH2CH(CH3)-

wherein the index s is from 1 to 200. 
A yet further aspect of the disclosed dials relates to D units 

comprising a mixture of polyoxyethylene and polyoxypropy­
lene units having the formula: 

-(CH2CH20)p(CH2CH2CH20)q(CH2CH20) 
rCH2CH2-

wherein the indices p, q and rare each independently from 1 
to 100. 

A still further aspect of the disclosed diisocyanates relates 
to D units comprising C2 -C20 linear alkenylene units, non-

50 limiting examples having the formulae: 
i)--CH=CH-; (ethenylene) 
ii)--CH=CHCH2-; and (prop-1-enylene) 
iii) -CH2CH=CHCH2-(but-2-enylene ). 
A still further aspect of the disclosed dials relates to D units 

55 comprising C3 -C20 cyclic alkenylene units, having the formu­
lae: 

wherein A is a cycloalkyl ring having from 3 to 7 carbon 
65 atoms; the index his from 1 to 1 O; and the indices j and k are 

each independently from 1to10. A first embodiment of this 
aspect relates to D units having the formula: 
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wherein A is a C3 -C6 cycloalkylene and the indexj is 1or2. 
Non-limiting examples of this embodiment have the formula: 

and 

Another embodiment relates to D units having the formula: 

wherein A is a cyclohexyl ring. Non-limiting example have 
the formula: 

22 
plastic polymers according to this aspect includes homopoly­
mers oflactic acid (polylactide, PLA) including all racemic 
and stereo specific forms oflactide, including, but not limited 
to, L-lactide, D-lactide, and D,L-lactide, or a mixture thereof, 

5 glycolic (polyglycolide, PGA), adipic acid and caprolactone 
(polycaprolactone, PCL). In addition, copolymers compris­
ing esters, for example, poly(L-lactide ), poly(D-lactide ), and 
poly(DL-lactide ); and poly(lactide-co-glycolide ), including 
poly(L-lactide-co-glycolide ), poly(D-lactide-co-glycolide ), 

10 and poly(DL-lactide-co-glycolide ); or copolymers, terpoly­
mers, combinations, or blends thereof. 

In one embodiment, the polymer is poly(lactide-co-gly­
colide ), poly(lactide ), or poly(glycolide) wherein the amount 
oflactide and glycolide in the polymer can vary. For example, 

15 the polymer can contain 0 to 100 mole%, 40 to 100 mole%, 
50 to 100 mole%, 60 to 100 mole%, 70 to 100 mole%, or 80 
to 100 mole% lactide and from 0 to 100 mole%, 0 to 60 mole 
%, 10 to 40 mole%, 20 to 40 mole%, or 30 to 40 mole% 
glycolide, wherein the amount oflactide and glycolide is 100 

20 mole%. Non-limiting examples include poly(lactide), 95:5 
poly(lactide-co-glycolide) 85: 15 poly(lactide-co-glycolide ), 
75:25 poly(lactide-co-glycolide), 65:35 poly(lactide-co-gly­
colide ), or 50:50 poly(lactide-co-glycolide ), where the ratios 
are mole ratios. 

25 In another embodiment, the polymer can be a poly( capro-
lactone) or a poly(lactide-co-caprolactone ). In one iteration, 
the polymer can be a poly(lactide-caprolactone ), for example, 
95: 5 poly(lactide-co-caprolactone ), 85: 15 poly(lactide-co­
caprolactone ), 75:25 poly(lactide-co-caprolactone ), 65:35 

30 poly(lactide-co-caprolactone ), 50:50 poly(lactide-co-capro­
lactone ), 40:60 poly(lactide-co-caprolactone), 25:75 poly 
(lactide-co-caprolactone ), 10:90 poly(lactide-co-caprolac­
tone ), or 5: 95 poly(lactide-co-caprolactone ), where the ratios 
are mole ratios. 

35 Further non-limiting examples of polymers that can com-
prise the disclosed polymer backbones include a poly( orthoe­
ster), a poly(phosphazene), a poly(hydroxybutyrate) or a 
copolymer containing a poly(hydroxybutyrate ), a poly(lac­
tide-co-caprolactone ), a polycarbonate, a polyesteramide, a 

40 polyanhydride, a poly( dioxanone ), a poly( alkylene alkylate ), 
a copolymer of polyethylene glycol and a polyorthoester, a 
biodegradable polyurethane, a poly(amino acid), a polya­
mide, a polyesteramide, a polyetherester, a polyacetal, a poly­
cyanoacrylate, a poly( oxyethylene )/poly( oxypropylene) 

45 copolymer, polyacetals, polyketals, polyphosphoesters, poly­
hydroxyvalerates or a copolymer containing a polyhydroxy­
valerate, polyalkylene oxalates, polyalkylene succinates, 
poly(maleic acid), and copolymers, terpolymers, combina­
tions, or blends thereof. 

50 Crosslinkers 

55 

The disclosed shape memory polymers comprise at least 
one crosslinking agent. In general, the crosslinking agents 
have the formula: 

X[OC(O)R3 Jn or X[NHC(O)R3Jn 

wherein Xis a unit having from 1 to 5000 carbon atoms, R3 is 
unit having from 1 to 20 carbon atoms, and n is an integer 
from 2 to 6. 

One category of crosslinkers relates to crosslinking agents 
60 having the formula: 

A further aspect of the disclosed polymers relates to ther- 65 

moplastic polymers having backbones that comprise one or 
more ester forming monomers. Examples of suitable thermo-
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wherein Y is a linking unit having the formula: 
-[Q]y[[C(R4aR4b)lx[Ql]y1Jm[C(R5aR5b)lw[Q2]y2-

each of Q, Q1 and Q2 are independently: 
i) ---C(O)-; 
ii)-NH-; 
iii) ---C(O)NH-; 
iv) -NHC(O)-; 
v) -NHC(O)NH-; 
vi) -NHC(O)O-; 
vii) ---C(O)O-; 
viii) -C(O)NHC(O)-; 
ix)-0-; 
x)-S-; 
xi)-S02-; 

xii) ---C( NH)-; 
xiii) -C( NH)NH-; 
xiv) -NHC( NH)-; or 
xv) -NHC( NH)NH-; 
R4

a, R46
, R5

a and R56 are each independently: 
i) hydrogen; 
ii) hydroxy; 
iii) halogen; or 

10 

15 

20 

iv) substituted or unsubstituted C1 -C6 linear or C3 -C6 

branched alkyl; or the indices wand x are each indepen-
25 

dently from 0 to 500; the indices y, y1 and y2 are each 
independently 0 or I; and the index mis from 0 to 500. 

In some embodiment of this aspect, the index m is the 
summation of the values of sub-indices, for example, m is 
equal to m1 +m2 +m3

. 

One aspect of this category relates to crosslinkers having 
two reactive moieties, i.e., two acrylate residues that can be 
used to incorporate the crosslinkers into the polymer back­
bones thereby crosslinking two linear backbone chains to 
form a network, said crosslinkers having the formula: 

wherein the index mis from I to 150. 

30 

35 

40 

A non-limiting example of this aspect includes ethane-I, 45 
2-diyl diacrylate having the formula: 

50 

24 

0 

ryo'l/'o~ 
0 

0 

ryo'l/'o~ 
0 

0 

ryo'l/'o~ 
0 

0 

ryo'l/'o~ 
0 

0 

ryo'l/'o~ and 

0 
0 

ryo'l/'o~· 
0 

Another aspect of this category relates to crosslinking 
agents having the formula: 

One embodiment of this aspect relates to crosslinking agents 
wherein each R46 is hydrogen, the index xis from 3 to I 0, and 
the index m is equal to 1. Non-limiting examples of this 
embodiment include: 
i) propane-1,3-diyl diacrylate 

wherein the index mis equal to I. Another example includes 55 and 
to diacrylate that can be formed from PEG 258 and two ii) butane-1,4-diyl diacrylate 
equivalents of acrylic acid having the formula: 

60 

65 Other non-limiting examples include pentane-1,5-diyl dia-
Further non-limiting examples of this aspect of crosslinkers cry late, hexane- I, 6-diy 1 diacrylate, heptane- I, 7-diy1 diacry-
includes: late, and octane-1,8-diyl diacrylate. In another iteration of 
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this embodiment, the index m can be from 2 to 50. As such, for 
this embodiment m can be from 1 to 50. 

Another embodiment ofthis aspect relates to crosslinking 
agents having the formula: 

10 

wherein each R46 is C1 -C10 alkyl, the index xis from 2 to 10, 
and the index mis equal to 1. Non-limiting examples of this 

15 
embodiment include: 
i) propane-1,2-diyl diacrylate 

20 

26 
A further aspect of this category relates to crosslinkers 

having the formula: 

wherein the index m is from 1 to 150. 

A non-limiting example of this aspect includes N,N'­
( ethane-1,2-diyl)-diacrylamide having the formula: 

ii) butane-1,2-diyl diacrylate 

wherein the index m is equal to 1. Another example includes 
diacrylamides that can be formed from polyethyleneimines 

25 and two equivalents of acrylic acid having the formula: 

30 

and 
35 Further non-limiting examples of this aspect of crosslinkers 

includes: 

iii) butane-1,3-diyl diacrylate 

40 

Other non-limiting examples include pentane-1,2-diyl dia- 45 

crylate, hexane-1,6-diyl diacrylate, hexane-1,2-diyl diacry­
late, heptane-1,2-diyl diacrylate, and octane-1,2-diyl diacry­
late. 

Another aspect of this category of crosslinking agents 
comprises agents having the formula: 50 

"ff0'{/'o~0~o~ 55 

0 

wherein m 1 +m2 +m3=m and mis from 10 to 500. Linking 
groups of this aspect can be conveniently prepared from 60 

poloxamers and two equivalents of acrylic acid or an acrylic 
acid equivalent, for example acryloyl chloride. For example, 
Poloxamer 124 provides m 1 +m3 =12 and m2 =20; Poloxamer 
188 provides m 1 +m3 =80 and m2 =27; Poloxamer 237 pro­
vides m 1 +m3=64 and m2 =37; Poloxamer 338 provides 65 

m 1 +m3 =141 and m2=44; and Poloxamer 407 provides 
m 1 +m3 =101 andm2 =56. 

H 

~Nr~~; 
0 

0 

~~r~~ 
0 

0 

~~r~~ 
0 

0 

~~r~~ 
0 

0 

~~r~~ and 

0 
0 

~~r~~ 
0 
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A further embodiment of this aspect relates to crosslinking 
agents having the formula: 

wherein each R46 is hydrogen, the index xis from 3 to 10, and 
the index m is equal to 1. Non-limiting examples of this 
iteration include: 

i) N,N'-(propane-1,3-diyl)diacrylamide 

and 

iii) N,N'-(butane-1,4-diyl)diacrylamide 

28 
and 
ii) N,N'-(butane-1,2-diy 1 )diacrylamide 

10 

Other non-limiting examples include N,N'-(pentane-1,2-
diyl)diacrylamide, N,N'-(pentane-1,3-diyl)diacrylamide, 
N,N'-(hexane-1,2-diyl)diacrylamide, N,N'-(heptane-1,2-

15 diyl)diacrylamide, and N,N'-( octane-1,2-diyl)diacrylamide. 

20 

25 

30 

Another category of crosslinkers relates to crosslinking 
agents having the formula: 

X[OC(O)R3 Jn or X[NHC(O)R3Jn 

wherein X is a unit having the formula: 

and the index n is 2, 3, or 4; 

35 
Other non-limiting examples include N,N'-(pentane-1,5-

Q, Q2 and Q3 are each independently: 
i)--C(O)-; 
ii)-NH-; 

diyl)diacrylamide, N,N'-(hexane-1,2-diyl)diacrylamide, 
N,N'-(hexane-1,6-diyl)diacrylamide, N,N'-(heptane-1, 7-
diyl)diacryl-amide, and N,N'-( octane-1,8-diyl)diacrylamide. 

iii) -C(O)NH-; 
iv)-NHC(O)-; 
v) -NHC(O)NH-; 

In another iteration of this embodiment, the index m can be 40 
from 2 to 50. As such, for this embodiment m can be from 1 

vi) -NHC(O)O-; 
vii) --C(O)O-; 

to 50. 

A still yet further aspect of this category relates to 
crosslinking agents having the formula: 

wherein each R46 is C1 -C10 alkyl, the index xis from 2 to 10, 
and the index m is equal to 1. 

Non-limiting examples of this aspect include: 

i) N,N'-(propane-1,2-diyl)diacrylamide 

45 

50 

viii) -C(O)NHC(O)-; 
ix)-0-; 
x)-S-; 
xi)-S02-; 

xii) --C( NH)-; 
xiii) -C( NH)NH-; 
xiv) -NHC( NH)-; or 
xv) -NHC(=NH)NH-; 
R4

a, R46
, R5

a, R56
, R6

a and R66 are each independently: 
i) hydrogen; 
ii) hydroxy; 
iii) halogen; or 
iv) substituted or unsubstituted C1 -C6 linear or C3 -C6 

55 branched alkyl; the indices w, x and z are each independently 
from 0 to 500; the index m in each occurrence is indepen­
dently 0 or 500; the indices y, y2 and y3 are each indepen­
dently 0 or 1; 
R9 is hydrogen or C1 -C20 linear alkyl, C3 -C20 branched alkyl 

60 or C3 -C20 cyclic alkyl; or a unit having the formula: 

65 
-[[Q4]y4[C(R7aR7b)J,]m---{:H=CH2; 

R7
a and R76 are each independently hydrogen or C1 -C20 lin­

ear alkyl; the index tis from 0 to 500. 
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One aspect of this category of linking agents relates to 
agents having the formula: 

X[OC(O)R3
]"' 

wherein X has the formula: 

10 

30 
-continued 

Another aspect of this category oflinking agents relates to 
agents having the formula: 

wherein the indices w, x and z are each independently from 1 15 

to 10. Non-limiting examples of this embodiment include 
crosslinkers having the formula: 

X[NHC(O)R3 Jn 

wherein X has the formula: 

0 

~o 
"'J(o~o"('• 

0 0 

0 

~o 
"'J(o~o"('• 

0 0 

0 

~o o 

"'1(0~oN· 
0 

20 

25 wherein the indices w, x and z are each independently from 1 
to 10. Non-limiting examples of this embodiment include 
crosslinkers having the formula: 
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10 

15 

A further aspect of this category of crosslinkers relates to 20 
compounds wherein X has the formula: 

25 

wherein the indices t, w, x and z are each independently from 
30 

1 to 10. Non-limiting examples of this embodiment include 
crosslinkers having the formula: 

and 

~o 
0 

0 

o~ 
A still further aspect of this category of crosslinkers relates 

to compounds wherein X has the formula: 

-[CH2JxCH[CH2]w­

I 
[CH2]z-CH=CH2 

35 

40 

45 

50 

60 

wherein the indices w, x and z are each independently from 1 65 

to 10. Non-limiting examples of this embodiment include 
crosslinkers having the formula: 

32 

~o 
0 

and 

~o 
0 

A yet further aspect of this category of crosslinkers relates 
to compounds wherein X has the formula: 
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wherein the indices t, w, x and z are each independently from 
1 to 10. Non-limiting examples of this embodiment include 
crosslinkers having the formula: 

~o 
0 

~o 
0 0 

o~ 
~o 

0 

~o 
0 0 

o~ 
~o 

0 

~o 
0 

~o 
0 

~o 
0 

and 

In addition to the crosslinkers specifically recited herein 
above, other compounds that are capable of crosslinking the 
disclosed backbones to provide a shape memory polymer as 
described herein are included. For example, tris ally! isocya­
nurate (1,3,5-triallyl-1,3,5-triazinane-2,4,6-trione, TAIC). 

The disclosed polymers can comprise from about 1 % to 
about 50% by weight of a crosslinker. In one embodiment, the 
disclosed polymers comprise from about 1 % to about 35% by 
weight of a crosslinker. In another embodiment, the disclosed 
polymers comprise from about 5% to about 25% by weight of 

10 

34 

p 

wherein Ra and R6 are chosen from the values ofR disclosed 
herein above, the indices p and q when representing the mole 
fraction of each monomer comprising the copolymer, have 
the value p+q=l. The indices p and q when representing the 
weight % of each monomer comprising the copolymer, have 

15 the value p+q=lOO. For example, a copolymer comprising 
65% by weight of ethyl acrylate (EA) having the formula: 

20 

and 

~OC2Hs; 

0 

25 
35% by weight of cyclopentyl acrylate (CpA) having the 
formula: 

30 

can be represented by the formula poly[(EA)65 (CpA)35] or 

35 
poly(EA-co-CpA)(65:35). 

Process 

The disclosed process relates to the preparation of shape 

40 memory polymers comprising thermoset polymers. One 
aspect of the disclosed process relates to curing a pre-ther­
mo set admixture that has been optionally formed or pro­
cessed into a configuration or shape, the admixture compris­
ing: 

45 a) from about 50% to about 99.9% by weight of one or 
more thermoplastic polymers; and 

b) from about 0.1 % to about 50% by weight ofone or more 
crosslinkers; 

wherein the resulting shape memory polymer has a glass 
50 transition temperature, T g' of from about -40° C. to about 

200° C., a rubbery modulus, E" of from about 0.01 MPa to 
about 100 MPa, and a gel fraction greater than 0. 

Another aspect of the disclosed process relates to curing a 
pre-thermoset admixture that has been optionally formed or 

55 processed into a configuration or shape, the admixture com­
prising: 

a crosslinker. The polymers can comprise any percentage by 
weight of a crosslinker from about 1 % to about 50% by 
weight, for example, 1 %, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 60 

10%, 11 %, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 
20%, 21 %, 22%, 23%, 24%, 25%, 26%, 27%, 28%, 29%, 
30%, 31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%, 
40%, 41%,42%, 43%, 44%, 45%, 46%, 47%, 48%, 49%, and 
50% by weight of a crosslinker. 65 

a) from about 50% to about 99.9% by weight of a poly 
(methyl acrylate) thermoplastic polymer; and 

b) from about 0.1 % to about 50% by weight ofone or more 
crosslinkers; 

wherein the resulting shape memory polymer has a glass 
transition temperature, T g' of from about -40° C. to about 
200° C., a rubbery modulus, Er, of from about 0.01 MPa to 
about 100 MPa, and a gel fraction greater than 0. 

One embodiment relates to pre-thermoset admixtures com­
prising from about 55% to about 99.9% by weight of one or 
more thermoplastic polymers. Another embodiment relates to 

One embodiment of the disclosed polymers relates to 
copolymer backbones having the formula: 
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pre-thermoset admixtures comprising from about 60% to 
about 99.9% by weight of one or more thermoplastic poly­
mers. 

A further embodiment relates to pre-thermo set admixtures 
comprising from about 70% to about 99 .9% by weight of one 5 

or more thermoplastic polymers. A still further embodiment 
relates to pre-thermoset admixtures comprising from about 
80% to about 99 .9% by weight of one or more thermoplastic 
polymers. A yet another embodiment relates to pre-thermo set 
admixtures comprising from about 90% to about 99.9% by 10 

weight of one or more thermoplastic polymers. A yet further 
embodiment relates to pre-thermoset admixtures comprising 
from about 95% to about 99.9% by weight of one or more 
thermoplastic polymers. A still yet further embodiment 
relates to pre-thermoset admixtures comprising from about 15 

90% to about 95% by weight of one or more thermoplastic 
polymers. A yet still another embodiment relates to pre-ther­
mo set admixtures comprising from about 95% to about 99% 
by weight of one or more thermoplastic polymers. A still yet 
another embodiment relates to pre-thermoset admixtures 20 

comprising from about 85% to about 90% by weight of one or 
more thermoplastic polymers. 

As it relates to the processes disclosed herein, the pre­
thermoset admixtures can be cured by any method, such as 
but not limited to electron beam, ganmia, or thermal, such that 25 

the resulting polymer has a gel fraction greater than 0. In one 
embodiment, pre-thermoset admixtures can be cured by irra­
diating with any dose of electron beam radiation from about 
5 kiloGray (kGy) to about 300 kGy. As used herein the term 
kiloGray is the unit corresponding to the absorbed dose of 30 

radiation. The admixture can, however, be exposed to any 
dose of radiation chosen by the formulator in order to achieve 
the desired shape memory polymer properties, for example, 5 
kGy, 6 kGy, 7 kGy, 8 kGy, 9 kGy, 10 kGy, 11 kGy, 12 kGy, 13 
kGy, 14 kGy, 15 kGy, 16 kGy, 17 kGy, 18 kGy, 19 kGy, 20 35 

kGy, 21 kGy, 22 kGy, 23 kGy, 24 kGy, 25 kGy, 26 kGy, 27 
kGy, 28 kGy, 29 kGy, 30 kGy, 31 kGy, 32 kGy, 33 kGy, 34 
kGy, 35 kGy, 36 kGy, 37 kGy, 38 kGy, 39 kGy, 40 kGy, 41 
kGy, 42 kGy, 43 kGy, 44 kGy, 45 kGy, 46 kGy, 47 kGy, 48 
kGy, 49 kGy, 50 kGy, 51 kGy, 52 kGy, 53 kGy, 54 kGy, 55 40 

kGy, 56 kGy, 57 kGy, 58 kGy, 59 kGy, 60 kGy, 61 kGy, 62 
kGy, 63 kGy, 64 kGy, 65 kGy, 66 kGy, 67 kGy, 68 kGy, 69 
kGy, 70 kGy, 71 kGy, 72 kGy, 73 kGy, 74 kGy, 75 kGy, 76 
kGy, 77 kGy, 78 kGy, 79 kGy, 80 kGy, 81 kGy, 82 kGy, 83 
kGy, 84 kGy, 85 kGy, 86 kGy, 87 kGy, 88 kGy, 89 kGy, 90 45 

kGy, 91 kGy, 92 kGy, 93 kGy, 94 kGy, 95 kGy, 96 kGy, 97 
kGy, 98 kGy, 99 kGy, 100 kGy, 101 kGy, 102 kGy, 103 kGy, 
104 kGy, 105 kGy, 106 kGy, 107 kGy, 108 kGy, 109 kGy, 110 
kGy, 111 kGy, 112 kGy, 113 kGy, 114 kGy, 115 kGy, 116 
kGy, 117 kGy, 118 kGy, 119 kGy, 120 kGy, 121kGy,122 50 

kGy, 123 kGy, 124 kGy, 125 kGy, 126 kGy, 127 kGy, 128 
kGy, 129 kGy, 130 kGy, 131 kGy, 132 kGy, 133 kGy, 134 
kGy, 135 kGy, 136 kGy, 137 kGy, 138 kGy, 139 kGy, 140 
kGy, 141 kGy, 142 kGy, 143 kGy, 144 kGy, 145 kGy, 146 
kGy, 147 kGy, 148 kGy, 149 kGy, 150 kGy, 151 kGy, 152 55 

kGy, 153 kGy, 154 kGy, 155 kGy, 156 kGy, 157 kGy, 158 
kGy, 159 kGy, 160 kGy, 161 kGy, 162 kGy, 163 kGy, 164 
kGy, 165 kGy, 166 kGy, 167 kGy, 168 kGy, 169 kGy, 170 
kGy, 171 kGy, 172 kGy, 173 kGy, 174 kGy, 175 kGy, 176 
kGy, 177 kGy, 178 kGy, 179 kGy, 180 kGy, 181 kGy, 182 60 

kGy, 183 kGy, 184 kGy, 185 kGy, 186 kGy, 187 kGy, 188 
kGy, 189 kGy, 190 kGy, 191 kGy, 192 kGy, 193 kGy, 194 
kGy, 195kGy, 196kGy, 197kGy, 198kGy, 199kGy,and200 

36 
est sense, the pre-thermoset admixture is a homogeneous 
admixture of an essentially non-scissionable thermoplastic 
polymer and at least one compound capable of forming 
crosslinks between the thermoplastic polymer chains such 
that after curing a thermoset polymer results. 

A "non-scissionable thermoplastic polymer" is defined 
herein as a substantially thermoplastic polymer wherein at 
least about 50% of the polymer chains are not broken or 
fractured during curing. In one aspect of the disclosed process 
at least about 75% of the polymer chains are not broken or 
fractured during curing. In another aspect of the disclosed 
process at least about 85% of the polymer chains are not 
broken or fractured during curing. In a further aspect of the 
disclosed process at least about 90% of the polymer chains are 
not broken or fractured during curing. In a still further aspect 
of the disclosed process at least about 95% of the polymer 
chains are not broken or fractured during curing. 

The essentially non-scissionable thermoplastic polymer or 
combination of one or more essentially non-scissionable ther­
moplastic polymers can comprise a monomer or combination 
of monomers that provide a final thermoset shape memory 
polymer as defined and described herein. Non-limiting 
examples of monomers that can be used to form the essen­
tially non-scissionable thermoplastic polymers are described 
herein below. The thermoplastic polymers can be homopoly­
mers, i.e., comprising a single monomer or copolymers of two 
or more monomers. 

Mixing is an essential operation for obtaining a homoge­
neous pre-thermoset admixture. In order to convert the ther­
moplastic polymer and two or more crosslinkers into a pre­
thermoset admixture suitable for radiation curing, these 
ingredients must be properly combined at some point in a 
manufacturing process. A large mixing tank can be conve­
niently used to combine the substances. In order to assure 
proper mixing without over-mixing, the density and viscosity 
of the admixture can be measured and analyzed throughout 
the process. The density of the final mixture can be calculated 
by the formulator ahead of time by conducting "pilot runs" 
and the density is related directly to the mixture's viscosity. 
By measuring the torque of a mixing device's shaft, the vis­
cosity of the mixture can be determined. As the components 
of the admixture combine over time, the torque of the mixer 
shaft gradually changes. Using this simple measurement of 
the torque, the formulator can determine when an admixture 
is ready for the next stage of the manufacturing process, 
whether and optional step, i.e., shaping, molding, and the like, 
or final radiation curing. 

The disclosed pre-thermoset admixtures are essentially 
homogeneous admixtures in that the one or more crosslinkers 
are evenly dispersed within the thermoplastic polymer. In a 
first embodiment, the pre-thermoset admixture can be pre-
pared by adding the two ingredients in any order, for example, 
the two or more crosslinkers can be added to the thermoplas­
tic polymer or the polymer can be added to the two or more 
crosslinkers. Alternatively, the polymer and crosslinkers can 
be added together all at once. Once combined, the compo-
nents are stirred by a conventional mixer fitted with a means 
for measuring the torque of the mixer. In one iteration of the 
this embodiment the mixing is continued until a point 
wherein the change in the torque as measured by a device is 
less than about 10% change per minute. In another iteration of 
this embodiment the mixing is continued until a point 
wherein the change in the torque as measured is less than 
about 5% change in torque per minute. In further iteration of kGy, or any fractional part thereof. 

Pre-Thermo set Admixture 
The disclosed process relates to curing a pre-thermoset 

admixture until the gel fraction is greaterthan 0. In the broad-

65 this embodiment the mixing is continued until a point 
wherein the change in the torque as measured is less than 
about 1 % change in torque per minute. In a still further 
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iteration of this embodiment the mixing is continued until a 
point wherein the torque as measured is constant for at least 
one minute. 

A further method for measuring the efficiency of mixing or 
the homogeneity is a colorimetric method. One common 
method is dye decolorization. The entire contents of the mix­
ing vessel are colored using one chemical, and then a second 
chemical is added that removes the color. A poorly mixed 
region stands out as a pocket of color after the rest of the 
vessel has cleared. This technique is well known in the art. 10 

As it relates to the disclosed polymers, the greater the 
homogeneity, i.e., the more thoroughly and evenly the one or 
more crosslinking agents are dispersed in the thermoplastic 
polymer, the greater the precision that is available to the 
formulator for controlling the properties of the final thermo- 15 

set shape memory polymer. As described herein above, the 
degree of homogeneity can be determined by measuring the 
torque of a mixing device. For example, strain gauges that are 
mounted on a mixer shaft is one method for measuring torque. 
In addition, there are a number of commercially available 20 

torque measuring devices. 
Another aspect of the disclosed processes relates to curing 

a pre-thermoset admixture that has been formed or processed 
into a configuration, the admixture comprising: 

a) from about 50% to about 99.89% by weight of a ther- 25 

moplastic polymer; 
b) fromabout0.1 %to about 50% byweightofoneormore 

crosslinkers; and 
c) from about 0.01 % to about 5% by weight of one or more 

initiators. 30 

wherein the resulting shape memory polymer has a glass 
transition temperature, T g' of from about -40° C. to about 
200° C., a rubbery modulus, Er, of from about 0.01 MPa to 
about 100 MPa, and a gel fraction greater than 0. 

In a similar manner, about 0.01 % to about 5% by weight of 35 

one or more initiators may be added to any of the other 
aforementioned embodiments to enhance the process. 

The initiators can be any chosen by the formulator that 
results in the formation of a thermoset shape memory poly­
mer as disclosed herein. In one aspect, the initiator can be a 40 

photoinitiator. One type of photoinitiator undergoes a unimo­
lecular bond cleavage upon irradiation with ultraviolet light 
to yield free radicals. Another type of photoinitiator under­
goes a bimolecular reaction wherein the excited state of the 
photoinitiator interacts with a second molecule (a co-initia- 45 

tor) to generate free radicals. 
Non-limiting examples ofinitiators include acetophenone; 

anisoin; anthraquinone; anthraquinone-2-sulfonic acid, 
sodium salt monohydrate; (benzene) tricarbonylchromium; 
benzil; benzoin; benzoin ethyl ether; benzoin isobutyl ether; 50 

benzoinmethyl ether; benzophenone; 3,3',4,4'-benzophenon­
etetracarboxylic dianhydride; 4-benzoylbiphenyl; 2-benzyl-
2-( dimethylamino )-4'-morpholinobutyrophenone; 4,4'-bis 
( diethylamino )-benzophenone; 4,4'-bis( dimethylamino) 
benzophenone; camphorquinone; 2-chlorothioxanthen-9- 55 

one; ( cumene )cyclopentadieny liron(II) 
hexafluorophosphate; dibenzosuberenone; 2,2-diethoxyac­
etophenone; 4,4'-dihydroxybenzophenone; 2,2-dimethoxy-
2-phenylacetophenone; 4-( dimethylamino )benzophenone; 
4,4'-dimethylbenzil; 2,5-dimethylbenzophenone; 3,4-dim- 60 

ethylbenzophenone; diphenyl(2,4,6-trimethyl-benzoyl) 
phosphine oxide; 4'-ethoxyacetophenone; 2-ethylan­
thraquinone; ferrocene; 3'-hydroxyacetophenone; 
4'-hydroxyacetophenone; 3-hydroxybenzophenone; 4-hy­
droxy-benzophenone; 1-hydroxycyclohexyl phenyl ketone; 65 

2-hydroxy-2-methylpropiophenone; 2-methylbenzophe­
none; 3-methylbenzophenone; methybenzoylformate; 2-me-

38 
thy 1-4 '-( methy lthio )-2-morpholinopropiophenone; phenan­
threnequinone; 4'-phenoxyacetophenone; and thioxanthen-
9-one. In one embodiment of this aspect, the initiator is 2,2-
dimethoxy-2-pheny lacetophenone (D MPA). 

A further aspect of the disclosed process relates to a pro­
cess for preparing a shape memory polymer, comprising: 

a) combining methyl acrylate monomers and optionally 
combining an initiator to form an admixture and poly­
merizing the admixture to form a thermoplastic poly­
mer; 

b) combining the thermoplastic polymer formed in step (a) 
with one or more crosslinkers and mixing to form a 
pre-thermoset admixture; 

c) optionally processing the admixture into a shape or 
form; and 

d) curing the admixture; 
wherein the shape memory polymer has a glass transition 
temperature, T g' of from about -40° C. to about 200° C., a 
rubbery modulus, E" of from about 0.01 MPa to about 100 
MPa, and a gel fraction greater than 0. 

A still further aspect of the disclosed process relates to a 
process for preparing a shape memory polymer, comprising: 

a) combining two or more monomers and optionally com­
bining an initiator to form an admixture and polymeriz­
ing the admixture to form one or more thermoplastic 
polymers; 

b) combining the thermoplastic polymers formed in step 
(a) with one or more crosslinkers and mixing to form a 
pre-thermoset admixture; 

c) optionally processing the admixture into a shape or 
form; and 

d) curing the admixture; 
wherein the shape memory polymer has a glass transition 
temperature, T g' of from about -40° C. to about 200° C., a 
rubbery modulus, E" of from about 0.01 MPa to about 100 
MPa, and a gel fraction greater than 0. 

Step (a) of this aspect relates to combining two or more 
monomers as disclosed herein to form an admixture and 
curing the admixture to form one or more thermoplastic poly­
mers. The thus formed thermoplastic polymers will constitute 
the backbones of the thermoplastic shape memory polymer. 

Step (a) can further comprise combining with the two or 
more monomers an initiator. The initiator can be any that is 
chosen by the formulator, for example, a free radical initiator. 
In one iteration, step (a) comprises adding a photoinitiator, for 
example, 2,2-dimethoxy-2-phenylacetophenone. The photo­
initiator, however, can be any photoinitiator chosen by the 
formulator that is compatible with the disclosed process. A 
non-limiting example of a suitable initiator is 2,2-dimethoxy-
2-phenylacetophenone that affords means for curing the 
admixture of step (a) using ultraviolet radiation at about 365 
nm. In one embodiment, the curing can be accomplished 
using microwave radiation. In another embodiment, the cur­
ing can be accomplished by a radiation process, for example, 
utilizing short wavelength ultraviolet light (UV) or high 
energy electrons from electron beams (EB). Any method of 
curing can be combined with an optionally present initiator. 

The formulator, however, can use any initiator that is com­
patible with the disclosed process, for example, azobisisobu­
tyronitrile (AIBN). 

In one embodiment of this aspect, step (a) comprises 
admixing together with an optionally present initiator: 

i) from about 0% to about 99.9% by weight of an acrylate 
monomer wherein R is C1 -C2 alkyl; 

ii) from about 0% to about 99.9% by weight of an acrylate 
monomer wherein R is a C3 -C8 linear alkyl; and 
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iii) from about 0% to about 99.9% by weight ofan acrylate 
monomer wherein R is a C5 -C20 bicyclic alkyl. 

A non-limiting iteration of this embodiment relates to 
admixing together the following to form an admixture: 

i) from about 0% to about 99.9% by weight of butyl acry­
late; 

ii) from about 0% to about 99.9% by weight of methyl 
acrylate; and 

40 
nitromethane, dimethylsulfoxide, dimethylformamide, 
diethylformamide, dimethylacetamide, diethylacetamide, 
glyme, diglyme, and the like. When step (a) is conducted 
under cryogenic or critical phase conditions, solvents such as 
carbon dioxide can be used as a solvent and carried forward in 
the process, especially in the instances wherein optional step 
(c) produces a foam or a gas is used in the processing of the 
pre-thermoset admixture. 

Step (b) relates to combining the thermoplastic polymer iii) from about 0% to about 99.9% by weight of isobomyl 
acrylate. 

A further embodiment of this aspect relates to admixing 
together with an optionally present initiator: 

i) from about 0% to about 99.9% by weight of an acrylate 
monomer wherein R is C1 -C2 alkyl; and 

10 formed in step (a) with one or more of the disclosed crosslink­
ers and mixing to form a pre-thermoset admixture. The pre­
thermoset admixture is prepared as described herein above. In 
one embodiment, the one or more thermoplastic polymers 
and the one or more crosslinkers are combined in a melt that 

ii) from about 0% to about 99.9% by weight of an acrylate 15 

monomer wherein R is a C3 -C8 linear alkyl. 
Another embodiment of this aspect relates to admixing 

together with an optionally present initiator: 

is mixed. For the purposes of the present disclosure the terms 
"mix" or "mixing" refer to combining the one or more ther­
moplastic polymers and the one or more crosslinkers in any 
manner chosen by the formulator to achieve homogeneity. As 
disclosed herein above, the formulator can use any means for i) from about 0% to about 99.9% by weight of an acrylate 

monomer wherein R is C1 -C2 alkyl; and 
ii) from about 0% to about 99.9% by weight of an acrylate 

monomer wherein R is a C5 -C20 bicyclic alkyl. 

20 mixing, i.e., propeller blades, screws, and the like. In addi­
tion, heating the ingredients either as a melt or as a solution 
can also be used to achieve adequate mixing. The formulator, 
however, can combine the ingredients in step (b) in any man-By adjusting the duration of thermoplastic polymerization, 

the copolymer backbone formed in step (a) can have any 
molecular weight desired by the formulator. In one embodi- 25 

ment, the copolymer backbone has an average molecular 
weight greater than about 20,000 Daltons. In one embodi­
ment, the average molecular weight of the disclosed shape 
memory polymers is from about 40,000 Daltons to about 
65,000 Dal tons. In another embodiment, the average molecu- 30 

lar weight of the disclosed shape memory polymers is from 
about 40,000 Daltons to about 50,000 Daltons. In another 
embodiment, the average molecular weight of the disclosed 
shape memory polymers is from about 200,000 Daltons to 
about 5,000,000 Daltons. In another embodiment, the aver- 35 

age molecular weight of the disclosed shape memory poly­
mers is greater than 4,000,000 Daltons. In a further embodi­
ment, the average molecular weight of the disclosed shape 
memory polymers is from about 100,000 Daltons to about 
1,000,000 Daltons. In a still further embodiment, the average 40 

molecular weight of the disclosed shape memory polymers is 
from about 400,000 Daltons to about 750,000 Daltons. 

In another embodiment step (a) relates to dissolving or 
dispersing two or more of the disclosed monomers in a sol­
vent to form a solution. The term "solution" as used herein 45 

can refer to either a dispersion of the two or more monomers 
in one solvent or a dispersion of the two or more monomers in 
one or more solvents. Once dispersed or dissolved in the one 

ner and to any degree suitable for the processing equipment 
that is utilized. 

Step (c) is an optional step wherein the pre-thermoset 
admixture is processed into a shape, for example, into a 
functional form. The shape, dimensions and utility of the 
functional form are not limited by the present process. For 
example, the pre-thermoset admixture can be formed into 
helix, spring-shaped or cork-screw form and then cured as 
described in step (d). The spring or cork-screw shape can be 
elongated by the user when the functional form is being 
applied or otherwise used after which the polymer returns to 
its original shape. 

The optional shaping or forming of the shape memory 
polymers can be done by any method or means desired by the 
formulator prior to radiation curing. The following are non­
limiting examples. 
Injection Molding 

In one embodiment, the pre-thermoset admixture is cryo­
genically pelletized, lubricated and fed into an injection 
molder, for example, a screw-driven injection molder that can 
heat and pressurize the material and form it into a custom 
cavity. In one iteration, the custom cavity is cooled to a 
temperature determined by the formulator which is compat-
ible with the glass transition temperature of the final polymer. 
In addition, spring loaded pins can be used to help remove the 
shaped-polymer from the mold after which further processing or more solvents, the solution can be cured by any method 

chosen by the formulator to form the thermoplastic polymer 
that is combined with a crosslinker in step (b ). When one or 
more solvents are used in step (a) the formulator can remove 
the solvent prior to forming the pre-thermoset admixture in 
step (b) or the solvent can be carried forward in the process 
and removed at a later step. 

50 can continue if desired. The formulator will understand that a 

55 

The following are non-limiting examples of solvents suit­
able for use in step (a) of this aspect of the disclosed process: 
halogenated solvents, for example, dichloromethane, dichlo­
roethane, 1, 1, I-trichloroethane, carbon tetrachloride, and 
chloroform; aromatic hydrocarbons, for example, benzene, 60 

toluene, and xylene; hydrocarbons, for example, pentane, 
isopentane, hexane, heptane, octane, and isooctane; ethers, 
for example, tetrahydrofuran (THF), diethyl ether, and 
methyl tert-butyl ether; ketones, for example, acetone, and 
methyl ethyl ketone; alcohols, for example, methanol, etha- 65 

no!, propanol, isopropanol, butanol, pentanol, and hexanol; 
acetonitrile, methyl acetate, ethyl acetate, nitroethane, 

variety of other injection molding techniques are available in 
which the initial feeding mechanism does not require pellets, 
but can be fed in as a spun fiber or sheet. 
Blow Molding 

The disclosed pre-thermoset admixture can also be pro­
cessed by blow molding wherein the pre-shaped pre-thermo­
set admixture is heated, air or gas is used to form the material 
around an air or gas pocket typically up against the walls of a 
cavity. The pressure is held until the pre-thermo set admixture 
cools. Other forms of blow molding which are possible with 
this technique include extrusion blow molding, injection 
blow molding and stretch blow molding. 
Transfer Molding 

The disclosed pre-thermoset admixture can also be pro­
cessed by one or more transfer molding processes known to 
the artisan, for example, resin transfer molding, and vacuum­
assisted resin transfer molding. In one use, an amount of 
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molding material (e.g. a fabric, or piece of thermo set mate­
rial) is measured and inserted into the mold, before molding 
takes place. In one embodiment, shaped fabrics, such as 
nylon-like embodiments of the disclosed pre-thermoset 
admixture, are aligned in a mold and a vacuum system is used 
to draw a heated pre-thermoset admixture about the fabric to 
minimize bubbles and surface imperfections. 
Foaming 

The artisan can further process the disclosed pre-thermo set 
admixture into a foam typically by combining the pre-ther­
moset admixture with a blowing agent. The blowing agent 
evolves gas as a result of a stimulus, typically temperature. 
The gas evolution occurs when the pre-thermoset admixture 
is in a state wherein flow can occur readily. During the evo­
lution of the gas the pre-thermoset admixture is expanded into 
a less that 100% dense state. This state is maintained by 
cooling the pre-thermoset admixture to temperatures where 
the foam microstructure is meta-stable. 
Supercritical Foaming 

42 
admixture obtained in step (b) can be directly cured to obtain 
a shape memory polymer having the bulk shape of the curing 
vessel. The admixture obtained in step (b) can be cured by any 
means such that the gel fraction of the resulting thermoset 
polymer is greater than 0. In one embodiment, curing is 
accomplished with a source of radiation chosen by the for­
mulator, for example, electron beam (e-beam) irradiation. 

The shape memory polymers obtained by the disclosed 
methods can be lubricated prior to shaping or forming in 

10 optional step (c). When a lubricant is present, the lubricant 
can be incorporated into the shape memory polymer after step 
( d) of the various aspects and embodiments thereof. In one 
embodiment, the lubricant can be sprayed onto the shape 
memory polymer. In another embodiment, the lubricant can 

15 be incorporated into the shaping or molding step. Non-limit­
ing examples of suitable lubricants include silicone com­
pounds and metallic stearates. The lubricants assist in the 
release of the cured polymers from their molds if molded in 
optional step ( c ). 

As disclosed herein above, the various properties of the 
final thermoset shape memory polymers, inter alia, the glass 
transition temperature, Tg, the rubbery modulus, E" the gel 
fraction and the like are all tunable. The level of precision that 
can be obtained in determining the final properties of the 

On specific type of foaming that can be used to shape the 20 

disclosed pre-thermoset admixture is supercritical foaming In 
one embodiment a pre-thermoset admixture is expanded 
using the inherent change in volume associated with the trans­
formation of a supercritical liquid to a gas. Supercritical liq­
uids, such as carbon dioxide, are good solvents of many 
polymers. As the polymer is immersed in a supercritical liq­
uid for sufficient time the polymer swells with the supercriti-

25 polymers is related to several variables. When the pre-ther­
moset polymer admixture is as nearly homogeneous as pos­
sible, the level of precision in tuning the final polymer prop­
erties is maximized. cal liquid and becomes plasticized. Upon changing the state 

The properties of the disclosed thermo set shape memory of the system (temperature or pressure) the supercritical liq­
uid nucleates gas bubbles expanding the pre-thermoset 
admixture resulting in an expanded polymer foam. 
Fiber Drawing 

Fiber drawing can also be used to form the pre-thermoset 
admixture into desired shapes. As such, a pre-thermoset 
admixture fiber is typically extruded from a pre-thermoset 
admixture melt or solution. As the fiber is extruded the pre­
thermoset admixture cools from the melt state or alternatively 
dries from the solution. This drying or cooling puts the pre­
thermoset admixture in the meta-stable shape of a fiber. This 
fiber is then often collected on a spinning wheel. 

30 polymers are tunable. For example, the glass transition tem­
perature, T g; rubbery modulus, Er; strain to failure, E; stress, 
a, and the gel fraction can all be adjusted or "tuned" by 
utilizing the parameters disclosed herein. For example, the 
final properties of the shape memory polymer are affected by 

35 the choice of one or more of the following; linear monomer, 
the amount of crosslinker, initial molecular weight of the one 
or more thermoplastic polymer precursors, the choice of one 
or more crosslinkers, and the dose and dose rate of radiation 

40 

Electro spinning 

that is used to cure the pre-thermoset admixture. 
The disclosed shape memory polymers can be tuned to 

have the desired properties by iteratively manipulating the 
following variables: choice of thermoplastic polymer, choice 
of thermoplastic polymer molecular weight, choice of 
crosslinker, amount of crosslinker used, and amount of radia-

Further the formulator can employ electro spinning to pro­
cess the pre-thermoset admixture. The pre-thermoset admix­
ture fiber is drawn from a pre-thermoset admixture melt or 
solution using an applied voltage. The applied voltage 
charges the liquid which opposes the surface tension of the 
droplet thus elongating the droplet. With sufficient molecular 
cohesion a continuous fiber can be drawn from the melt or 
solution. The technique generally produces fibers on the 
micro- or nano-scale. The fibers can then be collected in its 50 

cooled solvent free (meta)stable shape. 

45 tion used to crosslink the pre-thermoset admixture. For 
example, the choice of thermoplastic polymer and the 
molecular weight of the thermoplastic polymer will allow the 
formulator to target a desirable glass transition temperature 

Extrusion 
The disclosed pre-thermoset admixture can also be pro­

cessed by extrusion wherein the pre-thermoset admixture is 
fed into a cavity and compressed by one or more screws. As 55 

the pre-thermoset admixture travels along the screw it is 
homogenized, compressed and enters the melt state. At the 
end of the screw the pre-thermoset admixture is forced 
through a die bestowing upon the pre-thermoset admixture 
leaving the die a shape with a constant cross-section. The 60 

exiting pre-thermoset admixture can cool directly in the air or 
be cooled by water or other cooling fluids. 

range. 
Glass Transition Temperature, T g 

Disclosed herein is a process for preparing shape memory 
polymer having a glass transition temperature, T g' of from 
about -40° C. to about 200° C. In one embodiment, the glass 
transition temperature, T g' is from about 0° C. to about 200° 
C. In a further embodiment, the glass transition temperature, 
T g' is from about 0° C. to about 100° C. In as still further 
embodiment, the glass transition temperature, T g' is from 
about 10° C. to about 70° C. The disclosed shape memory 
polymers, however, can have a glass transition temperature at 
any value from about -40° C. to about 200° C., for example, 
0° C., 1° C., 2° C., 3° C., 4° C., 5° C., 6° C., 7° C., 8° C., 9° C., 
10° C., 11° C., 12° C., 13° C., 14° C., 15° C., 16° C., 17° C., 
18° C., 19° C., 20° C., 21° C., 22° C., 23° C., 24° C., 25° C., 
26° C., 27° C., 28° C., 29° C., 30° C., 31° C., 32° C., 33° C., 

Thus processed, the pre-thermoset admixtures can be 
cured, for example by ionizing radiation, to form a processed 
thermoset shape memory polymer. 

The final step, i.e., step (d) when optional step (c) is 
present, relates to curing the pre-thermoset admixture. The 

65 34° C., 35° C., 36° C., 37° C., 38° C., 39° C., 40° C., 41° C., 
42° C., 43° C., 44° C., 45° C., 46° C., 47° C., 48° C., 49° C., 
50° C., 51° C., 52° C., 53° C., 54° C., 55° C., 56° C., 57° C., 
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58° C., 59° C., 60° C., 61° C., 62° C., 63° C., 64° C., 65° C., 
66° C., 67° C., 68° C., 69° C., 70° C., 71° C., 72° C., 73° C., 
74° C., 75° C., 76° C., 77° C., 78° C., 79° C., 80° C., 81° C., 
82° C., 83° C., 84° C., 85° C., 86° C., 87° C., 88° C., 89° C., 
90° C., 91° C., 92° C., 93° C., 94° C., 95° C., 96° C., 97° C., 
98° C., 99° C., and 100° C. In addition, the glass transition 
temperature can be any fractional amount thereof, for 
example, 16.2° C., 32.05° C., 59.44° C., and 88.7° C. 

The glass transition temperature, T g' of a particular poly­
mer can be approximated beforehand by the Fox formula (T. 10 

G. Fox, Bull. Am. Phys. Soc., vol. 1 123 (1956) included 
herein by reference): 

15 

44 
Table II lists the resulting rubbery modulus (MPa) for ther­
moset shape memory polymers comprising a 70:30 compo­
sition of methyl acrylate and various other monomers 
wherein each of the resulting polymers which are crosslinked 
with 9% by weight of trimethylolpropane triacrylate 
(TMPTA) at radiation doses of 5, 50 and 300 kGy. 

TABLEII 

Linear Polymer 5kGy 50kGy 300 kGy 

methyl acrylate/isobornylacrylate 0.79 0.82 1.1 
me thy 1 acrylate/ 4-tert-buty lcyclohexy 1 0.46 0.98 0.47 
acrylate 
methyl acrylate/N-isopropyl acrylamide 0.57 0.68 0.97 
methyl acrylate/4-acryloylmorpholine 1.0 3.2 1.1 
methyl acrylate/2-carboxyethyl acrylate 0.92 2.1 2.1 

As can be seen from the data in Table II the rubbery modu­
lus varies considerably from one polymer and from one dose 

wherein W 1 represents the weight portion of monomer 1, W 2 

represents the weight portion of monomer 2, T 1 is the glass 
transition temperature of the polymerized monomer 1 in 
degrees Kelvin, T 2 is the glass transition temperature of the 
polymerized monomer 2 in degrees Kelvin, T co is the glass 
transition temperature of the resultant thermoplastic polymer 
in degrees Kelvin. The final glass transition temperature, 
however, can be affected by the choice of crosslinker and the 
amount of radiation used to cure the pre-thermoset admixture 
and the presence of any other ingredients. 

20 of radiation to the next. The rubbery modulus, however, can 
be iteratively adjusted by first selecting a crosslinking agent 
followed by varying the amount of crosslinker that comprises 
the pre-thermoset admixture. FIG. 3 depicts how storage 
modulus, E" changes for a series of thermo set shape memory 

Without wishing to be limited by theory FIG. 1 indicates 
that the number of a-hydrogen atoms in a monomer can be 
used by the formulator to assist in determining the final T g of 
a disclosed shape memory polymer. For example, the 
crosslinker 4-tert-butylcyclohexyl acrylate (solid triangles 
(_..))contains two a-hydrogen atoms while methyl acrylate 
(solid circles C•)) contains three a-hydrogen atoms and 
2-carboxyethyl acrylate (open squares (D)) has 4 a-hydro­
gens. Increased gel fraction is observed with an increase in the 
number of a-hydrogens in the monomer for a particular radia­
tion dose. 

25 polymers comprising a thermoplastic polymer backbone of 
94% by weight methyl acrylate/6% by weight isobornyl acry­
late cured at a radiation dose of 50 kGy. In FIG. 3 the amount 
of trimethylolpropane triacrylate is varied. The alternating 
dashed line (- - -) represents crosslinking with 6.25% 

30 TMPTA, the dotted line ( ... ) represents crosslinking with 9% 
TMPTA, the solid line (- - -) represents crosslinking with 
12.5% TMPTA, and the dashed line (- - -) represents 
crosslinking with 25% TMPTA. Table III summarizes the 
rubbery modulus for each of the crosslinked thermoplastic 

35 shape memory polymers depicted in FIG. 3. 

Table I below provides examples of the resulting glass 
40 transition temperatures, T g (° C. ), for thermo set shape 

memory polymers comprising a 70:30 composition of methyl 
acrylate and various other monomers wherein each of the 
resulting polymers are crosslinked with 9% by weight of 
trimethylolpropane triacrylate (TMPTA) at radiation doses of 
5, 50 and 300 kGy. 45 

TABLE I 

Linear Polymer 5kGy 50kGy 300 kGy 
50 

methyl acrylate/isobornylacrylate 52.2 55.6 52.2 
methyl acrylate/4-tert-butylcyclohexyl 47.0 59.8 51.4 
acrylate 
methyl acrylate/N-isopropyl acrylamide 61.3 69.2 67.2 
methyl acrylate/4-acryloylmorpholine 61.6 68.6 61.2 
methyl acrylate/2-carboxyethyl acrylate 32.1 34.7 30.1 

55 

As can be seen from the data in Table I, the highest T g is 
obtained when 50 kGy is used for the radiation curing. The 
formulator can therefore prepare a grid, curve or table of glass 
transition temperatures obtained for a single polymer back- 60 

bone over various radiation doses in order to precisely tune 
the final T g· 

Rubbery Modulus 
The disclosed shape memory polymers can have a rubbery 

modulus, E" of from about 0.01 MPa to about 100 MPa. 65 

Similarly to the glass transition temperature, the value of the 
rubbery modulus, E" can be affected by the radiation curing. 

TABLE III 

% crosslinker 

6.25 
9 

12.5 
25 

1.09 
1.25 
2.5 

13.13 

The glass transition temperature of the thermoset shape 
memory polymers can be shifted while retaining the desired 
storage modulus. FIG. 2 shows how the glass transition tem­
perature, T g' can be raised or lowered while conserving the 
value of the storage modulus, Er, desired by the formulator. 
The dashed line represents a SMP having a linear backbone 
comprising 94:6 methyl acrylate/isobornyl acrylate. When 
the composition of the linear backbone is change to 70:30 
methyl acrylate/isobornyl acrylate (solid line), the glass tran­
sition temperature shifts by nearly 20° C. while the rubbery 
modulus does not move by more than 0.5 MPa. Both 
examples depicted in FIG. 2 were crosslinked with 9% by 
weight TMPTA and cured with a radiation dose of 50 kGy. 
Gel Fraction 

The disclosed shape memory polymers have a gel fraction 
greater than 0. The amount of gel fraction, or degree of 
crosslinking, present in the disclosed thermoset shape 
memory polymer can be adjusted by selection of the thermo­
plastic polymer that comprises the pre-thermoset admixture 
and the radiation dose that is used to cure the admixture. FIG. 
1 depicts the change in gel fraction with increasing radiation 
dose for two disclosed thermoset shape memory polymers 
versus control (methyl acrylate). Each polymer was 
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crosslinked with 9% by weight 2-(acryloxyloxymethyl)-2-
ethylpropane-1,3-diy 1 diacry late ( trimethy lolpropane tria­
cry late, TMPTA). The line represented by open squares (D) 
depicts the change in gel fraction for a SMP comprising 70:30 
methyl acrylate:2-carboxyethyl acrylate. The line repre- 5 

sented by solid circles C•) relates to a thermoset polymer 
control wherein the linear backbone comprises 100% methyl 
acrylate. The line represented by solid triangles (_..)relates to 
polymers comprising a copolymer backbone comprising 

10 70:30 methyl acrylate:4-tert-butylcyclohexyl acrylate.As can 

Cross linker 

3% 
25% 

46 
TABLE IV-continued 

TM PTA 

Stress at Maximum Strain (MPa) 

>4.8a 

19.9 ± 3.5 
>2.9a 

13.8 ± 3.6 
>1.7a 

6.67 ± 2.0 

a= minimum bounds on strain-to-failure, max stress. 

At 3% by weight ofTMPTA maximum strains were mea­
sured by crosshead displacement to be above 700% for 
samples strained in the rubbery regime and above 1000% for 

be seen from the data depicted in FIG. 3, the formulator can 
independently change the gel fraction of the final thermo set 
shape memory polymer by selecting the two or more mono­
mers that comprise the thermoplastic polymer. 

FIG. 6 depicts the manner in which the level of crosslinking 
(as measured by the amount of the gel fraction) varies 
depending upon the amount of crosslinker present. Samples 

15 sample strained at Tg and at onset. These data show the 
stresses at the given strains present the lower bound of the 
maximum stress each material can withstand. This value is 
highest at onset ofT g· In comparison, the sample crosslinked 

of the thermoplastic polymer poly(methyl acrylate) were 
cured with different doses of radiation. FIG. 6 shows the gel 20 
fraction for the following amounts of the crosslinker triallyl-
1,3,5-triazinane-2,4,6-trione (TAIC); + represents control 
(0% by weight ofTAIC), (D) represents 1 % by weight TAIC, 
(_..)represents 3% by weight TAIC and 0 represents 5% by 
weight TAIC. Increasing amounts of TAIC in this polymer 25 
system results in higher gel fractions across each radiation 
dose. 

FIG. 7 depicts the manner in which the level of crosslinking 
(as measured by the amount of the gel fraction) varies 
depending upon the amount of crosslinker present. Samples 30 
of the thermoplastic polymer poly(methyl acrylate) were 
cured with different doses of radiation. FIG. 7 shows the gel 
fraction for the following amounts of the crosslinker triallyl-
1,3,5-triazinane-2,4,6-trione (TMPTA); +represents control 
(0% by weight of TMPTA), (D) represents 1 % by weight 35 
TMPTA, (_..)represents 3% by weight TMPTA and 0 repre­
sents 5% by weight TMPTA. Comparing the results depicted 
in FIGS. 6 and 7, the formulator can control the gel fraction of 
a particular shape memory polymer not only by the amount of 
radiation, but the efficiency of crosslinking by a particular 40 
crosslinker. 
Mechanical Stress and Strain 

FIG. 4 shows the thermomechanical behavior of a thermo-
set shape memory polymer comprising 94% by weight 
methyl acrylate/6% by weight isobornyl acrylate copolymer 45 
backbone crosslinked with 25% by weight of TMPTA at a 
radiation dose of 50 kGy. This SMP exhibits the highest 
toughness at the onset ofT g' the highest total st~ain-to-failure 
at T g and the lowest stresses when elongated m the rubbery 
regime. The dotted line( ... ) represents a toughness value of 50 
12.8 MJ/m3 when measured at 22° C., the dashed line (- - -) 
represents a toughness value of 6. 7 MJ/m3 when measured at 
36° C. (T g), and the solid line represents a toughness value of 
3.97 MJ/m3 when measured at 60° C. Table IV provides the 
maximum stress and strain data for poly(MA-co-IBoA) (94: 55 

6) crossed liked with 3% by weight and 25% by weight of 
TMPTA. 

TABLE IV 

with 25% by weight ofTMPTA strains an order of magnitude 
less than the sample crosslinked with 3% by weight TMPTA 
but, however, demonstrates stresses roughly four times larger. 

FIG. 5 depicts the shape-memory cycle for two samples of 
poly(MA-co-IBoA) (94:6) crosslinked with different 
amounts of TMPTA. When strained to 50%, the sample 
crosslinked with 3% by weight TMPTA had a residual strain 
of approximately 3% while the sample crosslinked with 
12.5% TMPTA when strained to 50% fully recovered. 

EXAMPLES 

For the following examples, both shape memory polymers 
using the disclosed process and non-shape memory polymers 
(comparative examples) were prepared. All of the backbone 
copolymers were synthesized by free radical polymerization 
using 0.1 % by weight of 2,2-dimethoxy-2-phenylacetophe­
none (DMPA) as the initiator. For the comparative examples, 
crosslinking is induced during free radical polymerization. 
General Procedure for Comparative Examples 

Approximately 3 g of an admixture of the indicated mono­
mers were admixed with the photoinitiator and injected 
between glass slides separated with 1 mm glass spacers. The 
polymerization and subsequent crosslinking were performed 
using a crosslinking chamber with five overhead 365 nm UV 
bulbs (Cole-Parmer). All materials were cured for 1 hour. The 
polymers obtained each were cut for testing and analysis 
General Procedure for Shape Memory Polymers 

According to the present disclosure, 35 g admixtures of the 
monomers and the photoinitiator were poured into 100 mL 
polyethylene containers. Polymerization of the disclosed 
shape memory polymer backbones were performed using a 
crosslinking chamber with five overhead 365 nm UV bulbs 
(Cole-Parmer). All materials were cured for 1 hour. Samples 
of each were either cut for testing or pelletized for further 
processing. 

Pelletized samples of the copolymer backbone were 
blended with unreacted crosslinker (TMPTA or TAIC™) in a 
Bra bender Pl as ti Corder and fed into the mixer. The admixture 
was then heated to a temperature from about 150° C. to about 
220° C. depending upon the copolymer backbone or other 

60 parameters. The desired crosslinking agent was dripped into 
---------'T"'M"'P--'T""A'-------- the mixing chamber. Samples were mixed until the torque had 

Crosslinker 

3% 
25% 

Maximum Strains (mm/mm) 

>lOa 

0.835 ±0.13 
>lOa 

1.14 ± 0.06 
>7" 

1.09 ± 0.10 

65 

leveled off. For the specifically disclosed shape memory 
polymers disclosed in Table V, the mixing was continued until 
the torque leveled off at about 10 Nm. 

The copolymer backbone/crosslinker admixture was then 
either injection molded or heated and pressed with a 
12-Tonne Carver Press into the desired shapes. Samples were 



US 8,299,191 B2 
47 48 

then exposed to the following doses of radiation 5, 10, 20, 33, 
50, 66, 100, 200 or 300 KGy to affect crosslinking. 

TABLE V-continued 

Table V provides non-limiting examples of the disclosed 
shape memory polymers that were prepared by the disclosed 
process and found to have tunable properties. 

Pre-thermoset copolymer 
No. composition 

Crosslinker and 
percentage 

thereof 

Radiation 
Curing 
Dose 
(kGy) 

TABLEV 

Pre-thermoset copolymer 
No. composition 

Poly(MA-co-BA) 95:5 
2 Poly(MA-co-BA) 95:5 

Poly(MA-co-BA) 95:5 
4 Poly(MA-co-BA) 95:5 

Poly(MA-co-BA) 85:15 
Poly(MA-co-BA) 85:15 

7 Poly(MA-co-BA) 85:15 
Poly(MA-co-BA) 85:15 

9 Poly(MA-co-BA) 75:25 
10 Poly(MA-co-BA) 75:25 
11 Poly(MA-co-BA) 75:25 
12 Poly(MA-co-BA) 75:25 
13 Poly(MA-co-IboA) 96:4 
14 Poly(MA-co-IboA) 96:4 
15 Poly(MA-co-IboA) 96:4 
16 Poly(MA-co-IboA) 96:4 
17 Poly(MA-co-IboA) 93:7 
18 Poly(MA-co-IboA) 93:7 
19 Poly(MA-co-IboA) 93:7 
20 Poly(MA-co-IboA) 93:7 
21 Poly(MA-co-IboA) 90:10 
22 Poly(MA-co-IboA) 90:10 
23 Poly(MA-co-IboA) 90:10 
24 Poly(MA-co-IboA) 90:10 
25 Poly(MA-co-BA-co-IboA) 70:25:5 
26 Poly(MA-co-BA-co-IboA) 70:25:5 
27 Poly(MA-co-BA-co-IboA) 70:25:5 
28 Poly(MA-co-BA-co-IboA) 70:25:5 
29 Poly(MA-co-BA-co-IboA) 55:35:10 
30 Poly(MA-co-BA-co-IboA) 55:35:10 
31 Poly(MA-co-BA-co-IboA) 55:35:10 
32 Poly(MA-co-BA-co-IboA) 55:30:10 
33 Poly(MA-co-BA-co-IboA) 55:30:15 
34 Poly(MA-co-BA-co-IboA) 55:30:15 
35 Poly(MA-co-BA-co-IboA) 55:30:15 

Crosslinker and 
percentage 

thereof 

9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 

Radiation 
Curing 
Dose 
(kGy) 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 

No. 

10 

15 

20 

25 

30 

35 

36 Poly(MA-co-BA-co-IboA) 55:30:15 
37 Poly(MA-co-BA) 95:5 
38 Poly(MA-co-BA) 95:5 
39 Poly(MA-co-BA) 95:5 
40 Poly(MA-co-BA) 95:5 
41 Poly(MA-co-BA) 85:15 
42 Poly(MA-co-BA) 85:15 
43 Poly(MA-co-BA) 85:15 
44 Poly(MA-co-BA) 85:15 
45 Poly(MA-co-BA) 75:25 
46 Poly(MA-co-BA) 75:25 
47 Poly(MA-co-BA) 75:25 
48 Poly(MA-co-BA) 75:25 
49 Poly(MA-co-IboA) 96:4 
50 Poly(MA-co-IboA) 96:4 
51 Poly(MA-co-IboA) 96:4 
52 Poly(MA-co-IboA) 96:4 
53 Poly(MA-co-IboA) 93:7 
54 Poly(MA-co-IboA) 93:7 
55 Poly(MA-co-IboA) 93:7 
56 Poly(MA-co-IboA) 93:7 
57 Poly(MA-co-IboA) 90:10 
58 Poly(MA-co-IboA) 90:10 
59 Poly(MA-co-IboA) 90:10 
60 Poly(MA-co-IboA) 90:10 
61 Poly(MA-co-BA-co-IboA) 70:25:5 
62 Poly(MA-co-BA-co-IboA) 70:25:5 
63 Poly(MA-co-BA-co-IboA) 70:25:5 
64 Poly(MA-co-BA-co-IboA) 70:25:5 
65 Poly(MA-co-BA-co-IboA) 55:35:10 
66 Poly(MA-co-BA-co-IboA) 55:35:10 
67 Poly(MA-co-BA-co-IboA) 55:35:10 
68 Poly(MA-co-BA-co-IboA) 55:35:10 
69 Poly(MA-co-BA-co-IboA) 55:30:15 
70 Poly(MA-co-BA-co-IboA) 55:30:15 
71 Poly(MA-co-BA-co-IboA) 55:30:15 
72 Poly(MA-co-BA-co-IboA) 55:30:15 

9%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 

300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

Table VI herein below provides non-limiting examples of 
the disclosed shape memory polymers having tunable prop­
erties cured at a dose of75 kGy. 

TABLE VI 

Pre-thermoset Admixture Ratio Crosslinker 

73 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 90:10 10:90 9% TMPTA 
74 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 80:20 30:70 9% TMPTA 
75 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 70:30 50:50 9% TMPTA 
76 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 30:70 70:30 9% TMPTA 
77 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 20:80 10:90 9% TMPTA 
78 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 50:50 30:70 9% TMPTA 
79 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 90:10 50:50 9% TMPTA 
80 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 90:10 10:90 12% TMPTA 
81 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 80:20 30:70 12% TMPTA 
82 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 70:30 50:50 12% TMPTA 
83 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 30:70 70:30 12% TMPTA 
84 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 20:80 10:90 12% TMPTA 
85 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 50:50 30:70 12% TMPTA 
86 Poly(MA-co-BA) 95:5 Poly(MA-co-IboA) 90:10 50:50 12% TMPTA 
87 Poly(MA) Poly(MA-co-BA) 50:50 10:90 9% TMPTA 
88 Poly(MA) Poly(MA-co-BA) 50:50 30:70 9% TMPTA 
89 Poly(MA) Poly(MA-co-BA) 50:50 50:50 9% TMPTA 
90 Poly(MA) Poly(MA-co-BA) 20:80 10:90 9% TMPTA 
91 Poly(MA) Poly(MA-co-BA) 20:80 30:70 9% TMPTA 
92 Poly(MA) Poly(MA-co-BA) 20:80 50:50 9% TMPTA 
93 Poly(MA) Poly(MA-co-IboA) 50:50 10:90 12% TMPTA 
94 Poly(MA) Poly(MA-co-IboA) 50:50 30:70 12% TMPTA 
95 Poly(MA) Poly(MA-co-IboA) 50:50 50:50 12% TMPTA 
96 Poly(MA) Poly(MA-co-IboA) 20:80 10:90 12% TMPTA 
97 Poly(MA) Poly(MA-co-IboA) 20:80 30:70 12% TMPTA 
98 Poly(MA) Poly(MA-co-IboA) 20:80 50:50 12% TMPTA 
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TABLE VI-continued 

No. Pre-thermoset Admixture 

99 Poly(MA-co-BA) 50:50 
100 Poly(MA-co-BA) 50:50 
101 Poly(MA-co-BA) 50:50 
102 Poly(MA-co-BA) 50:50 
103 Poly(MA-co-BA) 50:50 
104 Poly(MA-co-BA) 50:50 
105 Poly(MA-co-BA) 50:50 
106 Poly(MA-co-BA) 50:50 
107 Poly(MA-co-BA) 50:50 
108 Poly(MA-co-BA) 50:50 
109 Poly(MA-co-BA) 50:50 
110 Poly(MA-co-BA) 50:50 
111 Poly(MA-co-BA) 50:50 
112 Poly(MA-co-BA) 50:50 
113 Poly(MA) 
114 Poly(MA) 
115 Poly(MA) 
116 Poly(MA) 
117 Poly(MA) 
118 Poly(MA) 
119 Poly(MA) 
120 Poly(MA) 
121 Poly(MA) 
122 Poly(MA) 

Poly(MA-co-IboA) 90:10 
Poly(MA-co-IboA) 80:20 
Poly(MA-co-IboA) 70:30 
Poly(MA-co-IboA) 30:70 
Poly(MA-co-IboA) 20:80 
Poly(MA-co-IboA) 50:50 
Poly(MA-co-IboA) 90:10 
Poly(MA-co-IboA) 90:10 
Poly(MA-co-IboA) 80:20 
Poly(MA-co-IboA) 70:30 
Poly(MA-co-IboA) 30:70 
Poly(MA-co-IboA) 20:80 
Poly(MA-co-IboA) 50:50 
Poly(MA-co-IboA) 90:10 
Poly(BA) 
Poly(BA) 
Poly(BA) 
Poly(BA) 
Poly(BA) 
Poly(IboA) 
Poly(IboA) 
Poly(IboA) 
Poly(IboA) 
Poly(IboA) 

Ratio 

10:90 
30:70 
50:50 
70:30 
10:90 
30:70 
50:50 
10:90 
30:70 
50:50 
70:30 
10:90 
30:70 
50:50 
95:5 
70:30 
50:50 
30:70 

5:95 
95:5 
70:30 
50:50 
30:70 

5:95 

Table VII provides non-limiting examples of the disclosed 
pre-thermoset admixtures that can be cured to form shape 
memory polymers having tunable properties. 

Crosslinker 

9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 

12%TMPTA 
12%TMPTA 
12%TMPTA 
12%TMPTA 
12%TMPTA 
12%TMPTA 
12%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 

25 

50 

TABLE VII-continued 

Crosslinker and 
percentage 

thereof 
TABLE VII 30 

Pre-thermoset copolymer 
No. composition* 

Radiation 
Curing Dose 

(kGy) 

Pre-thermoset copolymer 
No. composition* 

123 Poly[MDI-co-(PEG)4 ] 

124 Poly[MDI-co-(PEG)4 ] 

125 Poly[MDI-co-(PEG)4 ] 

126 Poly[MDI-co-(PEG)4 ] 

127 Poly[MDI-co-(PEG)5 ] 

128 Poly[MDI-co-(PEG)5 ] 

129 Poly[MDI-co-(PEG)5 ] 

130 Poly[MDI-co-(PEG)5 ] 

131 Poly[MDI-co-(PEG)8 ] 

132 Poly[MDI-co-(PEG)8 ] 

133 Poly[MDI-co-(PEG)8 ] 

134 Poly[MDI-co-(PEG)8 ] 

135 Poly[MDI-co-(PEG)d 
136 Poly[MDI-co-(PEG)d 
137 Poly[MDI-co-(PEG)d 
138 Poly[MDI-co-(PEG)d 
139 Poly[MDI-co-(PEG) 18] 

140 Poly[MDI-co-(PEG) 18] 

141 Poly[MDI-co-(PEG) 18] 

142 Poly[MDI-co-(PEG) 18] 

143 Poly[TDI-co-(PEG)4 ] 

144 Poly[TDI-co-(PEG)4 ] 

145 Poly[TDI-co-(PEG)4 ] 

146 Poly[TDI-co-(PEG)4 ] 

147 Poly[TDI-co-(PEG)s] 
148 Poly[TDI-co-(PEG)5 ] 

149 Poly[TDI-co-(PEG)s] 
150 Poly[TDI-co-(PEG)s] 
151 Poly[TDI-co-(PEG)8 ] 

152 Poly[TDI-co-(PEG)8 ] 

153 Poly[TDI-co-(PEG)8 ] 

154 Poly[TDI-co-(PEG)8 ] 

155 Poly[TDI-co-(PEG)d 
156 Poly[TDI-co-(PEG)d 
157 Poly[TDI-co-(PEG)d 
158 Poly[TDI-co-(PEG)d 
159 Poly[TDI-co-(PEG) 18] 

160 Poly[TDI-co-(PEG) 18] 

161 Poly[TDI-co-(PEG) 18] 

162 Poly[TDI-co-(PEG) 18] 

Crosslinker and 
percentage 

thereof 

9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 

Radiation 
Curing Dose 

(kGy) 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

35 

40 

45 

50 
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163 Poly[TDI-co-(PEG)4 ] 

164 Poly[TDI-co-(PEG)4 ] 

165 Poly[TDI-co-(PEG)4 ] 

166 Poly[TDI-co-(PEG)4 ] 

167 Poly[TDI-co-(PEG)s] 
168 Poly[TDI-co-(PEG)s] 
169 Poly[TDI-co-(PEG)5] 

170 Poly[TDI-co-(PEG)s] 
171 Poly[TDI-co-(PEG)8] 

172 Poly[TDI-co-(PEG)8] 

173 Poly[TDI-co-(PEG)8] 

174 Poly[TDI-co-(PEG)8] 

175 Poly[TDI-co-(PEG)d 
176 Poly[TDI-co-(PEG)d 
177 Poly[TDI-co-(PEG)d 
178 Poly[TDI-co-(PEG)d 
179 Poly[TDI-co-(PEG) 18] 

180 Poly[TDI-co-(PEG) 18] 

181 Poly[TDI-co-(PEG) 18] 

182 Poly[TDI-co-(PEG) 18] 

183 Poly[(Hu)MDI-co-(PEG)d 
184 Poly[(Hu)MDI-co-(PEG)d 
185 Poly[(Hu)MDI-co-(PEG)d 
186 Poly[(Hu)MDI-co-(PEG)d 
187 Poly[(Hu)MDI-co-(PEG) 18] 

188 Poly[(Hu)MDI-co-(PEG) 18] 

189 Poly[(Hu)MDI-co-(PEG) 18] 

190 Poly[(Hu)MDI-co-(PEG) 18] 

191 Poly[TDXI-co-(PEG) 18] 

192 Poly[TDXI-co-(PEG) 18] 

193 Poly[TDXI-co-(PEG) 18] 

194 Poly[TDXI-co-(PEG) 18] 

MDI =methylene diphenyl diisocyanate 

TDI =toluene diisocyanate 

TDXI = tetramethylxylene diisocyanate 

9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 
9%TMPTA 

12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 
12.5%TMPTA 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

50 
200 
300 

60 
(H12)MDI = dicyclohexylmethane diisocyanate 

*For urethane copolymers having the formula, Poly[MDI-co-(PEG)x], the index x refers to 
the average number of ethyleneoxy units in the polyethylene glycol unit. 

Dynamic Mechanical Analysis 

Dynamic mechanical analysis (MA) in tensile loading was 
65 used to determine the T g' onset ofT g and rubbery modulus of 

the thermoset shape memory polymers using a TA QSOO 
DMA. Rectangular samples with dimensions of approxi-
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mately lx5x25 mm3 were cut and tested. The samples were 
thermally equilibrated at Tl

0
w for 2 minutes and then hearted 

to Thigh at a rate of 2° C. per minute a 1 Hz. Testing was 
performed in cyclic strain control at 0.2% strain. A preload 
force of0.001 Nanda force track setting of 125% were used. 5 

T g was defined at the peak of tan delta. Samples were run in 
t:iplicate, and variations in T g were within on standard devia­
t10n of 3-5° C. The onset was calculated by the intersecting 
line method. The rubbery modulus was observed between 
Tg+24° C. orTg+50° C. 10 

Differential Scanning calorimeter 
The QlOO DSC fro TA Instruments with an RCA cooling 

accessory was used to confirm shifts in T g· Hermetic Alumi­
num pans were filled with polymer samples weighing 
between 3 and 15 mg. Nitrogen was used as the purge gas. 15 

Polymers were subjected to a Heat-Cool-Heat cycle to erase 
thermal memory. Samples were heated from ambient to 150° 
C. at 5° C. per minute to combustion near 320° C. The inter­
secting line method was used to determine T g· 

Uniaxial Tensile Test 20 

Mechanical tensile tests were performed with the MTS 
Insight 2. Samples were cut to ASTM dogbone Type IV 
samples. Materials were strained isothermally at 10 mm per 
minute using a 100 N Load Cell in a variable temperature 
Thermal Chamber at the temperature specified. Grips were 25 

hand-tightened and the camber was allowed to equilibrate for 
10 minutes at the specific testing temperature. For samples 
~ested above T g' grips were re-tightened after an initial heat­
mg above T g to minimize slippage. Testing limitations regard­
ing the size of the thermal chamber and slippage due to high 30 

strains led to a lower bound on max strain and max stress for 
samples of PA-co-IBoA blended with 3% by weight TMPTA 
and subsequently irradiated with an electron beam. 
Gel Fraction Test 

Vials were prepared with approximately 20 mL of acetone 35 

placed in each. Three samples of each polymer weighing 
between 80 mg and 110 mg were weighed and then placed in 
a separate vial. The vials were allowed to soak for 7 days to 
allow all non-crosslinked material to be removed from the 
network polymer. The polymer was then removed from the 40 

acetone and placed on pre-weighed paper. The paper and 
polymer were then placed into a vacuum oven at 40° C. and 
0.33 atm for 24 hours. The samples were then weighed on the 
paper. The final polymer weight was determined by subtract­
ing the weight papers' original weight from the total weight. 45 

While particular embodiments of the present disclosure 
have been illustrated and described, it would be obvious to 
those skilled in the art that various other changes and modi­
fications can be made without departing from the spirit and 
scope of the disclosure. It is therefore intended to cover in the 50 

appended claims all such changes and modifications that are 
within the scope of this disclosure. 

What is claimed is: 
1. A thermo set shape memory polymer prepared by a pro­

cess comprising curing a pre-thermoset admixture compris- 55 

ing: 
a) from about 50% to about 99.9% by weight of one or 

more thermoplastic polymers; and 
b) fromabout0.1 %to about 50% byweightofoneormore 

crosslinkers; 60 

wherein the resulting shape memory polymer has a glass 
transition temperature, T g' of from about -40° C. to 
about 200° C., a rubbery modulus, Er, of from about 0.01 
MPa to about 100 MPa, and a gel fraction greater than 0. 

2. The shape memory polymer according to claim 1, 65 

wherein the one or more thermoplastic polymers comprise 
two or more monomers having the formula: 

52 

R2 

I 
~o......._R 

0 

or ~N'-R1 
0 

wherein R, R1 and R2 are each independently is chosen 
from: 

i) hydrogen; 
ii) C1 -C20 linear alkyl; 
iii) C3-C20 branched alkyl; 
iv) C3-C20 cyclic alkyl; 
v) C5 -C20 bicyclic alkyl; 
vi) C5 -C20 fused ring alkyl; 
vii) C1 -C20 heterocyclic; 
viii) C1 -C20 heteroaryl; 
ix) C4 -C20 heterobicyclic; 
x) c6 or clO aryl; or 
xi) C7 -C20 alkylenearyl; or 
R1 and R2 can be taken together to form a substituted or 

unsubstituted ring having from 3 to 20 atoms and option­
ally from 1 to 3 heteroatoms in addition to the nitrogen 
atom to which R1 and R2 are bonded, or a fused ring 
system having from 2 to 4 rings having a total of from 3 
to 20 atoms; 

any of which R, R 1 and R 2 units or rings formed by R 1 and 
R2 can be substituted by one or more substitutions cho­
sen from: 

i) C1-C12 linear, C3-C12 branched, or C3-C12 cyclic alkyl; 
ii) substituted or unsubstituted C6 or C10 aryl; 
iii) substituted or unsubstituted C6 or C10 alkylenearyl; 
iv) substituted or unsubstituted C1-C9 heterocyclic rings; 
v) substituted or unsubstituted C1 -C9 heteroaryl rings; 
vi)-(CR102aR102b)aOR101; 
vii)-(CR102aR102b)aC(O)R101; 
viii) -(CR 1020R 1026)0C(O)OR 101 ; 
ix) -(CR 102aR 102b)aC(O)N(R 101 )2, 
x)-(CR102aR102b)aN(R101)2; 
xi) halogen; 
xii)-(CR1020R1026)0CN; 
xiii)-(CR1020R1026)0N02; 
xiv) -CH1Xk; wherein X is halogen, the index j is an 

integer from 0 to 2, j+k=3; 
xv)-(CR102aR102b)aSR101; 
xvi)-(CR1020R1026)0S02R101 ; or 
xvii)-(CR102aR102b)aS03R101; 
wherein each R 101 is independently hydrogen, substituted 

or unsubstituted C1 -C6 linear, C3-C6 branched, or C3-C6 

cyclic alkyl, phenyl, benzyl, heterocyclic, or heteroaryl; 
or two R101 units can be taken together to form a ring 
comprising 3-7 atoms; R1020 and R1026 are each inde­
pendently hydrogen or C1 -C4 linear or C3-C4 branched 
alkyl; the index "a" is from 0 to 4. 

3. The polymer according to claim 1, wherein the one or 
more thermoplastic polymers comprises one or more mono­
mers having the formula: 

~o......._R or 

0 

R2 

I 
~N'-R1 

0 
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wherein R, R 1 and R 2 are each independently chosen from: 
i) substituted or unsubstituted C1 -C6 linear alkyl; 
ii) substituted or unsubstituted C3 -C6 branched alkyl; 
iii) substituted or unsubstituted C3 -C6 cyclic alkyl; 
iv) substituted or unsubstituted CcC20 bicyclic alkyl; 
v) substituted or unsubstituted C6 or C10 aryl; 
vi) substituted or unsubstituted C7 -C20 alkylenearyl; or 
vii) substituted or unsubstituted C1 -C20 heterocyclic; or 
R1 and R2 can be taken together to form a substituted or 

unsubstituted 5-member or 6-member ring optionally 10 

comprising a heteroatom in addition to the nitrogen 
atom to which R1 and R2 are bonded, said heteroatom 
chosen from oxygen, nitrogen, or sulfur; and 

wherein further said substitutions independently chosen 
from: 15 

i) C1 -C6 linear alkyl; 
ii) C3 -C6 branched alkyl; 

54 
vi) substituted or unsubstituted alkylenearylalkylene; 
vii) substituted or unsubstituted heterocyclene; and 
viii) substituted or unsubstituted heteroarylene; 
D units are chosen from: 
i) substituted or unsubstituted C1 -C20 linear alkylene, 

C3 -C20 branched alkylene, or C3 -C20 cyclic alkylene; 
ii) substituted or unsubstituted C2 -C20 linear alkenylene, 

C3 -C20 branched alkenylene, or C5 -C20 cyclic alk­
enylene; 

iii) substitutedorunsubstitutedC2 -C20 linear alkynylene or 
C3 -C20 branched alkynylene; 

iv) substituted or unsubstituted polyoxyalkylene units; 
v) substituted or unsubstituted arylene; 
vi) substituted or unsubstituted alkylenearylene; 
vii) substituted or unsubstituted alkylenearylalkylene; 
viii) substituted or unsubstituted heterocycylene; and 
ix) substituted or unsubstituted heteroarylene. 

iii) C3 -C6 cyclic alkyl; 
iv) halogen; or 
v) --C(O)OH. 

8. The shape memory polymer according to claim 1, 
wherein the one or more thermoplastic polymers comprise 

20 one or more arylene or alkylenearylene units having the for­
mula: 4. The polymer according to claim 1, wherein the one or 

more thermoplastic polymers comprise one or more mono­
mers chosen from methyl acrylate, ethyl acrylate, n-propyl 
acrylate, iso-propyl acrylate, cyclopropyl acrylate, n-butyl 
acrylate, iso-butyl acrylate, sec-butyl acrylate, tert-butyl 25 

acrylate, cyclobutyl acrylate, n-pentyl acrylate, cyclopentyl 
acrylate, n-hexyl acrylate, cyclohexyl acrylate, or 4-tert-bu­
tylcyclohexyl acrylate. 

5. The polymer according to claim 1, wherein the one or 
more thermoplastic polymers comprise one or more mono- 30 

mers chosen from acrylamide, N-methylacrylamide, N,N­
dimethylacrylamide, N-ethylacrylamide, N,N-diethylacryla­
mide, N-methyl-N-ethylacrylamide, N-isopropylacrylamide, 
N,N-diisopropy lacrylamide, N-cyclopropylacry !amide, 
N,N-dicyclopropylacrylamide, N-acryloylaziridine), 35 

N-acryloylazetidine, N-acryloylpyrrolidine, 4-acryloylmor­
pholine, N-acryloylpiperidine, or N-acryloylpiperazine ). 

6. The polymer according to claim 1, wherein the one or 
more thermoplastic polymers comprise one or more mono­
mers chosen from bicyclo[l.1.1 ]pentan-1-yl acrylate, bicyclo 40 

[l.1.1 ]pentan-2-yl acrylate, bicyclo[2.1.1 ]hexan-l-yl acry­
late, bicyclo[2.1.l]hexan-2-yl acrylate, bicyclo[2.1.l]hexan-
6-yl acrylate, bicyclo[2.2.1 ]heptan-1-yl acrylate, bicyclo 
[2.2. l ]heptan-2-yl acrylate, l-methylbicyclo[2.2.1 ]heptan-
2-yl acrylate, 7,7-dimethylbicyclo[2.2.l]heptan-2-yl 45 

acrylate, 1,7,7-trimethylbicyclo[2.2.1 ]heptan-2-yl acrylate, 
1,3,3-trimethylbicyclo[2.2.1 ]heptan-2-yl acrylate, or 2,6,6-
trimethyl-bicyclo[3.1.1 ]heptan-2-yl acrylate. 

7. The shape memory polymer according to claim 1, 
wherein the one or more thermoplastic polymers comprise 50 

one or more monomers chosen from: 
i) diisocyanates having the formula: 

wherein the index his from 1 to 1 O; and the indices j and k are 
each independently from 1 to 10. 

9. The shape memory polymer according to claim 1, 
wherein the one or more thermoplastic polymers comprise 
one or more dials chosen from: 

i) C 1 -C20 linear alky lene dials or C3 -C20 branched alky lene 
dials; 

ii) polyoxyethylene dials having the formula: 

HO(CH2CH20),CH2CHpH 

wherein the index s is from 1 to 200; 
iii) polyoxypropylene dials having the formula: 

HO(CH2CH2CH20),CH2CH2CH20H or HO(CH2CH 
(CH3)0),CH2CH(CH3)0H 

wherein the index s is from 1 to 200; or 
iv) polyoxyalkylene dials having the formula: 

HO(CH2CH20)p(CH2CH2CH20)q(CH2CH20) 
rCH2CH20H 

wherein the indices p, q and r are each independently 
from 1to100. 

10. The shape memory polymer according to claim 1, 
comprising one or more crosslinkers having the formula: 

X[OC(O)R3 Jn or X[NHC(O)R3Jn 

0=C=N-W-N=C=0; and 

ii) dials having the formula: 
wherein Xis a unit having from 1 to 5000 carbon atoms, R3 is 

55 unit having from 1 to 20 carbon atoms, and n is an integer 
from 2 to 6. 

HO-D--OH; 

wherein W is chosen from: 
i) substituted or unsubstituted C1 -C20 linear alkylene, 

C3 -C20 branched alkylene, or C3 -C20 cyclic alkylene; 
ii) substituted or unsubstituted C2 -C20 linear alkenylene, 

C3 -C20 branched alkenylene, or C5 -C20 cyclic alk­
enylene; 

iii) substitutedorunsubstitutedC2 -C20 linear alkynylene or 
C3 -C20 branched alkynylene; 

iv) substituted or unsubstituted arylene; 
v) substituted or unsubstituted alkylenearylene; 

60 

65 

11. The shape memory polymer according to claim 1, 
comprising a crosslinker having the formula: 

0 0 

~y)V 

wherein Y is a linking unit having the formula: 

-[Q]y[[C(R4aR4b)lx[Ql]y1Jm[C(R5aR5b)Jw[Q2]yr 
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each of Q, Q1 and Q2 are independently: 
i) ---C(O)-; 
ii)-NH-; 
iii) ---C(O)NH-; 
iv) -NHC(O)-; 
v) -NHC(O)NH-; 
vi) -NHC(O)O-; 
vii) ---C(O)O-; 
viii) -C(O)NHC(O)-; 
ix)-0-; 
x)-S-; 
xi)-S02-; 

xii) ---C( NH)-; 
xiii) -C( NH)NH-; 
xiv) -NHC( NH)-; or 
xv) -NHC( NH)NH-; 
R4

a, R46
, R5

a and R56 are each independently: 
i) hydrogen; 
ii) hydroxy; 
iii) halogen; or 
iv) substituted or unsubstituted C1 -C6 linear or C3 -C6 

branched alkyl; or 

10 

56 
the indices w, x and z are each independently from 0 to 500; 

the index m in each occurrence is independently 0 or 
500; the indices y, y2 and y3 are each independently 0 or 
1; 

R9 is hydrogen or C1 -C20 linear alkyl, C3 -C20 branched 
alky 1 or C3 -C20 cyclic alkyl; or a unit having the formula: 

R7
a and R76 are each independently hydrogen or C1-C20 

linear alkyl; the index tis from 0 to 500. 
13. The shape memory polymer according to claim 1, 

15 having a gel fraction greater than about 50%. 
14. The shape memory polymer according to claim 1, 

having a gel fraction greater than about 75%. 
15. The shape memory polymer according to claim 1, 

20 
having a gel fraction greater than about 80%. 

16. The shape memory polymer according to claim 1, 
having a gel fraction greater than about 90%. 

the indices w and x are each independently from 0 to 500; 
the indices y, y 1 and y2 are each independently 0 or 1; and 25 

the index m is from 0 to 500. 

17. The shape memory polymer according to claim 1, 
having a gel fraction greater than about 95%. 

18. The shape memory polymer according to claim 1, 
having a glass transition temperature, T g' of from about 0° C. 
to about 200° C. 12. The shape memory polymer according to claim 1, 

comprising one or more multifunctional crosslinkers having 
the formula: 

X[OC(O)R3 Jn or X[NHC(O)R3 Jn 

wherein R3 is unit having from 1 to 20 carbon atoms; X is 
a unit having the formula: 

and the index n is 2, 3, or 4; 
Q, Q2 and Q3 are each independently: 
i) ---C(O)-; 
ii)-NH-; 
iii) ---C(O)NH-; 
iv) -NHC(O)-; 
v) -NHC(O)NH-; 
vi) -NHC(O)O-; 
vii) ---C(O)O-; 
viii) -C(O)NHC(O)-; 
ix)-0-; 
x)-S-; 
xi)-S02-; 

xii) ---C( NH)-; 
xiii) -C( NH)NH-; 
xiv) -NHC( NH)-; or 
xv) -NHC( NH)NH-; 
R4

a, R46
, R5

a, R56
, R6

a and R66 are each independently: 
i) hydrogen; 
ii) hydroxy; 
iii) halogen; or 
iv) substituted or unsubstituted C1 -C6 linear or C3 -C6 

branched alkyl; 

19. The shape memory polymer according to claim 1, 
having a glass transition temperature, T g' of from about 10° C. 

30 to about 150° C. 
20. The shape memory polymer according to claim 1, 

having a glass transition temperature, T g' of from about 20° C. 
to about 100° C. 

21. The shape memory polymer according to claim 1, 
35 having a rubbery modulus, Er, of from about 0.01 MPa to 

about 15 MPa. 
22. The shape memory polymer according to claim 1, 

having a rubbery modulus, E" of from about 1 MPa to about 
10 MPa. 

40 23. The shape memory polymer according to claim 1, 
having a rubbery modulus, E" of from about 1 MPa to about 
5MPa. 

24. The shape memory polymer according to claim 1, 
wherein the one or more thermoplastic polymers comprise: 

45 i) from about 1 % to about 30% by weight of a first mono­
mer; and 

ii) from about 70% to about 99% by weight of a second 
monomer. 

25. The shape memory polymer according to claim 1, 
50 wherein the one or more thermoplastic polymers comprise: 

i) from about 0.1 % to about 99% by weight of a first 
monomer; 

ii) from about 0.1 % to about 99% by weight of a second 
monomer; and 

55 iii) from about 0.1 % to about 99% by weight of a third 
monomer. 

26. A process for preparing a thermoset shape memory 
polymer, comprising curing a pre-thermoset admixture, the 
admixture comprising: 

60 a) from about 50% to about 99.9% by weight of one or 
more thermoplastic polymers; and 

b) from about 0.1 % to about 50% by weight ofone or more 
crosslinkers; 

wherein the resulting shape memory polymer has a glass 
65 transition temperature, T g' of from about -40° C. to 

about 200° C., a rubbery modulus, E" of from about 0.01 
MPa to about 100 MPa, and a gel fraction greater than 0. 
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27. The process according to claim 26, wherein the one or 
more thermoplastic polymers comprise two or more mono­
mers having the formula: 

R2 

I 
~O"-R 

0 

or ~N'-R1 
0 

wherein R, R1 and R2 are each independently is chosen 
from: 

i) hydrogen; 
ii) C1 -C20 linear alkyl; 
iii) C3-C20 branched alkyl; 
iv) C3-C20 cyclic alkyl; 
v) C5 -C20 bicyclic alkyl; 
vi) C5 -C20 fused ring alkyl; 
vii) C1 -C20 heterocyclic; 
viii) C1 -C20 heteroaryl; 
ix) C4 -C20 heterobicyclic; 
x) C6 or C10 aryl; or 
xi) C7 -C20 alkylenearyl; or 

10 

15 

20 

58 
wherein W is chosen from: 
i) substituted or unsubstituted C1 -C20 linear alkylene, 

C3-C20 branched alkylene, or C3-C20 cyclic alkylene; 
ii) substituted or unsubstituted C2-C20 linear alkenylene, 

C3-C20 branched alkenylene, or C5 -C20 cyclic alk­
enylene; 

iii) substitutedorunsubstitutedC2-C20 linear alkynylene or 
C3-C20 branched alkynylene; 

iv) substituted or unsubstituted arylene; 
v) substituted or unsubstituted alkylenearylene; 
vi) substituted or unsubstituted alkylenearylalkylene; 
vii) substituted or unsubstituted heterocycylene; and 
viii) substituted or unsubstituted heteroarylene; 
D units are chosen from: 
i) substituted or unsubstituted C1 -C20 linear alkylene, 

C3-C20 branched alkylene, or C3-C20 cyclic alkylene; 
ii) substituted or unsubstituted C2-C20 linear alkenylene, 

C3-C20 branched alkenylene, or C5 -C20 cyclic alk­
enylene; 

iii) substitutedorunsubstitutedC2-C20 linear alkynylene or 
C3-C20 branched alkynylene; 

iv) substituted or unsubstituted polyoxyalkylene units; 
v) substituted or unsubstituted arylene; 
vi) substituted or unsubstituted alkylenearylene; 
vii) substituted or unsubstituted alkylenearylalkylene; 
viii) substituted or unsubstituted heterocycylene; and 
ix) substituted or unsubstituted heteroarylene. 

R1 and R2 can be taken together to form a substituted or 25 

unsubstituted ring having from 3 to 20 atoms and option­
ally from 1 to 3 heteroatoms in addition to the nitrogen 
atom to which R1 and R2 are bonded, or a fused ring 
system having from 2 to 4 rings having a total of from 3 29. The process according to claim 26, wherein the one or 

30 more thermoplastic polymers comprise one or more arylene 
or alkylenearylene units having the formula: 

to 20 atoms; 
any of which R, R 1 and R 2 units or rings formed by R 1 and 

R2 can be substituted by one or more substitutions cho­
sen from: 

i) C1-C12 linear, C3-C12 branched, or C3-C12 cyclic alkyl; 
ii) substituted or unsubstituted C6 or C10 aryl; 
iii) substituted or unsubstituted c6 or clO alkylenearyl; 
iv) substituted or unsubstituted C1 -C9 heterocyclic rings; 
v) substituted or unsubstituted C1 -C9 heteroaryl rings; 
vi)-(CR102aR102b)aOR101; 
vii)-(CR102aR102b)aC(O)R101; 
viii) -(CR 102aR 1026)aC(O)OR 101 ; 
ix)-(CR102aR102b)aC(O)N(R101)2, 
x) -(CR 102aR 102b)aN(R 101 )2; 
xi) halogen; 
xii)-(CR102aR102b)aCN; 
xiii)-(CR102aR1026)aN02; 
xiv) -CH1Xk; wherein X is halogen, the index j 1s an 

integer from 0 to 2, j+k=3; 
xv)-(CR102aR102b)aSR101; 
xvi)-(CR102aR1026)aS02R101 ; or 
xvii)-(CR102aR102b)aS03R101; 
wherein each R 101 is independently hydrogen, substituted 

or unsubstituted C1 -C6 linear, C3-C6 branched, or C3-C6 

cyclic alkyl, phenyl, benzyl, heterocyclic, or heteroaryl; 

35 

40 
wherein the index his from 1 to 1 O; and the indices j and k are 
each independently from 1 to 10. 

45 

30. The process according to claim 26, comprising one or 
more crosslinkers having the formula: 

X[OC(O)R3 Jn or X[NHC(O)R3Jn 

wherein Xis a unit having from 1 to 5000 carbon atoms, R3 

is unit having from 1 to 20 carbon atoms, and n is an 
integer from 2 to 6. 

31. The process according to claim 26, wherein the shape 
50 memory polymer has a gel fraction greater than about 50%. 

32. The process according to claim 26, wherein the shape 
memory polymer has a gel fraction greater than about 75%. 

33. The process according to claim 26, wherein the shape 
memory polymer has a gel fraction greater than about 80%. 

34. The process according to claim 26, wherein the shape 
memory polymer has a gel fraction greater than about 90%. 

35. The process according to claim 26, wherein the shape 
memory polymer has a gel fraction greater than about 95%. 

36. The process according to claim 26, wherein the shape 
memory polymer has a glass transition temperature, T g' of 
from about 0° C. to about 200° C. 

or two R101 units can be taken together to form a ring 55 

comprising 3-7 atoms; R 102a and R1026 are each inde­
pendently hydrogen or C1 -C4 linear or C3-C4 branched 
alkyl; the index "a" is from 0 to 4. 

28. The process according to claim 26, wherein the one or 
more thermoplastic polymers comprise one or more mono- 60 

mers chosen from: 
i) diisocyanates having the formula: 

0=C=N-W-N=C=0; and 

37. The process according to claim 26, wherein the shape 
memory polymer has a glass transition temperature, T g' of 
from about 10° C. to about 150° C. 

ii) dials having the formula: 65 38. The process according to claim 26, wherein the shape 

HO-D-OH; 

memory polymer has a glass transition temperature, T g' of 
from about 20° C. to about 100° C. 
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39. The process according to claim 26, wherein the shape 
memory polymer has a rubbery modulus, Er, of from about 
0.01 MPa to about 15 MPa. 

40. The process according to claim 26, wherein the shape 
memory polymer has a rubbery modulus, E" of from about 1 
MPa to about 10 MPa. 

41. The process according to claim 26, wherein the shape 
memory polymer has a rubbery modulus, E" of from about 1 
MPa to about 5 MPa. 

42. The process according to claim 26, further comprising 
the step of mixing the one or more thermoplastic polymers 
and one or more crosslinkers prior to curing. 

43. The process according to claim 42, wherein the mixing 

60 
wherein the resulting shape memory polymer has a glass 
transition temperature, T g' of from about -40° C. to about 
200° C., a rubbery modulus, E" of from about 0.01 MPa to 
about 100 MPa, and a gel fraction greater than 0. 

49. A thermoset shape memory polymer comprising: 
a) a thermoplastic backbone comprising at least two linear 

monomers; and 
b) at least one crosslinker; 

wherein the shape memory polymer has a glass transition 
10 temperature, T g' of from about -40° C. to about 200° C., a 

rubbery modulus, E" of from about 0.01 MPa to about 100 
MPa, and a gel fraction greater than 0. 

50. A thermoset shape memory polymer comprising: 
is performed until a point wherein the change in the torque as 
measured by a device fitted to the apparatus mixing the one or 15 

more thermoplastic polymers and one or more crosslinkers 
indicates a less than about 10% change in torque over a period 

a) a plurality of thermoplastic homopolymer backbones; 
and 

b) one type of crosslinker; 
wherein the shape memory polymer has a glass transition 
temperature, T g' of from about -40° C. to about 200° C., a 
rubbery modulus, E" of from about 0.01 MPa to about 100 

of at least about one minute. 
44. The process according to claim 26, wherein the shape 

memory polymer comprises one or more essentially non­
scissionable thermoplastic polymers. 

45. The process according to claim 44, wherein the shape 
memory polymer comprises a substantially thermoplastic 
polymer wherein at least about 7 5% of the polymer chains are 
not broken or fractured during curing. 

46. The process according to claim 26, wherein the pre­
thermoset admixture is dissolved or dispersed in one or more 
solvents prior to curing. 

20 MPa, and a gel fraction greater than 0. 
51. A thermoset shape memory polymer comprising: 
a) a thermoplastic homopolymer backbone; and 
b) a plurality of crosslinkers; 

wherein the shape memory polymer has a glass transition 
25 temperature, T g' of from about -40° C. to about 200° C., a 

rubbery modulus, E" of from about 0.01 MPa to about 100 
MPa, and a gel fraction greater than 0. 

52. A thermoset shape memory polymer comprising: 
47. The process according to claim 26, further comprising 

the step of forming the one or more thermoplastic polymers 30 

from one or more monomers prior to forming or during for­
mation of the pre-thermoset admixture. 

a) a plurality of thermoplastic copolymer backbones 
wherein each copolymer comprises at least one different 
monomer than the other copolymers; and 

b) at least one crosslinker; 
48. A process for forming a shape memory polymer com­

prising curing an admixture comprising: 
a) from about 50% to about 99.9% by weight of a poly 

(methyl acrylate) thermoplastic polymer; and 
b) fromabout0.1 %to about 50% byweightofoneormore 

crosslinkers; 

wherein the shape memory polymer has a glass transition 
temperature, T g' of from about -40° C. to about 200° C., a 

35 rubbery modulus, Er, of from about 0.01 MPa to about 100 
MPa, and a gel fraction greater than 0. 

* * * * * 


