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(57) ABSTRACT 
A shape-memory polymers comprising at least one monomer 
subunit represented by the following structural formula (1). 
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BIODEGRADABLE SHAPE MEMORY 
POLYMER 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 61/376,968 ?led on Aug. 25, 2010. 
The entire teachings of the above application are incorporated 
herein by reference. 

GOVERNMENT SUPPORT 

[0002] This invention Was made With government support 
under NSF-0425826 awarded by the National Science Foun 
dation. The government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

[0003] Shape memory alloys, such as TiNi alloys, have 
been applied Widely in medical ?elds (eg as a urethra arterial 
stent for enlarged pro state) due to their unique shape memory 
effect, high strength and excellent biocompatibility. HoW 
ever, these alloys shoW some obvious disadvantages, such as 
high manufacturing cost, limited recoverable deformation 
and lack of biodegradability. 

[0004] Recently, biodegradable shape-memory polymers 
(SMPs) have attracted much attention and several kinds of 
biodegradable polymers have been reported. Speci?cally, 
SMPs can be produced from different natural or synthetic raW 
polymers, such as chitosan, cellulose, polyetherurethanes, 
poly(e -caprolactone). The synthesis and post treatment meth 
ods of the polymers Were complicated and the mechanical 
properties are insu?icient for various biomedical applica 
tions. 

SUMMARY OF THE INVENTION 

[0005] A great need exists to develop a shape memory 
polymer With improved combination of properties: tunable 
thermal, mechanical, biodegradation properties, With better 
processibility, better biocompatibility, loWer modulus near 
the elastic modulus of human tissue and faster controlled 
release pro?les. 

[0006] In one embodiment, the present invention is a 
chemical compound of the folloWing structural formula: 

(I) 
O 

‘F 
k(R2C) (CR2)n 

R1 L 

R4 / R3 

In formula (I), Ar is an aryl or a heteroaryl, optionally sub 
stituted With one or more substituents selected from halogen, 
hydroxyl, Cl -C l 2 alkyl, C2 -C l 2 alkene, C2-C l 2 alkyne, 
C3 -C l 2 cycloalkyl, Cl -C l 2 haloalkyl, Cl -C l 2 alkoxy, 
C6-C1 8 (hetero)aryloxy, C6-Cl 8 (hetero)arylamino or a 
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C6-Cl8 (hetero)aryl group; k and n are each independently 
Zero or an integer between 1 and 6, provided that k+n§l4; L 
is selected from iXi, iN(R2)i, 4CQ()i, 4C(X)Xi, 
iXC(X)i, %Q()NR2i, iNR2CQ()i, iN(R2)iS 
(O)mi, iS(O)miN(R2)i; each X is independently an O 
or an S; m is l or 2; and R, R1, R2, R3 and R4 for each 
occurrence is each independently selected from hydrogen, 
Cl-Cl2 alkyl, C2-Cl2 alkene, C2-Cl2 alkyne, C3-Cl2 
cycloalkyl or a C6-Cl8 (hetero)aryl group, Wherein each 
Cl-Cl2 alkyl, C2-Cl2 alkene, C2-Cl2 alkyne, C3-Cl2 
cycloalkyl or a C6-Cl8 (hetero)aryl group is optionally sub 
stituted With one or more halogen, hydroxyl, Cl-Cl2 alkyl, 
C2-Cl2 alkenyl, C2-Cl2 alkynyl group, Cl-Cl2 alkoxy, or 
Cl -Cl2 haloalkyl. 

[0007] In another embodiment, the present invention is a 
polymer comprising at least one repeat unit represented by 
the folloWing structural formula: 

(111) 

R3 

Ar 

Values and preferred values of the variables in structural 
formula (III) are as de?ned With respect to structural formula 

(1) 
[0008] In another embodiment, the present invention is a 
method of cross-linking a polymer. The method comprises 
irradiating a starting polymer comprising at least one repeat 
unit of structural formula (III) With actinic radiation 

(III) 
0 

"(R20 (CR2)k_O , 

L R1 

R3 \ R4 

Ar 

thereby producing a polymer having at least tWo cross-linked 
repeat units represented by structural formulas (VIII) or 
(VIIIA): 
[0009] thereby producing a polymer having at least tWo 

cross-linked repeat units represented by structural formu 
las (VIII) or (VIIIA) 
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(VIII) 

ARZC) (CR2)k — O , or 

R4 Ar 

R1 L R3 

(VIHA) 

ARZC) 

R4 Ar 

R4 Ar 

R1 LR3 

Values and preferred values of the variables in structural 
formulas (V III) or (VIIIA) are as de?ned With respect to 
structural formula (III). 

[0010] In another embodiment, the present invention is a 
method of synthesis of a polymer having at least one subunit 
represented by the following structural formula 

(III) 
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The method comprises reacting a compound of structural 
formula (I) 

(I) 
O 

O 

k(R2C|) (CR2)n 
R1 L 

R4 / R3, 

AI 

With a compound of structural formula (V11) 

(v11) 
0, 

o 

R1 R1 

thereby producing the polymer having at least one subunit of 
structural formula (III). Values and preferred values of the 
variables in structural formula (VII) are as de?ned With 
respect to structural formula (I). 
[0011] In another embodiment, the present invention is a 
chemical compound represented by a structural formula 
selected from the group consisting of: 

(A) 

(B) 

(C) 

(D) 
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-continued 
(E) 

O 

O 

), and 
S—S 

(F) 
O 

O 

S, L/ S 

wherein q is an integer from 1 to 10. 
[0012] In another embodiment, the present invention is a 
polymer comprising at least one repeat unit represented by 
the following structural formula: 

and at least one repeat unit represented by the structural 
formula selected from the group consisting of: 

1,51 {i1 
N HN/ 

CH3 CH3 2 

O 
O | O / 

, , and 

O 

k 0 O 
S—S X 

H3c CH3 
0 

| 
O , 

s L / s 

Wherein q is an integer from 1 to 10. Values and preferred 
values of the variables in the above structural formulas are as 
de?ned With respect to structural formula (1). 
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[0013] In another embodiment, the present invention is a 
method of cross-linking a polymer. The method comprises 
irradiating a starting polymer comprising at least one repeat 
unit of structural formula (111) With actinic radiation 

(III) 

thereby producing a polymer having at least tWo cross-linked 
repeat units represented by structural formulas (VIII) or 
(VIHa) 

(VIII) 

ARZC) 

Ar R4 

R4 Ar 

R1 LR3 

(VIIIA) 

ARZC) 

Wherein the starting polymer further comprises at least one 
repeat unit represented by the structural formula selected 
from the group consisting of: 
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(B 
(C, H HN/N 

‘1 ] $0 / o ’ ( ’and 

k 0 O 
H X 

H3C CH3 
0 

| 
O , 

s L / s 

wherein q is an integer from 1 to 10. Values and preferred 
values of the variables in the above structural formulas are as 
de?ned With respect to structural formula 

[0014] In another embodiment, the present invention is a 
method of synthesis of a polymer having at least one subunit 
represented by the following structural formula 

(III) 

The method comprises reacting a compound of structural 
formula (I) 

(I) 
O 

O 

k(R2C|) (CR2)n 
R1 L 

R4 / R3, 

AI 
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With at least one compound represented by a structural for 
mula selected from the group consisting of: 

(A) 

(B) 

(C) 

(D) 

S 

as, m 
(E) 

(F) 
O 

s, L/ s 

Wherein q is an integer from 1 to 10, thereby producing the 
polymer having at least one subunit of structural formula (III). 
Values and preferred values of the variables in the above 
structural formulas are as de?ned With respect to structural 
formula (I). 
[0015] The (co)polymers of the present invention can be 
used to manufacture a Wide variety of deployable structures 
With complex shape. For example, the (co)polymers of the 
present invention can be used to manufacture medical devices 
such as stents, catheters, sutures, prosthetics, grafts, screWs, 
pins, plates, pumps, meshes and Wound dressings, or eye 
glasses. Alternatively, the (co)polymers of the present inven 
tion can be used to manufacture an optical shutter for thermal 
sensing, reversible embossing for information storage or for 
micro?uidic devices, or an adhesive comprising a shape 
memory composition. The (co)polymers of the present inven 
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tion can be used to manufacture can be cast, extruded or 
molded in the shape a ?lm, coating or as a solid casting. The 
(co)polymers of the present invention can further include 
dyes. 
[0016] The (co)polymers described herein provides impor 
tant advantages. The switching temperature and mechanical 
properties of tri-block copolymers of E-caprolactone or its 
derivatives or analogs can be controlled by controlling the 
molecular Weight of the polycaprolactone blocks. Antimicro 
bial functionalities can be incorporated into the (co)polymer 
by using, e.g., monomer A. (Co)polymers that incorporate 
monomer A can be used in medical devices, drug delivery 
vehicles, and health care and hygienic applications, Water 
puri?cation systems, hospital and dental surgery equipment, 
textiles, food packaging, and food storage, among other 
applications. Biodegradation rates of (co)polymers can be 
controlled by incorporating monomers B, C, D, E or F, 
depending on the degradation stimuli and rate desired. (Co) 
polymers that incorporate monomers B and C can be used for 
drug eluting bioimplants (or drug delivery vehicles), espe 
cially for delivery of pharmaceutically active ingredients of to 
the acidic environments of tumors, in?ammatory tissues, and 
phagosomes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 is a schematic diagram of various synthetic 
schemes that employ the chemical compounds of the present 
invention. 
[0018] FIG. 2 is differential scanning calorimetry traces of 
the un-crosslinked polymers of the present invention. 
[0019] FIG. 3 depicts 1H-NMR spectra of selected poly 
mers of the present invention. 

[0020] FIG. 4 depicts a 3D diagram of Tm-based one-Way 
shape memory cycle for a poly(CL:CCL) 50:50 triblock 
copolymer described in Example 4. 
[0021] FIG. 5 is a plot of tensile storage modulus (E') as a 
function of temperature for three tri-block polymer examples 
of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

De?nitions of Terms 

[0022] The term “alkyl”, as used herein, unless otherWise 
indicated, means straight or branched saturated monovalent 
hydrocarbon radicals of formula CMHZMH. In some embodi 
ments, n is from 1 to 18. In other embodiments, n is from 1 to 
12. Preferably, n is from 1 to 6. In some embodiments, n is 
1-1000, for example, n is l-l00. Alkyl can optionally be 
substituted With iOH, iSH, halogen, amino, cyano, nitro, 
a Cl -Cl2 alkyl, Cl-Cl2 haloalkyl, Cl -Cl2 alkoxy, Cl-Cl2 
haloalkoxy or Cl-Cl2 alkyl sulfanyl. In some embodiments, 
alkyl can optionally be substituted With one or more halogen, 
hydroxyl, Cl-Cl2 alkyl, C2-Cl2 alkenyl or C2-Cl2 alkynyl 
group, Cl -Cl2 alkoxy, or Cl -Cl2 haloalkyl. The term alkyl 
can also refer to cycloalkyl. 

[0023] As used herein, an “alkenyl group”, alone or as a 
part of a larger moiety (e.g., cycloalkene oxide), is preferably 
a straight chained or branched aliphatic group having one or 
more double bonds With 2 to about 12 carbon atoms, e.g., 
ethenyl, l -propenyl, l-butenyl, 2-butenyl, 2-methyl- l -prope 
nyl, pentenyl, hexenyl, heptenyl or octenyl, or a 
cycloaliphatic group having one or more double bonds With 3 
to about 12 carbon atoms. 
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[0024] As used herein, an “alkynyl” group, alone or as a 
part of a larger moiety, is preferably a straight chained or 
branched aliphatic group having one or more triple bonds 
With 2 to about 12 carbon atoms, e.g., ethynyl, l-propynyl, 
l -butynyl, 3 -methyl-l -butynyl, 3 ,3 -dimethyl- l -butynyl, pen 
tynyl, hexynyl, heptynyl or octynyl, or a cycloaliphatic group 
having one or more triple bonds With 3 to about 12 carbon 
atoms. 

[0025] The term “cycloalkyl”, as used herein, means satu 
rated cyclic hydrocarbons, i.e. compounds Where all ring 
atoms are carbons. In some embodiments, a cycloalkyl com 
prises from 3 to 18 carbons. Preferably, a cycloalkyl com 
prises from 3 to 6 carbons. Examples of cycloalkyl include, 
but are not limited to, cyclopropyl, cyclobutyl, cyclopentyl, 
cyclohexyl, and cycloheptyl. In some embodiments, 
cycloalkyl can optionally be substituted With one or more 
halogen, hydroxyl, Cl -Cl2 alkyl, C2-Cl2 alkenyl or C2-Cl2 
alkynyl group, Cl-Cl2 alkoxy, or Cl-Cl2 haloalkyl. 
[0026] The term “haloalkyl”, as used herein, includes an 
alkyl substituted With one or more P, Cl, Br, or I, Wherein alkyl 
is de?ned above. 
[0027] The terms “alkoxy,” as used herein, means an 
“alkyl-Oi” group, Wherein alkyl is de?ned above. Examples 
of alkoxy group include methoxy or ethoxy groups. 
[0028] The term “aryl,” as used herein, refers to a carbocy 
clic.aromatic group. Preferably, an aryl comprises from 6 to 
18 carbons. Examples of aryl groups include, but are not 
limited to phenyl and naphthyl. Examples of aryl groups 
include optionally substituted groups such as phenyl, biphe 
nyl, naphthyl, phenanthryl, anthracenyl, pyrenyl, ?uoranthyl 
or ?uorenyl. An aryl can be optionally substituted. Examples 
of suitable substituents on an aryl include halogen, hydroxyl, 
Cl-Cl2 alkyl, C2-Cl2 alkene or C2-Cl2 alkyne, C3-Cl2 
cycloalkyl, Cl-Cl2 haloalkyl, Cl-Cl2 alkoxy, aryloxy, ary 
lamino or aryl group. 
[0029] In some embodiments, a C6-C1 8 aryl selected from 
the group consisting of phenyl, indenyl, naphthyl, aZulenyl, 
heptalenyl, biphenyl, indacenyl, acenaphthylenyl, ?uorenyl, 
phenalenyl, phenanthrenyl, anthracenyl, cyclopentacy 
clooctenyl or benZocyclooctenyl. In some embodiments, a 
C6-Cl4 aryl selected from the group consisting of phenyl, 
naphthalene, anthracene, lH-phenalene, tetracene, and pen 
tacene. 

[0030] The term “aryloxy,” as used herein, means an “aryl 
Oi” group, Wherein aryl is de?ned above. Examples of an 
aryloxy group include phenoxy or naphthoxy groups. 
[0031] The term (hetero)arylamine, as used herein, means 
an “(hetero)aryl-NI-l-”, an “(hetero)aryl-N(alkyl)-”, or an 
“((hetero)aryl)2-N-” groups, Wherein (hetero)aryl and alkyl 
are de?ned above. 

[0032] The term “heteroaryl,” as used herein, refers to aro 
matic groups containing one or more heteroatoms (O, S, or 
N). A heteroaryl group can be monocyclic or polycyclic, eg 
a monocyclic heteroaryl ring fused to one or more carbocyclic 
aromatic groups or other monocyclic heteroaryl groups. The 
heteroaryl groups of this invention can also include ring sys 
tems substituted With one or more oxo moieties. Examples of 
heteroaryl groups include, but are not limited to, pyridinyl, 
pyridaZinyl, imidaZolyl, pyrimidinyl, pyraZolyl, triaZolyl, 
pyraZinyl, quinolyl, isoquinolyl, tetraZolyl, furyl, thienyl, 
isoxaZolyl, thiaZolyl, oxaZolyl, isothiaZolyl, pyrrolyl, quino 
linyl, isoquinolinyl, indolyl, benZimidaZolyl, benZofuranyl, 
cinnolinyl, indaZolyl, indoliZinyl, phthalaZinyl, pyridaZinyl, 
triaZinyl, isoindolyl, purinyl, oxadiaZolyl, thiaZolyl, thiadia 
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Zolyl, furaZanyl, benZofuraZanyl, benZothiophenyl, benZot 
riaZolyl, benZothiaZolyl, benZoxaZolyl, quinaZolinyl, quinox 
alinyl, naphthyridinyl, dihydroquinolyl, tetrahydroquinolyl, 
dihydroisoquinolyl, tetrahydroisoquinolyl, benZofuryl, furo 
pyridinyl, pyrolopyrimidinyl, and aZaindolyl. 
[0033] In other embodiments, a 5- l 4-membered heteroaryl 
group selected from the group consisting of pyridyl, l-oxo 
pyridyl, furanyl, benZo[l,3]dioxolyl, benZo[l,4]dioxinyl, 
thienyl, pyrrolyl, oxaZolyl, imidaZolyl, thiaZolyl, a isox 
aZolyl, quinolinyl, pyraZolyl, isothiaZolyl, pyridaZinyl, pyri 
midinyl, pyraZinyl, a triaZinyl, triaZolyl, thiadiaZolyl, iso 
quinolinyl, indaZolyl, benZoxaZolyl, benZofuryl, indoliZinyl, 
imidaZopyridyl, tetraZolyl, benZimidaZolyl, benZothiaZolyl, 
benZothiadiaZolyl, benZoxadiaZolyl, indolyl, tetrahydroin 
dolyl, aZaindolyl, imidaZopyridyl, quinaZolinyl, purinyl, pyr 
rolo[2,3]pyrimidinyl, pyraZolo[3,4]pyrimidinyl, imidaZo[l, 
2-a]pyridyl, and benZothienyl. 
[0034] The foregoing heteroaryl groups may be C-attached 
or N-attached (Where such is possible). For instance, a group 
derived from pyrrole may be pyrrol-l -yl (N-attached) or pyr 
rol-3-yl (C-attached). 
[0035] Suitable substituents for heteroaryl are as de?ned 
above With respect to aryl group. 
[0036] Suitable substituents for an alkyl, cycloalkyl include 
a halogen, an alkyl, an alkenyl, a cycloalkyl, a cycloalkenyl, 
an aryl, a heteroaryl, a haloalkyl, cyano, nitro, haloalkoxy. 
[0037] Further examples of suitable substituents for a sub 
stitutable carbon atom in an aryl, a heteroaryl, alkyl or 
cycloalkyl include but are not limited to iOH, halogen (iF, 
iCl, iBr, and fl), iR, ADR, %H2R, %H2OR, 
iCH2CH2OR. Each R is independently an alkyl group. 
[0038] In some embodiments, suitable substituents for a 
substitutable carbon atom in an aryl, a heteroaryl or an aryl 
portion of an arylalkenyl include halogen, hydroxyl, Cl-Cl2 
alkyl, C2-Cl2 alkenyl or C2-Cl2 alkynyl group, Cl-Cl2 
alkoxy, aryloxy group, arylamino group and Cl-Cl2 
haloalkyl. 
[0039] In addition, the above-mentioned groups may also 
be substituted With :O, :S, :N-alkyl. 
[0040] In the context of the present invention, an amino 
group may be a primary (iNHZ), secondary (iNHRP), or 
tertiary (iNRPRq), Wherein RP and RI may be any of the 
alkyl, alkenyl, alkynyl, alkoxy, cycloalkyl, cycloalkoxy, aryl, 
heteroaryl, and a bicyclic carbocyclic group. A (di)alky 
lamino group is an instance of an amino group substituted 
With one or tWo alkyls. 

[0041] A “trialkylamino” group is a group iN+(Rt)3, 
Wherein Rt is an alkyl, as de?ned above. 
[0042] The terms “MCL” and “CCL” are used interchange 
ably and both refer to cinnamoyl-caprolactone. 

Shape-Memory Polymers 

[0043] In various embodiments, the present invention is a 
novel chemical compound, a polymer comprising same and 
methods for manufacturing same. Advantageously, the com 
pounds and polymers of the present invention can be 
employed in shape-memory polymers. 
[0044] “Shape-memory polymers” are polymers, Which 
have a special chemical makeup that gives them a shape 
memory effect. The polymer is produced initially in its per 
manent shape. The temporary shape is imparted under strain 
folloWed by physical crosslinking or chemical crosslinking. 
On cooling beloW the transition temperature, the temporary 
shape is retained. Heating the polymer up to above its so 
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called “sWitching temperature” Twitch, the permanent shape 
is recovered. The sWitch temperature or transition tempera 
ture can be glass transition temperature or melting transition 
temperature. 
[0045] At a temperature beloW Twitch the shape memory 
polymer, noW in its temporary shape, can be stored until its 
use. This transition from the original to temporary shapes can 
be repeated over and over again Without the polymer degrad 
ing. Depending on the chemical composition, the transition 
temperature of a shape-memory polymer can be varied, and 
may be as loW as —30 degrees Celsius and could go up to 260 
degrees Celsius. 
[0046] A polymer of the present invention possesses the 
ability for shape memory dimensional changes. Such a poly 
mer can be used, for example, to manufacture a medical 
device that is small When implanted in the body, but later 
self-expands or changes its ?exibility, thus adjusting to ana 
tomical structures. Shape memory can be achieved in several 
Ways. For example, incorporation of UV active functional 
groups in the main chain of a copolymer can permit modi? 
cation of the modulus (a measure of rigidity or ?exibility) of 
the copolymer by UV crosslinking. 
[0047] Alternatively, the use of a monomer With a loW 
melting point (Tm:52° C.), for example e-caprolactone, can 
enable the polymer to transition from one shape to another 
using a temperature that is near physiological conditions. 
Further advantage of a polymer of the present invention is its 
biodegradability and biocompatibility, enabling its use in in 
vivo applications. In the case of a coronary stent, for example, 
this Would ensure that after the stent has Widened the artery, it 
Will biodegrade at a pre-programmed degradation rate 
betWeen 6 and 24 months, depending on the surgical demands 
on the stent. 

[0048] In one embodiment, the present invention is a bio 
degradable shape memory polymer With dual shape memory 
and dual stimuli-response. The choice of monomers is based 
on their knoWn biocompatibility, biodegradability, and glass 
transition and melting temperatures. 
[0049] The shape-memory effect can be triggered by 
reversible UV crosslinking and/or heat and can be exploited 
after speci?c processing referred to as “programming.” For 
UV activated shape memory polymer, the polymer is pro 
duced initially in its permanent shape, subjected to strain 
folloWed by exposure of UV light (eg by exposure to light of 
Wavelength greater than 260 nm) to induce chemical 
crosslinking (e.g., of the vinyl groups in the modi?ed capro 
lactone), resulting in a desired temporary shape. On exposure 
to UV light, the polymer returns back to its permanent shape. 
[0050] At a temperature beloW Twitch the shape-memory 
polymer (SMP), noW in its temporary shape, can be stored 
until its use. In the embodiments employing e-caprolactone as 
one of the blocks in the copolymer, one transition, Twitch can 
be the melting point of poly(e-caprolactone) (Tm:52° C.) and 
the other transition can be reversible crosslinking. The 
crosslinking can be conducted With UV curable vinyl groups 
grafted along the length of the end blocks. 
[0051] One example of a suitable polymer is a (co)polymer, 
in some embodiments4derivatives, of polycaprolactone 
(PCL). PCL is biodegradable polyester With a loW melting 
point of around 52° C. and a glass transition temperature of 
about —60° C. PCL is degraded by hydrolysis of its ester 
linkages in physiological conditions (such as in the human 
body) and has therefore received a great deal of attention for 
use as an implantable biomaterial. In the body, heating can be 
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achieved by incorporating metallic nanoparticles that can 
absorb near infra-red radiation or be inductively heated by a 
magnetic ?eld. Incorporating these nanoparticles Will enable 
shape memory actuation inside the body using temperature as 
the sWitch. Radiation in controlled doses can be used for 
in-vivo imaging because of minimal light absorption by 
hemoglobin (>650 nm) and Water (<900 nm). Radiation 
betWeen 650 nm and 900 nm can thus be safely used to heat 
the polymer matrix. Alternatively, magnetic nanoparticles 
can be homogeneously incorporated in the shape-memory 
polymer matrix. The shape-memory effect of the nanopar 
ticle/polymer composite systems could be induced by induc 
tive heating in an alternating magnetic ?eld (for example, 
f:258 kHZ; HI30 kA~m_l). The maximum temperatures 
achievable by inductive heating in a speci?c magnetic ?eld 
Will depend on sample geometry and nanoparticle content. 
The inductive heating of the nanoparticles Will generate heat 
locally Within the polymer. 
[0052] Thermoplastic elastomers based on biodegradable 
polymers such as poly(lactide), poly(glycolide) and poly(e 
caprolactone) posses great potential for biomedical applica 
tions. The crystallinity of these polymers is critical for various 
properties such as degradability, shape memory behavior and 
mechanical properties such as tensile strength, ultimate elon 
gation, etc. Crystallinity in polymers can act as a crosslinking 
mechanism greatly affecting its properties. Variation of crys 
tallinity can be achieved by chemical modi?cation of the 
polymer backbone in a controlled manner and by different 
polymer architectures. e-Caprolactone is a semicrystalline 
polymer With a high degree of crystallinity. Modifying e-ca 
prolactone monomer With a functional group Which can be 
crosslinked by UV and polymerized in a controlled manner 
can affect the crystallinity to enhance the mechanical prop 
erties and tensile strength of copolymers based on poly(e 
caprolactone), enabling their use in biomedical applications. 
For example, modifying poly(lactide) With cyclopentadiene 
to synthesiZe a binary blend of poly(lactide) and poly(l,5 
cyclopentadiene) has been accomplished. Cross linking With 
UV radiation is also useful for biomedical applications as it 
does not involve any initiator or crosslinker Which can remain 
in the polymer and leach out during degradation of poly(e 
caprolactone). 
[0053] Accordingly, in one embodiment, the present inven 
tion is a shape memory polymer composition obtained by 
copolymeriZing a ?rst and a second monomer. Preferably, the 
homopolymers formed by the ?rst and the second monomers 
have different glass transition temperatures. The resulting 
copolymer preferably has a glass transition temperature 
betWeen the glass transition temperatures of the tWo 
homopolymers. Preferably, the glass transition temperature 
of the resulting copolymer is from —75-ll0° C. In some 
embodiments, a multifunctional monomer is incorporated 
into the copolymeriZation reaction mixture. Preferably, the 
multifunctional monomer is a difunctional monomer. 

[0054] In some embodiments, the present invention is a 
method of forming a shape-memory composition. The 
method comprises the step of preparing a copolymer com 
prising a ?rst monomer and a second monomer. The 
homopolymers of each of the ?rst and the second monomers 
have different glass transition temperatures. Preferably, the 
?rst and the second monomers are copolymeriZed in the pres 
ence of a multifunctional, preferably difunctional, monomer. 
Preferably, the multifunctional monomer crosslinks the 
copolymer chains. Preferably, the resulting cross-linked 
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copolymer has a glass transition temperature betWeen glass 
transition temperatures of the homopolymers formed from 
the ?rst and the second monomers. The method further com 
prises shaping a composition to an original shape While heat 
ing said composition to form a temporary shape and quench 
ing the temporary shape in temperatures beloW the melting 
temperature of the copolymer (Tm). The method further com 
prises heating the quenched sample at temperatures above Tm 
Whereby the temporary shape is returned to the original 
shape. 
[0055] In various embodiments, the copolymers of the 
present invention are random or ordered block copolymers 
that include subunits of structural formulas of the monomers 
de?ned beloW. For example, the copolymer can be a triblock 
copolymer of general formula (A)x(B)y(A)Z, Where “A” and 
“B” represent the monomers disclosed herein, and x, y and Z 
are each independently an integer. For example, structural 
“A” can represent a monomer of structural formula (IV) and 
“B” can represent a subunit of structural formula (III). EachA 
can be the same of different. Similarly, each B can be the same 
of different. Alternatively, the copolymer can be a random 
copolymer of general formula (A)W(B)v Where W and v are 
each independently an integer. In other embodiments, the 
copolymer can be a copolymer of general formula (AB)M, 
Where u is an integer. 

Monomers and Polymers of the Invention 

[0056] In the chemical formulas reproduced beloW, the 
symbol “ MAN‘ ” means that no speci?c E or Z con?guration 

around the double bond in question is speci?ed. 
[0057] In one embodiment, the present invention is a 
chemical compound of the folloWing structural formula: 

(I) 
o 

o 

k(R2C) (CR2)n 

R1 L 

R4 / R3 

In structural formula (I), Ar is an aryl or a heteroaryl, k and n 
are each independently Zero or an integer from 1 to 14; L is 

selected from iXi, iN(R2)i, iCQQi, 4C(X)Xi, 
iXC(X)i, %Q()NR2i, iNR2CQ()i, iN(R2)iS 
(O)mi, iS(O)miN(R2)i, Where each X is independently 
an O or an S; andm is l or 2. R, R1, R2, R3 and R4 for each 
occurrence is each independently selected from hydrogen, an 
alkyl, alkenyl, an alkyne, or a (hetero)aryl group. 
[0058] In another embodiment, the present invention is a 
chemical compound of structural formula (I), Wherein L is 
selected from iXi, iN(R2)i, iCQQi, 4C(X)Xi, 
iXC(X)i, 4C(X)NR2i, iNRZCQQi. The values and 
preferred values of the remainder of the variables are as 
de?ned above With respect to formula (I). 
[0059] In another embodiment, the present invention is a 
chemical compound of structural formula (I), Wherein Ar is 
an aryl or a heteroaryl, optionally substituted With one or 
more substituents selected from halogen, hydroxyl, Cl-Cl2 
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alkyl, C2-C12 alkene, C2-C12 alkyne, C3 -C12 cycloalkyl, 
C1-C12 haloalkyl, C1-C12 alkoxy, C6-C18 (hetero)aryloxy, 
C6-C18 (hetero)arylamino or a C6-C18 (hetero)aryl group. 
Preferably, Ar is an aryl, more preferablyAr is a C6-C18 aryl. 
More preferably, Ar is phenyl. The values and preferred val 
ues of the remainder of the variables are as de?ned above With 
respect to formula (I). 
[0060] In another embodiment, the present invention is a 
chemical compound of structural formula (I), Wherein k and 
n are each independently Zero or an integer betWeen 1 and 6, 
provided that k+n§14. Preferably, k and n each indepen 
dently is selected from Zero or an integer from 1 to 3. More 
preferably, k and n are each independently selected from 0, 1, 
2 or 3. In some examples, each n and k are equal to 2. In other 
examples, k and n are each independently selected from 0, 1 
and 2. The values and preferred values of the remainder of the 
variables are as de?ned above With respect to formula (I). 

[0061] In another embodiment, the present invention is a 
chemical compound of structural formula (I), Wherein R, R1, 
R2, R3 and R4 for each occurrence is each independently 
selected from hydrogen, C1-C12 alkyl, C2-C12 alkene, 
C2-C12 alkyne, C3 -C12 cycloalkyl or a C6-C18 (hetero)aryl 
group, Wherein each C1-C12 alkyl, C2-C12 alkene, C2-C12 
alkyne, C3 -C12 cycloalkyl or a C6-C18 (hetero)aryl group is 
optionally substituted With one or more halogen, hydroxyl, 
C1-C12 alkyl, C2-C12 alkenyl, C2-C12 alkynyl group, 
C1-C12 alkoxy, or C1-C12 haloalkyl. Preferably, R, R1, R2, 
R3 and R4 for each occurrence is independently selected from 
a hydrogen, a C1-C12 alkyl, a C3-C12 cycloalkyl, a C2-C12 
alkenyl, a C3-C12 cycloalkenyl, a C3-C12 cycloalkynyl, a 
C2-C12 alkynyl, a (C6-C18)aryl(C6-C12)alkyl, or a (C6 
C18)heteroaryl(C6-C12)alkyl. More preferably R1, R2, R3 
and R4 each is hydrogen, While the values and preferred 
values of R are de?ned above With respect to formula (I). 
Even more preferably, R for each occurrence is independently 
selected from a hydrogen, a C1-C12 alkyl, a C3-C12 
cycloalkyl, a C2-C12 alkenyl, a (C6-C18)aryl(C6-C12)alkyl, 
or a (C6-C18)heteroaryl(C6-C12)alkyl, While the values and 
preferred values of R1, R2, R3 and R4 are as de?ned above 
With respect to formula (I). 
[0062] In one embodiment, the present invention is a 
chemical compound of structural formula (I), Wherein Ar is 
an aryl or a heteroaryl, optionally substituted With one or 
more substituents selected from halogen, hydroxyl, C1-C12 
alkyl, C2-C12 alkene, C2-C12 alkyne, C3-C12 cycloalkyl, 
C1-C12 haloalkyl, C1-C12 alkoxy, C6-C18 (hetero)aryloxy, 
C6-C18 (hetero)arylamino or a C6-C18 (hetero)aryl group; k 
and n are each independently Zero or an integer betWeen 1 and 
6, provided that k+n§14; L is selected from iXi, 

NRZi, iNR2CQQi, iN(R2)iS(O)mi, iS(O)miN 
(R2)i; each X is independently an O or an S; m is 1 or 2; and 
R, R1, R2, R3 and R4 for each occurrence is each indepen 
dently selected from hydrogen, C1-C12 alkyl, C2-C12 alk 
ene, C2-C12 alkyne, C3 -C12 cycloalkyl or a C6-C18 (hetero) 
aryl group, Wherein each C1-C12 alkyl, C2-C12 alkene, 
C2-C12 alkyne, C3 -C12 cycloalkyl or a C6-C18 (hetero)aryl 
group is optionally substituted With one or more halogen, 
hydroxyl, C1-C12 alkyl, C2-C12 alkenyl, C2-C12 alkynyl 
group, C1-C12 alkoxy, or C1-C12 haloalkyl. The values and 
preferred values of the remainder of the variables are as 
de?ned above With respect to formula (I). 
[0063] In one embodiment, the present invention is a 
chemical compound of structural formula (I), Wherein R, R2, 

Jun. 13,2013 

R3 and R4 for each occurrence is independently selected from 
a hydrogen, a C1-C12 alkyl, a C3-C12 cycloalkyl, a C2-C12 
alkenyl, a C3-C12 cycloalkenyl, a C3-C12 cycloalkynyl, a 
C2-C12 alkynyl, a (C6-C18)aryl(C6-C12)alkyl, or a (C6 
C18)heteroaryl(C6-C12)alkyl. Preferably, L is selected from 
iXi, iN(R2)i, %(X)i, iCQQXi, iXC(X)i, 
4C(X)NR2i, iNR2C(X)i. More preferably, R1, R2, R3 
and R4 each is hydrogen. In some examples, k and n are each 
independently 0, 1, 2 or 3. Preferably, X is O. In certain 
embodiments, Ar is a C6-C18 aryl. Preferably, R for each 
occurrence is independently selected from a hydrogen, a 
C1-C12 alkyl, a C3-C12 cycloalkyl, a C2-C12 alkenyl, a 
(C6-C18)aryl(C6-C12)alkyl, or a (C6-C18)heteroaryl(C6 
C12)alkyl; and L is selected from 4C(X)i, 4C(O)Oi, or 
4OC(O)i. Preferably, k and n is each independently 
selected from 0, 1 and 2. 

[0064] In one embodiment, the present invention is a com 
pound represented by the folloWing structural formula: 

(11) 

In another embodiment, the present invention is a compound 
represented by the folloWing structural formula: 

(IX) 

[0065] In various example embodiments, the polymer of 
the present invention includes a (co)polymer, in some 
embodiments derivatives, of polycaprolactone (PCL). A PCL 
is a polyester of e-caprolactone. 

In example embodiments of copolymers of the present inven 
tion, PCL can be substituted With a polymer synthesiZed from 
a chemical compound represented by a structural formula 
selected from the group consisting of: 



US 2013/0150533 A1 

(A) 
0 CH3, 

0 N+ 

q 

(B) 
0 

j 
C 

\\ 
N\NH2. 

(C) 
O 

O) 
O O 

H3C CH3, 

(D) 
O 

3 
S 

(E) 
O 

O 

), and 
S—S 

(F) 
O 

O 

s, L/ s 

wherein q is an integer from 1 to 10. In a speci?c example, q 
is 4. In another speci?c example, q is 10. 

[0066] Alternatively, in example embodiments, PCL can be 
replaced by a polymer or a random or block copolymer of 
s-caprolactone and any one or more monomers represented 

by the structural formulas (A) through (F) reproduced above. 

[0067] In yet another example embodiment, a (co)polymer 
suitable for using in the methods of the present invention is a 
(co)polymer comprising at least one repeat unit represented 
by the structural formula selected from the group consisting 
of: 
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Where q is an integers from 1 to 10. In a speci?c example, q is 
4. In another speci?c example, q is 10. 
[0068] In another embodiment, the present invention is a 
polymer comprising at least one repeat unit represented by 
the folloWing structural formula: 

(III) 

The values and preferred values of the variables in formula 
(III) are as de?ned above With respect to formula (I). 
[0069] In one embodiment, the present invention is a poly 
mer comprising at least one repeat unit represented by struc 
tural formula (III), further comprising at least one repeat unit 
of the folloWing structural formula: 

wherein R1 for each occurrence independently is as de?ned 
With respect to structural formula (III). The values and pre 
ferred values of the remainder of the variables are as de?ned 
above With respect to formula (I). 

(IV) 



US 2013/0150533 A1 

[0070] Preferably, the polymer of the present invention 
comprises from 1 to 99% by weight of the repeat units of 
structural formula (III), preferably, 20-80% by weight, more 
preferably, 20-50% by weight. 
[0071] In another embodiment, the polymer of the present 
invention further comprises at least one initiator. Any initiator 
commonly used for anionic polymeriZation can be used. Pref 
erably, the initiator is 2,2'-(ethane-1,2-diylbis(oxy))dietha 
nol. An initiator can include alcoholates and silanolates 
((CH3)3SiO_K+, (CH3)3SiO_Na+), polyalkoxides (Al(O-i 
C3Hi)3, Ti(O-n-C4H9)4), oxodialkoxides (Zn[OAl(O-n 
C4H9)2]2), monoalkoxides ((C2H5)2AlOCH3 (i-C4H9) 
2AlOCH3, (n-C4H9)3 SnOCH3, tetraphenylporphyrin 
AlOCH3). 
[0072] In a preferred embodiment, the repeat unit of struc 
tural formula (III) is represented by the following structural 
formula: 

(V) 

/ 

W0? 
In another embodiment, the repeat unit of formula (III) is 
represented by the following structural formula: 

(X) 

0 

[0073] In another embodiment, the repeat unit of structural 
formula (IV) is represented by the following structural for 
mula: 

O 
(VI) 
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[0074] Preferably, a polymer of the present invention com 
prises at least one repeat unit selected from the repeat unit of 
structural formula (V) or structural formula Qi), and further at 
least one repeat unit of structural formula (VI). 
[0075] In one embodiment, the present invention is a 
method of cross-linking a polymer. The method comprises 
irradiating a starting polymer comprising at least one repeat 
unit of structural formula (III) with actinic radiation 

(III) 

thereby producing a polymer having at least two cross-linked 
repeat units represented by structural formulas (VIII) or 
(V IIIA): 
[0076] thereby producing a polymer having at least two 

cross-linked repeat units represented by structural formu 
las (VIII) or (VIIIa) 

(VIII) 
0 

n(R2C) (CR2)k_O ’ or 

R3 L R1 

Ar 
R4 

4 
R Ar 

R3 

R1>< L 
O—(CR2)k (CR2)n 

o 

(VIIIA) 
o 

(0112)” (CR2)k_O 

R3 L R1 

R4 
Ar 

4 
R Ar 

R3 
R1 L 
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Values and preferred values of the variables in structural 
formulas (VIII) or (VIIIA) are as de?ned above With respect 
to structural formulas (I) and (III). 

[0077] In one embodiment, the starting polymer further 
comprises at least one repeat unit of the following structural 

Values and preferred values of the variables in structural 
formula (IV) are as de?ned above. 

[0078] In example embodiments, the present invention is a 
polymer comprising at least one repeat unit represented by 
the folloWing structural formula: 

(IV) 

(111) 

and at least one repeat unit represented by the structural 
formula selected from the groups consisting of: 

(A) 

(B) 
0 

j 
C 

\\ 
N\ NHZ. 

(C) 
O 

07 
O O 

H3C CH3, 
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-continued 

(D) 
O 

O 

). 
S 

o m 
(E) 

(F) 
O 

S. L/ S 

Wherein q is an integer from 1 to 10. Values and preferred 
values of the remainder of the variables are as de?ned above 
With respect to structural formula (III). 

[0079] Preferably, the starting polymer comprises 1 to 99% 
by Weight of the repeat units of structural formula (III). More 
preferably, the starting polymer comprises from 20 to 80% by 
Weight, even more preferably, from 20 to 50% by Weight of 
the repeat units of structural formula (III). 

[0080] In one embodiment, the starting polymer further 
comprises at least one initiator. Any initiator commonly used 
for anionic polymerization can be used. For example, the 
initiator can be 2,2'-(ethane-l ,2-diylbis(oxy))diethanol 

[0081] An initiator can include alcoholates and silanolates 

((CH3)3SiO_K+, (CH3)3SiO_Na+), polyalkoxides (Al(O-i 
C3Hi)3, Ti(O-n-C4H9)4), oxodialkoxides (Zn[OAl(O-n 
C4H9)2]2), monoalkoxides ((C2H5)2AlOCH3 (i-C4H9) 
2AlOCH3, (n-C4H9)3 SnOCH3, tetraphenylporphyrin 
AlOCH3). In one embodiment, the present invention is a 
method of synthesis of a polymer having at least one subunit 
represented by the folloWing structural formula 

(III) 
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The method of synthesis comprises reacting a compound of 
structural formula (I) 

(I) 

With a compound of structural formula (VII) 

(v11) 
0 

o 

R1 R1 

thereby producing the polymer having at least one subunit of 
structural formula (III). Values and preferred values of the 
variables in structural formulas (I) and (III) are as de?ned 
above. Values and preferred values of the variables in struc 
tural formula (VII) are as de?ned above With respect to struc 
tural formulas (I) and (III). 
[0082] In one embodiment, the method of synthesis further 
comprising the step of producing the compound of structural 
formula (I) by reacting a compound of structural formula (Ia) 

O (Ia) 

k(R2C) (CR2)n-l 

R1 
L 

R3 / R3 

AI 

With m-chloroperoxybenZoic acid (m-CPBA), thereby pro 
ducing the compound of structural formula (I). Values and 
preferred values of the variables in structural formula (Ia) are 
as de?ned above With respect to structural formula (I). 
[0083] In another embodiment, the method of synthesis 
further comprising the step of producing the compound of 
structural formula (I) by reacting a compound of structural 
formula (VII) 

(v11) 
0, 

R1 R1 

With a compound of structural formula (XI) 

(XI) 
01 

Ar 

thereby producing the compound of structural formula (I). 
Values and preferred values of the variables in structural 
formula (XI) are as de?ned above With respect to structural 
formula (I). This embodiment is particularly preferred for the 
synthesis of the compound of formula (IX) and Will be 
described in greater detail in Example 2, beloW. 
[0084] Preferably, during the synthesis, from 1 to 99% by 
Weight of the compound Of structural formula (III) is reacted 
With from 1 to 99% by Weight of the compound of structural 
formula (VII). More preferably, from 20 to 80% by Weight of 
the compound of structural formula (III) is reacted With from 
20 to 80% by Weight of the compound of structural formula 
(VII). Even more preferably, from 20 to 50% by Weight of the 
compound of structural formula (III) is reacted With from 50 
to 80% by Weight of the compound of structural formula 
(VII). 

EXEMPLIFICATION 

Example 1 

FunctionaliZation of Caprolactone With a Cinnamoyl 
Moiety (CCL) and Synthesis of the Corresponding 

Copolymers Materials 

[0085] Cinnamoyl chloride (Aldrich, 98%), 1,4-cyclohex 
anediol (Alfa Aesar, 98+%), Pyridinium chlorochromate 
(Alfa Aesar, 98%), Triethylamine (Alfa Aesar, 99%), 3-chlo 
roperoxybenZoic acid (Alfa Aesar, 70-75%), ethyl acetate 
(Aldrich., ~99.5%), triethylene glycol (Aldrich, 99.8%), 
Hydrochloric acid (Mallinckrodt chemicals, 36.5-38%) 
sodium chloride (Aldrich, ~99.5%), methylene chloride (Al 
drich, 99.5%), magnesium sulfate (Fluka analytical, 98%), 
Caprolactone (Alfa Aesar, 99%), Toluene (Aldrich., 99.9%), 
Tin(II) 2-ethylhexanoate (Sn(Oct)2. Aldrich, 95%), acetic 
acid (Aldrich, 99.7%), hexane (Aldrich, ~99.8%), tetrahydro 
furan, (THF, Aldrich., 99.9%). THF and toluene Were dis 
tilled over sodium metal and benZophenone under nitrogen 
atmosphere. Methylene chloride Was distilled before the reac 
tion. All other chemicals Were used as received. 

1. Synthesis of 3-Phenyl-acrylic acid 
4-hydroxy-cyclohexyl ester 

[0086] 1,4-cyclohexanediol (20.0 g, 172.4 mmol) Was dis 
solved in dichloromethane (200 mL). Cinnamoyl chloride 
(7.2 g, 43.1 mmol) dissolved in 50 ml dichloromethane Was 
then sloWly added. After 2 h of mixing, triethyl amine (5.3 g, 
52 mmol) Was added sloWly. After 48 h of mixing, the solution 
Was Washed three times With dilute HCl (1 M) and tWo more 
times With H2O before it Was dried over MgSO4 and ?ltered. 
The product Was then dissolved in methanol Which resulted in 
precipitation of the byproduct. After ?lteration and evaporat 
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ing the solvents from the ?ltrate, the product Was a obtained as 
yelloW-orange viscous liquid, Which Was used Without further 
puri?cation. Yield: 25-40%. 

2. Synthesis of 3-Phenyl-acrylic acid 
4-oxo-cyclohexyl ester 

[0087] Pyridinium chlorochromate (PCC) (19.7 g, 91.5 
mmol) Was added to a solution of product from step 1 (15.0 g, 
61 mmol) in dichloromethane (150 mL). The mixture Was 
stirred for 12 h. The reaction mixture Was then added to silica 
gel (30.0 g) and the solvent Was evaporated. The product Was 
puri?ed using column chromatography (by silica gel using 
hexane/EtOAc gradient as eluent). The product Was a White 
crystalline poWder. Yield: 60%. 

3. Synthesis of 3-Phenyl-acrylic acid 
7-oxo-oxepan-4-yl ester 

[0088] Product from step 2 (10.0 g, 38.5 mmol) Was dis 
solved in 50 mL of dichloromethane and added dropWise into 
a solution of 3-chloroperoxybenZoic acid (99.3 g, 42.4 mmol) 
in dichloromethane (50 mL). The mixture Was stirred for 24 h 
and then ?ltered. The solution obtained Was Washed tWice 
With NaHCO3 (2 M) and once With brine. The extracted 
product Was then puri?ed by column chromatography (by 
silica gel using hexane/EtOAc gradient as eluent). The mono 
mer Was obtained as a White crystalline poWder. Yield: 70%. 

4. Ring opening polymeriZation (ROP) of the 
monomers using Sn(Oct2) 

[0089] The ?ask Was ?rst ?lled With nitrogen gas, triethyl 
ene glycol (6.3 mg, 0.042 mmol) and e-caprolactone (5 g, 
43 .86 mmol) in toluene Was added via a syringe into a 100 mL 
3-neck round-bottom ?ask equipped With a stir bar. After a 
toluene solution of Sn(Oct2) (1 mol % of carbonyl group, 
177.63 mg, 0.44 mmoles) Was added, the ?ask Was evacuated 
for more than 2 hours. Toluene (10 mL per g of monomer) Was 
then added and the reaction ?ask Was immersed in an oil bath 
at 120° C. for 24 hours (48 hours for CCL) to alloW the 
polymeriZation to occur. The reaction Was quenched by the 
addition of 0.3 M acetic acid aqueous solution. The ?ask Was 
then evacuated until a viscous solution Was obtained. The 
reaction mixture Was dissolved in tetrahydrofuran and the 
polymer Was precipitated using cold methanol. After ?ltra 
tion and drying in a vacuum at room temperature for 48 hours, 
the polymer Was characterized by NMR and DSC. 

Results and Discussion 

[0090] The synthesis of the neW lactone monomer modi?ed 
With cinnamoyl moiety Was performed in three steps. The 
cinnamoyl moiety Was attached to cyclohexandiol by conden 
sation reaction folloWed by oxidation to get ketone Which on 
further Baeyer Villiger oxidation gave the cinnamoyl modi 
?ed e-caprolactone. 1H NMR spectrum shoWed a peak at 5.3 
ppm for 4CHrCHiCHr of caprolactone ring indicating 
successful synthesis of cinnamoyl-caprolactone (CCL). The 
iCOOiCH2-resonated as a multiplet at 4.3 and 4 4.6 ppm. 
Homopolymer of CCL and copolymers of CCL and e-capro 
lactone With different architectures Were prepared by anionic 
ring polymeriZation (ROP). The synthesis scheme of the 
polymeriZation is in FIG. 1. The conversions reported are the 
extracted Weight fraction of the polymer from the polymer 
Work-up. 1H-NMR spectrum (not shoWn) indicated a neW 
resonance at 4.2 ppm for COOCH2CH2- of the carpolactone 
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repeating unit. The iCHZOH of PCL endgroup Was 
observed at 3.8 ppm. Using end-group analysis, the number 
average molecular Weight, Mn of PCL Was calculated to be 
45,000. H-NMR spectrum of the random copolymer of CL 
and CCL shoWed a neW resonance at 4.3 ppm for 
4COOCH2CH2- of the modi?ed carpolactone (CCL) 
repeating unit. The 4CH2OH of copolymer end-group Was 
observed at 3.8 ppm, using end-group analysis, the M" of 
PCL Was calculated to be 59,000. The mole fraction of mono 
mer in the feed Was 1:1 (i.e. CL:CCL:1:1) but the ?nal 
polymer contains monomers in ratio of CL:CCL:0.65:0.35. 
CCL has the cinnamoyl group at the y position and its effect 
on the ring carbonyl Was to be loW. Hence, the reactivity of the 
CL and CCL Was expected to be same. 

[0091] For the CCL homopolymer, the iCOOCHZCHZi 
resonance of the cinnamate-modi?ed carpolactone (CCL) 
repeating unit Was seen at 4.1 ppm. The resonance of 

%H2CHCH2i and iCHzCHCHzi of PMCL Was 
observed at 5.1 ppm and 2.3 ppm respectively. The loW yield 
of the polymer can be attributed to a loW concentration of the 
co-catalyst. It is speculated that the co-catalyst may be coor 
dinating With the carbonyl of the cinnamoyl group resulting in 
loW overall concentration of the co-catalyst available for the 
polymeriZation. This effect is also seen With the decrease in 
yield of the polymer With increasing concentration of CCL. 

[0092] The DSC traces of the un-crosslinked polymers are 
shoWn in FIG. 2. The second heating cycle is taken so as to 
neglect any thermal history due to processing seen in the ?rst 
heating cycle. PCL gave a glass transition temperature (Tg) at 
—62° C. and a melting transition (Tm) at 57° C. With the 
incorporation of CCL, the Tm completely disappeared. This 
can be seen in both the homopolymer of CCL and random 
copolymer of CCL and CL Will the random copolymer the 
pendant cinnamoyl group affects the crystalline packing of 
the chains resulting in amorphous polymers With T g at —25° 
C. The homopolymer of CCL gave no Tm but has a Tg at 40° 
C. With the incorporation of the CCL, the Tg increased due to 
the increase in the aromatic character of the polymers Which 
decreased the mobility of the chains and hence, increased the 
Tg. The block copolymer gave the Tm at 51° C. The decrease 
in melting point is expected due to a decrease in the mobility 
of chains at the ends due to CCL and smaller crystalline 
domains in the copolymer. 

[0093] The synthesis of a neW lactone monomer modi?ed 
With cinnamoyl moiety, a potentially-curable unit Was suc 
cessfully accomplished. Homopolymer of CCL and copoly 
mers of CCL and e-caprolactone prepared With different 
architectures Were by anionic ring opening polymerization 
(ROP). 
[0094] 1H NMR spectrum shoWed a neW resonance at 4.2 
ppm for iCOOCHZCHZi of the carpolactone repeating 
unit. The iCH2OH of PCL end-group Was observed at 3.8 
ppm. Using end-group analysis, the number average molecu 
lar Weight, Mn of PCL Was calculated to be 45,000. 

[0095] 1H NMR spectrum of the random copolymer of CL 
and CCL shoWed a neW resonance at 4.3 ppm for 

4COOCH2CH2i of the modi?ed carpolactone (CCL) 
repeating unit. The 4CH2OH of copolymer end-group Was 
observed at 3 .8 ppm. Again, using end-group analysis, the Mn 
of PCL Was calculated to be 59,000. The mole fraction of 
monomer in the feed Was 1:1 i.e. CL:CCL:1:1 but the ?nal 
polymer contains monomers in ratio of CL:CCL:0.65:0.35. 
CCL has the cinnamoyl group at the y position and its effect 
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on the ring carbonyl Was assumed to be loW. Hence, the 
reactivity of the CL and CCL Was expected to be same. 
[0096] For the CCL homopolymer, the iCOOCHZCHZi 
resonance of the cinnamate-modi?ed carpolactone (CCL) 
repeating unit Was seen at 4.1 ppm. The resonance of 

iCHzCHCHzi and %H2CHCH2i of PCCL Was 
observed at 5.1 ppm and 2.3 ppm respectively shoWn in FIG. 
3. 
[0097] The curing of the resulting copolymer and the analy 
sis of their mechanical properties are currently in progress. 

Example 2 

Synthesis of the Compound of Structural Formula 
(IX) 

[0098] The compound of formula (IX) 

(IX) 

Was synthesiZed according to the folloWing synthetic scheme: 

(A) 
Cl 

0 

O 

O 
l. LDNTHF 
2. Adding cynnarnoyl 

chloride 
0 

O 
O 

[0099] e-caprolactone Was modi?ed to obtain an aromatic 
or carboxylic group on the core-forming block as shoWn in 
Scheme (A). Anionic activation of e-caprolactone monomer 
Was performed using a freshly prepared non-nucleophilic 
strong base diisopropylamine (LDA) to extract a methylene 
proton from the ot-position (iCH2-C:O). The generated 
lithium carbanion Was then quenched With cinnamoyl chlo 
ride to obtain an ot-cinnamoyl-e-caprolactone derivative. 
After column chromatography the modi?ed e-caprolactone 
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Was isolated as a White solid. The yield of the reaction Was 
about 30%. The structure Was con?rmed by a combined 
analysis of 1H NMR, 13C NMR, 2D-NMR 

Example 3 

Post-Modi?cation of Polymer 

[0100] BuiLi (24 mL) in hexane Was sloWly added to dry 
diisopropylamine (8.4 mL) in 60 mL of dry THF in a three 
neck round-bottomed ?ask at —30° C. under vigorous stirring 
With continuous argon supply. The solution Was cooled to 
—78° C. Poly(e-Caprolactone) (3.42 g) Was dissolved in 8 mL 
of dry THF and added to the above-mentioned mixture 
sloWly, folloWed by the addition of Cinnamoyl chloride (5.1 
g). The temperature Was alloWed to rise to 0° C., and the 
reaction Was quenched With 5 mL of saturated ammonium 
chloride solution. The reaction mixture Was diluted With 
Water and extracted With dichloromethane. The combined 
extracts Were dried over Na2SO4 and evaporated. The poly 
mer is than dissolved in THF and precipitated With cold 
methanol. 
[0101] The chemical structure can be analyZed by 1H 
NMR, 13 C NMR, IR, and mass spectroscopy. 

Example 4 

Selecting Molecular Weight of Starting 
Polycaprolactone Macromers Affects Transition 

Temperature of the Resulting Tri-Block Copolymer 

Measurement of Linear V1scoelastic Thermoechanical 
Properties of the Polymers 

[0102] Measurement of linear viscoelastic thermoechani 
cal properties of the polymers Were conducted using a 
dynamic mechanical analyZer (DMA) (TA Instruments, 
Model Q800). The DMA Was employed in tensile mode With 
a preload force of 1 mN, an oscillation amplitude of 5 pm (less 
than 0.18%), static stress/ dynamic stress amplitude ratio 
(force tracking) of 110%, and an oscillation frequency of 1 
HZ. The one-Way shape memory experiment Was performed 
in the stress-controlled mode, according to the methods 
knoWn in the art. (See, Rousseau et al. .1. Am. Chem. Soc, 
2003, 125, 15300-15301.) Samples (in tension With a preload 
force of 0.001 N) Were equilibrated at 60° C. The samples 
Were then elongated to a force of 0.024 N at a rate of 0.005 N 
min-l, cooled at a rate of 3° C. min-1 to 00 C. in order to ?x the 
elongated shape, and unloaded to 0.001N using the same rate 
as before, 0.005 N min-l. The samples Were then recovered 
by heating at the rate of 3° C. min“1 to 60° C. The shape ?xity 
ratio, Rfand the shape recovery ratio, R, are used to quantify 
the shape memory behavior. Rfis related to the ?xation of the 
temporary shape and is a measure for the ?xability of a 
mechanical deformation 6,, R, describes to What extent the 
original shape can be recovered. The percentage of shape 
?xing, R], and shape recovery, R, Were calculated using the 
folloWing equations. 
























