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ABSTRACT
JASON M. ROCHETTE: VERSATILE ROUTES TO PHOTO-RESPONSIVE
POLYESTERS FOR DUAL AND TRIPLE SHAPE MEMORY BIOMATERIALS
(Under the direction of Dr. Valerie S. Ashby)
Shape memory polymers are promising materials for smart biomedical devices and
applications, however, thermal systems are limited by a narrow applicable temperature range.
Light-induced shape memory (LSM) circumvents this limitation by using a mechanism
independent of heat that can be remotely triggered. This work presents the synthesis and
characterization of multiple photo-responsive polyester platforms which contain regularly
repeating pendant cinnamic acid derivatives. Elastomeric thermoset poly(ester urethane)s (PPEUs) synthesized by step-growth polymerization of novel bifunctional monomers possessed
a range of thermal and mechanical properties that likened them to a variety of soft tissues
found in the body, as well as boasted negligible cytotoxicity and physiological degradation.
All P-PEUs displayed LSM, with those in the DCA series also exhibiting thermal shape
memory which afforded two independent triggers which when combined allowed for the
programming and recovery of a novel multifunctional triple shape material, capable of
switching on macroscopic and microscopic scales. Photo-responsive poly(β-amino ester)s
(PBAEs) were synthesized by functional monomer or post-polymerization route to give soft
elastomeric materials containing photo-groups as well as additional reactive functionality to
be used for further modification of chemical and physical properties. All materials were
characterized by 1H-NMR, GPC, TGA, DSC, DMA, and Instron.
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E REVIEW OF SHAPE MEMORY MATERIAL
LS

1.1 The
T Shape Memory
M
Efffect
Shape meemory behavvior is defineed as the cappability to chhange shapess upon
application of an external stim
mulus.1 As such
s
shape memory
m
matterials are sm
mart materialls
6
with a wide rangee of applicattions including biomediccal devices2,33,4,5, sensors6,7,8
, aerospaace

equippment9,10,11, and
a textiles12,13. The maaterial in its permanent form
f
is packaaged or
progrrammed into
o a predeterm
mined tempoorary shape by
b a stress orr force and fixed
f
in this state.
s
Recovery occurs in response to the externnal stimulus or switch thhat actuates return
r
of thee
f a polymeeric material to possess the
materrial to the orriginal shapee (Figure 1.1). In order for
shapee memory efffect (SME), the system is required to
t contain neetpoints and molecular
switcches (switchiing segmentss or groups).14 Netpointts, whether physical
p
or chemical
c

Figurre 1.1 Progrramming andd recovery off a general shape
s
memorry polymer.

crosslinks, determine the permanent shape and allow for the memory of the original form.
Between these netpoints are chain segments which act as molecular switches in response to
specific stimuli that reversibly fix the temporary shape. Reversible fixing is possible through
vitrification, crystallization, or formation of temporary covalent bonds.
The polymer segments must also have the ability to assume a variety of
conformations to allow deformation of the system in the programming process. In the fixed
temporary shape the access to different conformations in the switching segments is limited
creating a highly unfavorable entropic state. When the stimulus is applied, the fixation of the
chain segments is reversed and reconfiguration to the maximum state of entropy drives the
recovery of the original shape.15 The SME is quantified by the strain fixity ratio (Rf) and
strain recovery ratio (Rr) (Figure 1.2), which evaluates the fixation of the temporary shape
and the recovery of the original shape, respectively. Rf measures the ratio of strain in the
relaxed temporary state (after unloading) (εu) to the maximum deformation (before
unloading) (εm) of the applied stress in programming. Rr measures the ratio of strain released
during the recovery process (εu-εp) compared to the strain held in the packaged state (εu).16
Shape memory polymers (SMPs) should not be confused with another class of
stimuli-responsive materials known as shape changing polymers (SCPs). SCPs differ from
SMPs in two ways; first the temporary shape change in SCPs is a response to a stimulus

100

100

Figure 1.2. Strain fixty ratio (Rf) and strain recovery ratio (Rr).
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whereas the temporary shape in SMPs must be programmed by an external force or stress.
Secondly, in SCPs exposure to the stimulus is required to keep the temporary shape change;
once the stimulus is removed, the system returns to the original form.14 In SMPs the
programmed temporary shape is persistent until reapplication of the stimulus triggers the
controlled recovery of the original shape.
1.2 Shape Memory Materials
The shape memory effect was first observed in metal alloys in the early 1950s with
the study of plastic deformation and diffusionless phase changes in gold-cadmium alloys in
response to a thermal stimulus.17 Other alloys such as Ni-Ti, Cu-Zn-Al, and Fe-Mn-Si have
found technical application as shape memory materials for biomedical devices, electrical
devices, and construction materials, respectively. While some possess the SME, shape
memory alloys (SMAs) lack an elastic nature which limits the deformations (εmax = 8%) and
shapes available for a given application.
The extension of the SME into polymeric materials such as thermoplastic or
thermoset elastomers has not only expanded the accessible shapes/deformations, but has also
led to the development of diverse chemical and physical material property combinations,
various external triggers, and expansive applications.18 The first example of a polymer
system possessing the SME was crosslinked polyethylene (PE) via ionizing radiation, which
came to be known as “heat-shrinkable tubing” in the 1960s.19,20 Since that time different
polymers, copolymers, architectures, and composites have been utilized.
1.2.1 Thermoplastic Shape Memory Polymers
One of the most studied families of shape memory polymers is thermoplastic
elastomers, specifically polyurethane (PU) based elastomers.21-25 Thermoplastic SMPs are

3

designated by the nature of the netpoints within the system which are physical crosslinks.
PU SMPs are a two phase system consisting of hard and soft segments. In order to possess
the SME, the hard segments must aggregate to form physical crosslinks which hold the
permanent shape, while the soft segments act as switching segments. Hard segments are
usually created from diisocyanates and chain extenders or from a macro-diol with a higher
thermal transition.26 Soft segments can be low molecular weight diols, hydroxyl terminated
oligomeric esters, or hydroxyl terminated oligomeric ethers. An example of such a
combination is a polyesterurethane (PEU) where oligourethane units act as the hard segment
and polyesters as the soft segment. Kim and coworkers synthesized a series of
polycaprolactone (PCL) based PEUs with 4,4’-diphenylmethane diisocyanate (MDI) and 1,4butanediol (BDO) to study the influence of the length and content of the PCL macrodiol on

Figure 1.3 Components for segmented PCL based PEU SMP.

4

shape memory properties (Figure 1.3).27 They showed there was a lower limit of PCL
molecular weight (MW) for crystallization to occur when in the segmented PU, which in turn
allowed for the SME of the system.
Other linear block copolymers have also been studied as thermoplastic elastomers
such as styrene-trans-butadiene-styrene triblocks28, poly(norbornene)-b-poly(norbornenylpolyhedral oligosilsesquioxane)29, and polyethylene terephthalate-b-polyethylene oxide
(PET-PEO)30. Miscible polymer blends such as poly(lactic acid)/poly(vinyl acetate)
(PLA/PVAc) and poly(methyl methacrylate)/poly(vinylidene fluoride) (PMMA/PVDF) also
possess the SME due to one polymer imparting a hard phase and the other a soft phase.31
Ultra high MW polymers can also function as physically crosslinked materials when the
entanglements act to hold the permanent shape.32 Although block copolymers, blends, and
high MW polymers demonstrate the shape memory effect, the thermoplastic elastomer PU
SMPs have the highest shape recoverability, a wider range of transition temperatures, better
processing ability, and better biocompatibility depending on composition.33,34 One limitation
of thermoplastic SMPs is their susceptibility to irreversible deformation and creep during the
programming process.
1.2.2 Thermoset Shape Memory Polymers
Thermoset elastomers have an advantage over thermoplastic elastomers because the
chemical netpoints prevent creep or chain slippage during the programming process. This
leads to better fidelity in several shape memory cycles, as well as the chemical crosslinked
materials tend to have improved thermal, mechanical, chemical, and shape memory

5

Figure 1.4 Amorphous thermoset copolyester urethane SMP.
properties.35 The covalent network of thermoset elastomers can be achieved by crosslinking
of linear or branched prepolymers, or polymerization in the presence of at least one
trifunctional or greater monomer.36-38 As mentioned earlier, the first example of this type of
system was crosslinked PE, but other homopolymers, copolymers, and blends also show the
SME when crosslinked such as PE/poly(vinyl alcohol) (PVA)36, poly(vinyl chloride)
(PVC)38, PCL39, PS40, and PEO-PET41. Thermoplastic PU and PEU SMPs (Figure 1.4) have
also been improved by introducing covalent crosslinks via incorporation of a trifunctional
diol as a chain extender or by end-functionalizing a precursor with crosslinkable end
groups.42,43,44 Using the same components as the previously mentioned PU SMP (Figure 1.3)
plus the addition of glycerin, Zouohong et al. saw an increase in storage modulus and in
tensile strength, as well as in Rf and Rr after the fifth shape memory cycle (Table 1.1).45
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Table 1.1 Effect of crosslinking on mechanical and shape memory properties of crosslinked
PUs.45,42
Hard Phase

Soft phase

Crosslinker

E’ GPa

σ MPa

Tm* oC

Rf (5) %

Rr (5) %

MDI,1,4-BD, DMPA

PCL Mn ~4000

None

0.2

18

50.3

80

75

MDI,1,4-BD, DMPA

PCL Mn ~4000

Glycerin
6 wt%

0.5

40

46.9

90

88

*melting transition of soft phase
1.2.3 Composites and Liquid Crystalline Shape Memory Polymers
Besides thermoplastic and thermoset polymers/copolymers, there has also been the
development of liquid crystalline SMPs and composite SMPs to diversify the possible
applications. Incorporation of fillers into SMPs is utilized to reinforce material strength,
improve mechanical properties, create conductive composites, and diversify triggering
methods.35,46,47 Fillers in these composites include fibers48-50, glass51, carbon black52, silicon
carbide53,5, carbon nanotubes (CNTs)54-63, or metallic particles64-68. Distinct fabrication
methods can also be employed to produce SMP composites made from only polymer
material. Mather et al. used electrospinning to create a nonwoven fiber mat of PCL within a
silicon rubber matrix16 (Figure 1.5).
Liquid crystalline elastomers (LCEs) have been investigated as shape memory
materials due to their fast actuation speed and mechanical properties.69,70 LCEs also show
the potential for reversible two-way shape memory which could be used for reversible
actuators such as artificial muscles.71,72 The mechanism of this reversible effect is due to the
change in direction of the polymer chains as they transition between crystalline phases.73
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Figurre 1.5 SMP
P composite made
m
by elecctrospun PC
CL fibers in Sylgard
S
184 matrix (top)).
16
Recovery of prog
grammed tem
mporary shappe over 8 secconds at 80 oC (photos, bottom).
b
1.2.4 Shape Mem
mory Biomaaterials
SMPs spaan a wide rannge of potenntial applications, howevver biomediccal applicatioons
b
an area of consideraable researchh interest.74-776 This begaan with the development
d
has been
of a
PCL--based biodeegradable theermoplastic SMP that coould be targeeted for specific switchinng
temperatures by controlling
c
t PCL mollecular weighht and hard/soft phase coompositionss.77
the
SMA
A had found application
a
f self-deploying stents, but the intrroduction off synthetic SM
for
MPs
that could
c
be com
mprised of PC
CL, polyglycolide (PGA
A), poly(L-laactide) (PLLA
A) or differeent
combbinations allo
owed for deggradable devvices that reqquired no rem
moval.78,79 The
T additionn of
polyeethylene glyccol (PEG) too the compossition improvved propertiies such as inncreased
hydroophilicity, peermeability, and degradaability.80,81 Crystalline
C
a amorphoous materialss
and
have been used fo
or biodegraddable SMPs, depending on
o the targett applicationn. For exampple,
therm
moplastic and
d thermoset SMPs usingg a Tm switchh are semi-crrystalline and therefore are
a
norm
mally more op
paque. Fullyy amorphouss SMPs, on the
t other hannd, are transparent and can
c
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meet the requirements for ocular tissue transplants.82,83 Degradation rates can also be tailored
depending on the monomers incorporated. PCL materials alone have a low biodegradation
rate, but as mentioned previously incorporation of PEG can increase the rate. PLA based
materials also show faster degradation, however, the thermal transition cannot be targeted to
temperatures close to body temperature (37 oC), which is necessary for SMP activation in
biomedical devices.84
1.3 External Stimuli
To this point nearly all examples of SMPs discussed possess thermal shape memory
that is triggered by heating, however there are a variety of other triggers or external stimuli
that can be used to switch a packaged shape to the original shape including magnetic,
electric, solvent, and light stimuli.
1.3.1 Thermal Triggering
The most common and extensively studied SMP mechanism is based on thermal
transitions where a material is heated above a transition temperature (Ttrans) actuating a shape
change from temporary to permanent. The specific mechanism for thermal shape memory is
dependent on the type of material (thermoplastic or thermoset) and the thermal transition
(melting transition, Tm, or glass transition, Tg).
Thermoplastic SMPs as mentioned earlier are held by physical crosslinks or netpoints
due to hard segments or segments with high thermal transitions. The switching segments are
soft phases, meaning they possess lower thermal transitions, in between the hard segments
that can be deformed when above the Ttrans. Ttrans can be either the Tm or Tg of the soft
segment and must be distinct from the higher thermal transition (Th, usually a Tm) of the hard
segment otherwise the permanent network is lost when heated above Th. In the case of a Tm

9

based thermoplastic SMP, the system is heated above Ttrans (< Th) and deformed by an
external force. In this deformed state, the soft segment polymer chains have been
reassembled into an entropically less favorable conformation and upon cooling below Ttrans
the soft segments recrystallize, confining the polymer chains in this entropically strained
position and fixing the temporary shape. When heated above Ttrans again, the newly arranged
crystallites of the soft phases melt and the physical netpoints of the hard segment recover to
the original position.
For thermoplastic SMP systems based on Tg switches, the above mechanism is
followed, instead of the soft segments crystallizing to hold the entropic strain, they vitrify
which can lead to a small decrease in strain fixity. The recovery rate can also be slower for
Tg based materials due to the broad thermal transition compared to the sharp melting
transition of a semicrystalline soft segment.
Thermoset SMPs on the other hand do not require multiple phases in order to possess
a thermal SME, however multiphase compositions like thermoset PEUs are still applicable.
In either case chemical crosslinks hold the permanent network so Ttrans can be the highest
thermal transition in the system without losing the original shape. Systems based on a Tm or
Tg behave in the same manner as thermoplastic SMPs with either reversible crystallization or
vitrification to fix the temporary shape after physical deformation while heated above Ttrans
followed by cooling.
1.3.2 Indirect Thermal Actuation
While direct heating is the most common trigger for thermal SMPs and SMPs in
general, there have also been various methods of indirect thermal actuation to trigger
recovery or utilize other stimuli, in some cases allowing for remote activation.14 Magnetic
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fields85,86, electrical current87,88, infrared (IR) irradiation3,89, and water/solvent interactions9093

are able to trigger a thermal mechanism in specifically designed SMP materials and

composites. As mentioned earlier, composites can contain an assortment of fillers, and it is
this availability of various fillers in SMP composites that accounts for the variety of stimuli
which can be utilized.
Electro-responsive SMP composites can be filled with conductive materials such as
carbon nanotubes94-96, carbon particles (carbon black)97,52, Ni powder98, and short carbon
fibers (SCF)99-100. When a voltage is applied the conducting materials will produce resistive
heating and the surrounding SMP material will be thermally actuated.35 Goo et al. reinforced
a shape memory PU system with multi-walled carbon nanotubes (MWNTs) and showed
electro-active shape recovery with 10.4 % energy conversion efficiency, as well as recovery
rates as fast as 10 seconds for macroscopic shape changes when a constant voltage was
applied (Figure 1.6).101 Magnetic-responsive composites demonstrate similar recovery when
placed within an alternating magnetic field, triggering inductive heating.102 The composite
fillers in these cases are magnetic iron oxide particles (Fe2O3 or Fe3O4)

Figure 1.6 Electro-active shape memory polymer recovering from temporary unwound form
to curled shape when voltage applied.35
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Figure 1.7 Shape memory PU immersed in water to trigger recovery by plasticization effect
of water molecules.91
homogenously distributed throughout the polymer matrix.85,103 Shape memory composites
impregnated with tuned gold nanoparticles can also be actuated via IR laser irradiation at
specific wavelengths.104
Other methods of indirect thermal actuation can be achieved in non-composite
materials, however in some cases the addition of fillers will enhance the response rate. IR
irradiation can be used as a source of radiant thermal energy when a SMP is illuminated with
an IR laser or optical fiber105, and the addition of carbon black to SMPs increases the
absorption of this energy and increases the heat transfer throughout the system.106 Solution
interactions can also induce a thermal trigger by creating a plasticizing effect within a shape
memory network.107,108 Molecules of solvent, water, or mixtures penetrate the material
network and increase the flexibility of the polymer chains, which in turn decreases the Ttrans.
12

When the effect is pronounced enough to lower Ttrans below the ambient temperature as in the
case of PU in water91 (Fiugre 1.7) or styrene –based SMPs in DMF109 or toluene, recovery
begins to occur albeit at a slow rate depending on the rate of solution penetration in the
material.
Recently, polymer networks containing metal-ligand coordination complexes have
been studied as responsive metallo-supramolecular materials, which can be triggered with
heat, light, or chemical triggers.110 The materials are based on a crosslinked poly(butadiene)
network endcapped with ligands, which when in the presence of metal salts will form
supramolecular reversible crosslinks. Heating of the metal-ligand coordination bonds
decomplexes the metal center and cleaves the reversible crosslinks. The combination of
triggers that can activate this system are related to different methods mentioned previously:
normal heating, UV light absorption leading to localized heating, and chemical/solvent
interactions interfering with the thermal stability of the material via plasticization or
decomplexation.
1.4 Light-Responsive Polymers
Triggering methods free of a heat are limited to photo-responsive systems that
undergo a photochemical reaction. Unlike previously mentioned methods where light (UV,
IR) are utilized for localized heating through energy absorption, the intrinsically lightinduced shape memory effect is independent of any thermal mechanism. Light can be
applied as a precise stimulus through selection of wavelengths, intensity, and polarization
angle for the remote activation of a variety of changes to the chemical and physical
properties of a polymer material.111
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Scheme 1.1 Photochromic molecules: azobenzene (1) spirobenzopyran (2) triphenylmethane
leuconitrile (3) cinnamic acid (4).
1.4.1 Photochromic Molecules and Photo-isomerization
Various light-responsive polymer systems have been developed and studied as
materials that can reversibly change conformation, shape, surface wettability, permeability,
solubility, sol-gel transition temperature, and color when irradiated.112 The chemical basis of
these materials are photochromic groups that undergo isomerizations when irradiated with
light which are then reversible either thermally or photochemically113 including trans-cis
isomerization114,115, ion formation116, radical formation, ionic dissociation117, and ring
formation/cleavage. Photochromic groups (Scheme 1.1) attributed to these
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photoisomerizations include azobenzene(1)118-120, stilbene121, triphenylmethane
leucoderivatives(2)116, spirobenzopyrans (3)122, hydroxytriphenylmethanol117, coumarin, and
cinnamic acid (4).
1.4.2 Light-Induced Shape Changing
Extension of the molecular changes induced by photoisomerization to a macroscopic
level leads to light-induced shape changes in polymers and gels such as bending123-125,
contraction126,127, and volume change128-131 in isolated materials under no force of

Figure 1.8 Directed bending by linear polarized light irradiation of azobenzene LCEs at
different angles.
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deformation when under light irradiation. When the light source is removed, the shape
change generally reverses.123-127,132-134 Polymer gels with triphenylmethane leucoderivatives
incorporated swelled in the presence of UV light due to the formation of cyanide ions
creating an osmotic pressure change, and when the light was removed, the gel shrank.129 The
dissociation into ions also creates an electrostatic repulsion effect. Photo-responsive
elastomers containing azobenzene in the polymer backbone or side chains can reversibly
contract and expanded based on the light-induced cis-trans isomerization under two different
UV wavelengths.112,135,136 The development of azobenzene LCEs has led to larger
macroscopic changes such as bending due to the ordered nature of the materials125,133,137,138,
which also allows for direction-controlled bending123 using linear polarized light at different
angles (Figure 1.8).
1.4.3 Light-Induced Shape Memory
The controlled bending of azobenzene LCEs in one of the few examples of somewhat
of a predetermined shape change for light-induced shape changing polymers, however as
mentioned previously, the removal of the light source recovers the original form. In order to
allow programming of a predetermined temporary shape and triggered recovery, a
mechanism to fix the material based on a photoisomerization is necessary. Recently, White
et al. demonstrated a light-induced shape memory effect in azobenzene LCEs by
programming with circular polarized light.139 The angle of polarized light allows for
controlled bending angle of the polymer film, but when the light source is removed the bend
is held until recovered either thermally or photochemically. The fixation of the photoinduced bend does make this system an example of a light-induced SMP, however a
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Scheme 1.2 Light-induced SMP synthesized by Lendlein et al.
limitation on the temporary programming available remains because temporary shapes are
restricted to bending at angles between -25o – 25o. The first light-induced SMPs were
developed by Lendlein et al., which could be physically deformed and fixed into a variety of
shapes (comparative to thermal SMPs), based on photoreactive cinnamate groups which
undergo reversible photo-induced [2+2] cycloaddition.140 The material was a thermoset
hydrogel synthesized by the radical-initiated polymerization of various acrylate and
methacrylate monomers, one of which was functionalized with a cinnamate moiety and one
of which was bifunctional to act as a crosslinking agent (Scheme 1.2). The mechanism that
produces the SME (Figure 1.9) is the reversible dimerization of cinnamate groups when
irradiated with UV light (λ > 260 nm) while the material is under a physical stress to form
temporary crosslinks within the already chemically crosslinked network. The increased
crosslink density holds the material in a deformed shape until irradiation with UV light (λ <
260 nm) cleaves the cyclobutane ring formed between two cinnamate groups and recovers
the original shape. Unlike thermal SMPs, the strain fixity of light-induced SMPs relies on
the ability of the temporary crosslinks to hold the polymer chains in the deformed state. Once
the stress is removed in the programming process, chain segments in between temporary
17

Figurre 1.9 Light-induced shaape memoryy mechanism
m for crosslinnked networkk possessingg
photooreactive cin
nnamate grouups.
netpooints will relax to the poiint at which they are held, whereas switching
s
segments are
lockeed out from relaxation
r
byy crystallizattion or vitriffication in thhermal SMPss. This
relaxation leads to
t strain fixitty values of 20-50% in light-inducedd SMP systems irradiated for
up to 60 min. Strrain recoveryy is comparaable to therm
mal SMPs, allthough not all
a temporarry
crosslinks are cleeaved duringg irradiation with
w the highher energy wavelength
w
o light.
of
As is the case
c
with alll types of SM
MPs, a majorr applicationn field of inteerest for lighhtinducced SMPs is biomedical devices, givven that lightt-induced triggering can be performeed
remotely at ambient temperattures.140 Reccently, Wu et
e al. synthessized a therm
moplastic
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Scheme 1.3 Light-induced thermoplastic PEU SMP synthesized by Wu et al.
poly(ester urethane) copolymer containing cinnamamide functional groups (Scheme 1.3) as
the first example of a biodegradable light-induced SMP.141 The original network was formed
via physical crosslinks due to the hard PLLA based segments (Tm = 147 – 164 oC), while soft
PCL based segments (Tm = 31 – 37 oC) possessed randomly distributed photogroups. In
addition both the PLLA and PCL segments provide degradable polymer backbones. The
crystallinity of the PCL segments was not observed within the copolymer network, however
the high Tg of PLLA (54 oC) required the heating of the system to increase the extent of
deformation possible. The nature of the thermoplastic PEU system resulted in good
mechanical properties with tensile modulus ranging from 20 to 230 MPa, however this is
outside the range of soft tissue in the body which could signal negative immune responses or
rejection of devices when placed in contact with tissue.
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1.5 Triple
T
Shapee Memory
The SME
E can be exteended from dual
d to triple shape mem
mory (TSM) allowing
a
for
more complex movement. TSM systemss possess twoo independennt transitions (Th, Tl), soo
t temporaary shapes, with
w
whenn programmeed in a multii-step processs the material can hold two
triggeering recoveery resulting in the originnal shape froom the seconnd temporaryy shape throuugh
the fiirst temporarry shape.142 Most TSM systems
s
posssess two phaase-separatedd domains within
w
the saame network
k, each contrributing an inndependent thermal trannsition.143 Thhe thermal
switcches can be a combinatioon of two meelting and/orr glass transition temperaatures in the
differrent phases1444-146, or it haas also been shown that programminng at differennt temperatuures
withiin a broad traansition can also result inn independeent switchingg.147
The first triple
t
shape polymers
p
(T
TSPs) were developed
d
byy Lendlein et al. using tw
wo
p
exyl
differrent polymerr architectures.143 The firrst containedd PCL and poly(cyclohe
methacrylate) (PC
CHMA) segments as a random copoolymer netwoork (MACL)), the secondd was
L network with
w PEG sidde chains (CL
LEG) givingg rise to a Tm/Tg and Tm/Tm system,
a PCL
respeectively. Fig
gure 1.10 shoows an exam
mple of the CLEG
C
materiial which has been

Figurre 1.10 Reco
overy of tripple shape pollymer netwoork by heatinng to 40 oC and
a 60 oC
sequeentially.
20

programmed in two steps. When triggered by heating above T1 (40 oC) it unfolds to recover
the 1st temporary shape and upon heating above T2 (60 oC) reforms hanging anchors of the
original shape. Similar to dual shape memory development, TSPs have also been made to
utilize indirect thermal actuation through nanocomposites containing iron (III) oxide.148
TSM is also present in some LCE systems which also possess shape changing ability through
different LC transitions.142
1.6 Conclusions
The previous sections described the current state of SMPs, specifically the extension
of triggering to various external stimuli and the development of multifunctional triple shape
materials. As discussed, the use of light as a trigger independent of thermal mechanisms is
advantageous for biomaterials allowing for remote triggering at ambient temperatures.
Although multiple LSMPs have been demonstrated, there are still areas that need to be
addressed including uniformity, elasticity, tailoring of properties, cytotoxicity, and extension
into multifunctional biomaterials. The following chapters describe in detail efforts to
produce materials with a range of properties which embody the characteristics of degradable,
biocompatible, tunable, multifunctional, and responsive systems.
1.7 Dissertation Organization
This dissertation is organized into five parts. Chapter I is a general discussion of
shape memory materials and their recent advances in the areas of triggering, biomaterial
applications, and triple shape memory. Chapter II discusses the synthesis and
characterization of novel photo-responsive poly(ester urethane)s and the resulting thermoset
elastomer networks. Chapter III discusses the development of novel multifunctional triple
shape biomaterials using light and thermal transitions in combination to perform macroscopic
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and microscopic shape memory. Chapter IV describes the synthesis and characterization of
functional photo-responsive poly(β-amino ester)s via two methods: functional monomers and
post-functionaliztion. Chapter V discusses continuing experiments and future research
directions. Supplemental data for Chapter II – IV is presented in the appendices along with
initial synthesis and characterization of thiol pendant copolyesters for functional thermal
SMPs in Appendix D. The material in Chapter II and Chapter III, as well as Appendix D,
will be submitted for publication.
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Chapter II
PHOTO-RESPONSIVE POLY(ESTER URETHANE)S FOR DUAL SHAPE MEMORY
BIOMATERIALS

2.1 Introduction
Shape memory polymers (SMPs) are proving to be promising enabling materials in
the field of minimally invasive implants and smart biomedical devices.1,2 SMPs are
programmed into a temporary state by an external force and will recover the original shape
when exposed to an external stimulus. The ability to change shape in a predetermined
manner upon exposure of a given stimulus has led to the development of smart polymeric
stents, sutures, scaffolds, and other devices.3,4 Recovery of the permanent shape is typically
triggered thermally by passing through a transition temperature (Ttrans), although for dual
shape memory it has also been induced electrically5 , magnetically6, electromagnetically7, or
by solvent interactions8. Each of these varying stimuli acts to indirectly actuate a thermal
mechanism in the polymer system. There have been several examples of dual (one
temporary shape) and triple shape memory9 (two temporary shapes). The shape memory
effect (SME) is gauged by the strain fixity ratio (Rf) and strain recovery ratio (Rr), which
evaluates the fixation of the temporary shape and the recovery of the original shape,
respectively.

Scheme 2.1 Photo-induced reversible [2+2] cycloaddition of two cinnamate functional
groups.
Several researchers have described shape changes induced by light that are
independent of heat,10,11,12 however, the most closely related to the present work is based on
moieties which undergo a reversible UV induced [2+2] cycloaddition (Scheme 2.1).
Lendlein et al. programmed an acrylate-based hydrogel containing cinnamate groups into
fixed shapes by ultraviolet light illumination (λ > 260 nm). When exposed a second time to
a higher energy ultraviolet light (λ < 260 nm), newly formed temporary crosslinks were
cleaved and the polymer network recovered its original shape, demonstrating that remote
light activation at ambient temperatures was possible.13 Figure 2.1 shows an illustration of
this programming and recovery process. More recently, Wu et al. utilized polyester
segments functionalized with similar photo-responsive groups randomly distributed them in a
thermoplastic polyurethane system to create materials that were hydrolytically degradable.14
For such materials the strain fixity is much lower when compared with thermal shape
memory materials due to the ability of the chains between the temporary crosslinks to relax
to a more entropically favored position when external force is released. This requires over
programming a material in order to fix the desired temporary shape. The
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SME has also been shown in systems based on the photochromic reaction of azobenzene15,
however, these materials lack a degradable backbone and other properties advantageous for
biomaterials.
For shape memory materials in biomedical applications, targeting thermal transitions
can be challenging, and little flexibility for tailoring other properties remains once Ttrans has
been set. The use of a light-induced mechanism removes dependence on a thermal transition
and allows switching at ambient temperatures. Herein, we present the synthesis and
characterization of a library of biodegradable amorphous poly(ester urethane) prepolymers
which are functionalized with a photo-responsive group in each repeat unit to give a uniform

Figure 2.1 Light-induced shape memory mechanism.
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distribution along the polymer backbone. The thermoset networks that result from thermal
curing possess a range of thermal and mechanical properties as well as the ability to undergo
light induced shape memory.
2.2 Experimental Section
2.2.1 Materials
All reagents were purchased from Sigma-Aldrich and used without further
purification unless otherwise noted. Dichloromethane was dried by distilling from CaSO4.
Triethylamine and pyridine were dried by distilling from CaH2. 1,8-octanediol was
recrystallized from THF.
2.2.2 Instrumentation.
Gel permeation chromatography was used to determine molecular weights and
molecular weight distributions, Mw/Mn, of polymer samples using a Waters Alliance 2695
and Waters 2414 Refractive Index detector. Molecular weights were calculated using a
calibration plot constructed from polystyrene standards (Polyscience Corp.). The
measurements were taken at 35 °C with THF as the mobile phase on three columns (Waters
Styragel HR5, HR4, and HR2). 1H NMR spectra of the monomers and polymers were
obtained on a Bruker 400 ADVANCE spectrometer. Thermal transitions were analyzed
using TA Differential Scanning Calorimeter Q200 with liquid N2 cooling unit at a cooling
rate of 5 oC/min and heating rate of 10 oC/min. A Pyris I Thermogravimetric Analyzer was
used to collect 5% and 10% decomposition temperature data from 25 oC to 500 oC at a
heating rate of 20 oC/min in N2 atmosphere. Mechanical analysis was conducted on an
Instron 5566 at a crosshead speed of 10 mm/min at 25 °C. The Young’s modulus (G) was
calculated using the initial linear portion of the stress/strain curve (0 – 5 % strain).
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2.2.3 Monomer Synthesis
Synthesis of Diethyl 2,2'-(Cinnamoylazanediyl)diacetate (DCA) (1). A solution of
cinnamoyl chloride (4.165 g, 25.0 mmol) in dry CH2Cl2 was added dropwise into a stirring
solution of diethyl iminodiacetate (4.57 mL, 25.5 mmol), triethylamine (7.02 mL, 50.5
mmol) and dry CH2Cl2 (115 mL) at 0 oC. The reaction solution was allowed to stir for 30
minutes at 0 oC and then warmed to room temperature and left stirring for 12 h. The
precipitant was removed by gravity filtration and the solution was washed sequentially with
1.0 M HCl, saturated NaHCO3, and DI H2O. The organic layer was dried over MgSO4,
filtered, and excess solvent was removed under reduced pressure. The crude product was
recrystallized from hot CH2Cl2/hexanes and dried under vacuum to afford a white solid in
93% yield. 1H-NMR: δ (ppm) = 7.67 (m, 2H), 7.64 (d, 1H, J = 15.3 Hz), 7.41 (m, 3H), 7.14
(d, 1H, J = 15.6 Hz), 4.55 (s, 2H), 4.28 (s, 2H), 4.20 (q, 2H, J = 7.1 Hz), 4.16 (q, 2H, J = 7.1
Hz), 1.25 (t, 6H, J = 7.2 Hz).
Synthesis of Diethyl 3-(Cinnamoyloxy)pentanedioate (DCE) (2). A solution of
cinnamoyl chloride (10 g, 60 mmol) in dry CH2Cl2 was added dropwise into a stirring
solution of diethyl 3-hydroxygluturate (10.21 g, 50 mmol) and dry CH2Cl2 (100 mL) at 0 oC.
After the addition was complete, pyridine (4.83 mL, 60 mmol) was added dropwise. The
reaction solution was allowed to stir for 30 minutes at 0 oC and then warmed to room
temperature for 12 h. The precipitant was removed by gravity filtration and the solution was
washed sequentially with 1.0 M HCl, saturated NaHCO3, and DI H2O. The organic layer
was dried over MgSO4, filtered, and product was concentrated under reduced pressure.
Purification by column chromatography (CH2Cl2/EtOAc 9:1) resulted in an oil in 62% yield.
1

H-NMR: δ (ppm) = 7.69 (m, 2H), 7.67 (d, 1H, J = 11.2 Hz), 7.44 (m, 3H), 6.51 (d, 1H, J =
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16 Hz), 5.62 (qn, 1H, J = 6.0 Hz) 4.11 (q, 4H. J = 7.3 Hz), 2.80 (dd, 4H, J1 = 3.8 Hz, J2 = 4.4
Hz) 1.21 (t, 6H, J = 6.0 Hz).
Synthesis of N,N-bis(2-hydroxyethyl)cinnamamide (CAD) (3). A solution of
diethanolamine (2.00 g, 19 mmol) and Et3N (9.31 mL, 67 mmol) in dry CH2Cl2 under N2
atmosphere was cooled to 0 oC in an ice bath. To this mixture a solution of cinnamoyl
chloride (9.51 g, 57 mmol) in dry CH2Cl2 was added dropwise over a period of 20 min.
After complete addition the reaction was allowed to stir for 1 h before removal of the ice bath
and returning the reaction to room temperature to stir overnight. The solvent was then
removed by rotary evaporation and methanol was added to dilute the residue. Saturated
Na2CO3 was added and the solution was stirred for 3 h before being diluted with DI water.
After an extraction with CH2Cl2, the organic layer was dried over MgSO4 and the product
was concentrated by vacuum evaporation. Flash chromatography (10:1 CHCl3/MeOH)
followed by vacuum drying resulted in a white powder in 68% yield. 1H-NMR: δ (ppm) =
7.66 (d, 1H, J = 16 Hz), 7.50 (m, 2H), 7.35 (m, 3H), 6.94 (d, 1H, J = 16 Hz), 3.88 (dt, 4H, J1
= 6 Hz, J2 = 16 Hz) 3.70 (bs, OH), 3.66 (q, 4H, J = 5.3 Hz).
2.2.4 Polyester Prepolymer Synthesis
Polymerization with DCA Monomer (4, 5). Prepolymers were synthesized with either
1,8-octanediol or 1,4-cyclohexanedimethanol for both monomer 1 and 2. An example of a
typical polymerization with the DCA monomer is given. A three-necked round bottom flask
was charged with monomer 1 (2.500 g, 7.83 mmol) and 1,8-octanediol (1.244 g, 8.51 mmol),
evacuated and filled with N2. The mixture of monomers was heated to a melt at 90 oC for 20
minutes. Tin (II) 2-ethylhexanoate (27.5 µL, 1 mol% of diol) was syringed into the flask, the
heat was increased to 125 oC, and the melt was stirred. After 1 hour the pressure was slowly
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reduced to 40 torr, after another 5 hours the pressure reduced to 20 torr, and after 18 hours
the pressure was reduced to 0.1 torr. The mixture continued to stir under reduced pressure
for another 24 hours, to give a total of 48 hours reaction time. The reaction was removed
from heat and atmospheric pressure was re-established. The polymer was dissolved in 5 mL
of chloroform and precipitated into cold stirring methanol (-78 oC). The polymer was then
dried under vacuum for 24 hours. 1H-NMR: δ (ppm) = 7.66 (m, 2H), 7.65 (d, 1H, J = 15.2
Hz), 7.40 (m, 3H), 7.14 (d, 1H, J = 15.2 Hz), 4.56 (s, 2H) 4.29 (s, 2H) 4.13 (t, 2H, J = 5.4
Hz), 4.10 (t, 2H J = 5.4 Hz), 3.52 (t, 0.08H, J = 5.8 Hz) 1.61 (m, 4H) 1.29 (m, 8H).
Polymerization with DCE Monomer (6, 7). An example of a typical polymerization
with the DCE monomer is given. A three-necked round bottom flask was charged with
monomer 2 (1.663 g, 4.97 mmol), 1,8-octanediol (0.733 g, 5.01 mmol), and Lipase acrylic
resin catalyst (240 mg, 10 wt% monomers), evacuated and filled with N2. The mixture of
monomers and catalyst is heated to 80 oC to form a melt and stirring is begun. After 2 hours,
pressure is slowly reduced to 40 torr for 12 hours, then reduced to 20 torr for 24 hours, and
finally reduced to 0.1 torr for a final 12 hours. Heat is removed and atmospheric pressure
restored, followed by the polymer being dissolved in 5 mL of chloroform and precipitated
into cold stirring methanol (-78 oC). The polymer was collected and dried under vacuum for
24 hours. 1H-NMR: δ (ppm) = 7.66 (d, 1H, J = 16.0 Hz), 7.50 (m, 2H), 7.38 (m, 3H), 6.38
(d, 1H, J = 16.0 Hz), 5.64 (qn, 1H, J = 6.0 Hz), 4.05 (m, 4H), 3.74 (m, endgroup), 2.79 (d,
4H, J = 4.0 Hz), 1.85 (m, endgroup), 1.57 (m, 4H), 1.23 (m, 8H).
Polymerization with CAD Monomer (8). Polymerization with diol monomer 3
required the use of either a complementary diacid or diester, therefore, 1,4cyclohexanedicarboxylic acid was employed. A typical polymerization is given. A flame
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Figure 2.2 Bifunctional monomers DCA, DCE, CAD and resulting prepolymers from
polycondensation with complementary monomers.
dried round bottom flask was charged with monomer 3 (3.13 g, 13.3 mmol) and 1,4cyclohexanedicarboxylic acid (2.22 g, 12.9 mmol). After purging with nitrogen for several
minutes, the vessel was heated to 125 oC to form a melt solution, afterwhich tin (II)
ethylhexanoate catalyst (100 µL, 0.3 mmol) was added. The reaction was allowed to stir
under nitrogen atmosphere at 125 oC for 2 h after which the pressure was slowly reduced to
0.1 torr for a total reaction time for 50 h. After returning to atmospheric pressure and
removing from heat, the crude polymer was dissolved in CHCl3 and precipitated into cold
stirring diethyl ether. The purified polymer was collected and dried under vacuum overnight.
1

H-NMR: δ (ppm) = 7.72 (d, 1H, J = 12 Hz), 7.54 (m, 2H), 7.37 (m, 3H), 6.95 (d, 1H, J = 12
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Hz), 4.28 (m, 4H), 3.76 (m, 4H), 2.48 (s, 2H), 2.25 (s, 2H), 2.04 (m, 4H), 1.86 (m, 4H), 1.61
(m, 4H), 1.44 (m, 4H).
2.2.5 Thermoset Network Formation
Prepolymer end-functionalization. Hydroxy-terminated polymer of known M n (43
mg, 6.78 x 10-3 mmol) was dissolved in CH2Cl2 (2.0 mL). The solution was heated to reflux
at 60 oC, then 2-isocyanatoethyl methacrylate (5 µL, 0.035 mmol) was added by syringe.
One drop of stannous octoate was also added to help catalyze the reaction. The solution was
left under reflux for 2 h, excess solvent was removed under reduced pressure, and the
concentrated solution was precipitated in cold stirring methanol (-78 oC). The resulting
polymer was transferred and dried under vacuum for 1 day. Example for DCA-OD
prepolymer, 1H-NMR: δ (ppm) = 7.65 (m, 2H), 7.64 (d, 1H, J = 15.2 Hz), 7.39 (m, 3H), 7.13
(d, 1H, J = 15.6 Hz), 6.09 (s), 4.55 (s, 2H), 4.28 (s, 2H), 4.11 (m, 4H), 3.97 (q), 3.43 (q), 1.90
(s), 1.60 (m, 4H), 1.28 (m, 8H).
Crosslinking. Prepolymers with crosslinkable endgroups were thermally cured by
two methods. The first method employed AIBN as a radical initator. To a 50% polymer
solution in chloroform was added AIBN (1.0 mol %) and the mixture was stirred for 5
minutes to ensure full distribution of initiator before filling a Teflon mold or casting on a
glass slide. The solvent was completely evaporated, and the mold/slide was placed in an
oven at 80 oC for 6 h. The second method utilized a thermally initiated thiol-ene reaction in
the presence of an amine catalyst. To a prepolymer solution was added trimethyloylpropane
tris(3-mercaptopropionate) (2.0 mol equiv.) and amine catalyst (0.95 wt %). Two amine
compounds were used: n-hexyl amine or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). After
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stirring for 5 minutes, the solution was cast in the mold or on the glass slide, solvent
evaporated, and placed in the oven at 80 oC overnight.
2.2.6 Characterization
2.2.6.1 Light-induced Shape Memory (LSM)
Films of 0.5-2.0 mm thickness were placed in a specially designed vise apparatus to
stretch and hold the sample in a stressed state while irradiating with UV light. Film samples
were elongated to a specified length and the entire apparatus placed in a UVP CL 1000
Crosslinker with five 8 watt mercury bulbs (302 nm) at a distance of ~3 cm for a prescribed
time. After UV fixing the film sample was removed from the vise to give the temporary
shape. The film sample was then irradiated for a prescribed time in the UV chamber with
254 nm bulbs for a prescribed time under no external force. Dimension measurements before
stress was applied, in the stressed state, after fixing, and after recovery were taken with a
Mitutoyo ABSOLUTE Digimatic 500 Series caliper in triplicate. Strain fixity (Rf) and strain
recovery (Rr) were calculated using the following equations,

Rf =

ε u ( N ) l f − li
=
× 100
εm
l p − li

Rr =

εm − ε p(N )
l p − lr
=
× 100
ε m − ε p ( N − 1) l p − li

2.2.6.2 Physiological Degradation and Water Uptake
Degradation studies were performed for the DCA-OD and DCE-CHDM series.
Elastomer films of known weight (30-50 mg) were placed in 1 mL of 0.01 M pH 7.4
phosphate buffered saline (PBS) solution at 37 °C. The films were removed from the buffer
solution at the prescribed intervals and dried under vacuum for 24 h before their masses were
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measured. Each measurement was performed on three separate samples. Mass loss (ML)
was calculated according to the following equation,

ML =

mi − m f
mi

× 100

Water uptake (WU) was measured for elastomer films placed in 0.01 M pH 7.4 PBS
solution at 37 oC for prescribed intervals using the equations,

WU =

m sw − m d
× 100
md

WU ( Abs ) =

m sw − m i
× 100
mi

where msw, md, and mi represent the swollen mass, the dry mass, and the initial mass,
respectively. Film samples of known weight were removed from PBS and blotted dry before
weighing swollen mass, followed by drying under vacuum for 1 day to obtain the dry mass.

2.2.6.3 Cytotoxicity Studies
Initial cytotoxicity studies were performed by ATP assay using the HeLa cell line.
Polymer material was placed in well plates containing cells and cell medium. Plates were
incubated at 37 oC in the dark for 3 days, after which the percent viability was found using a
CellTiter-Glo® luminescent cell viability kit which determined the amount of
bioluminescent ATP present in cells. Each measurement was done in triplicate for
crosslinked DCA-OD materials.

2.3 Results and Discussion
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2.3.1 Monomer Synthesis
The successful synthesis of both diester monomers (DCA, DCE) and diol monomer
(CAD) was achieved by reacting the acyl chloride derivative of cinnamic acid, with diethyl
iminodiacetate, 3-hydroxygluturate, or diethanolamine at low temperatures (0 oC) (Scheme
2.2). Due to the high reactivity of acid chlorides, low temperatures were used in order to
decrease reactivity and to control the heat generated. Triethylamine (Et3N) was employed for
the synthesis of DCA (1) and CAD (3) but could not be used for the DCE (2) synthesis due to
the difference in nucleophilicity of the 2o amine and the 1o alcohol. Due to the nature of the
less nucleophilic alcohol, Et3N inhibits the reaction with cinnamoyl chloride because in the
reaction mixture it is the most nucleophilic species. Pyridine, whose stabilized ring structure
decreases its nucleophilicity, was employed instead.
The synthesis of multiple monomers allowed for the study of structure property
relationships of the two linkage chemistries. The barrier of rotation around the amide or the
ester linkage, as well as the position in the resulting polymer (the amide bond lies in the
backbone, while the ester is one atom removed), was expected to affect the ability of
intermolecular temporary crosslinks to be formed between two photo crosslinkable groups.
The H1-NMR of Monomer 1 (Figure 2.3, top) shows two shifts for the α-methylene peaks of
the carbonyl groups (c1 and c2). The two inequivalent α-methylene groups are characteristic
of an amide bond. Best represented in a resonance structure, the amide linkage leads to
restricted rotation around the C-N bond. Depending on the magnitude of this rotational
barrier, the two methylene groups can feel different magnetic environments at NMR pulse
time scales shorter than the rotational rate. This gives rise to the two signals, one
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Scheme 2.2 Bifunctional photo-monomer synthesis.
corresponding to the cis-methylene and one to the trans-methylene with respect to the
carbonyl. The restricted rotation is also evident in the overlapping of the other two
methylene signals. Although these protons are not adjacent to the amide bond, they still
encounter different magnetic environments. The same inequivalence can be seen in the 1HNMR of CAD (3), however, it is not as substantial due to the lower molecular weight of the
substituents on the amine of the amide bond.
In DCE (2) the rotational barrier around the ester linkage is much smaller in
magnitude. 1H-NMR shows equivalent shifts for methylene protons unlike in DCA (Figure
2.3, bottom). The low barrier of rotation in DCE is also evidenced by its physical state; DCE
is a viscous oil while DCA is a solid. It was expected that this extra freedom of movement
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Figure 2.3 1H-NMR spectra of DCA (top) and DCE (bottom) with assignments. Expansion
of α−methylene region for DCA inset.
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will help increase the probability of cinnamate groups interacting in the solid state network
in order to undergo the photo induced [2+2] cycloaddition.

2.3.2 Polymer Synthesis
The successful polycondensation of DCA with various diols was achieved by bulk
melt polymerization with tin octoate catalyst, high temperatures (130 oC), and reduced
pressures (0.1 atm). Scheme 2.3 (top) shows the reaction of DCA with 1,8-octanediol. The
high reaction temperatures and reduced pressure was utilized to remove the ethanol
condensate which is necessary to push the reaction to high conversion. The high temperature
was also necessary to activate the catalyst. Tin octanoate (SnOct) in turn activates the ester
group of the monomer for transesterification through coordination. Tin catalyzed
polycondensation of DCE was not successful due to the transesterification of the cinnamate
group during polymerization, which led to branching and loss of photo-groups. An
enzymatic catalyst (Novozym 435-Lipase) was used instead for all polymerizations involving
DCE. Novozym 435-Lipase catalyst is known to be directed towards primary alcohols or
esters, thereby not affecting the photo-groups, and leading to linear polymer with no
cleavage of photo groups. Scheme 2.3 (middle) shows the reaction of DCE with 1,4cyclohexanedimethanol.
The diols utilized in reactions with the DCA and DCE monomers were 1,8-octanediol
and 1,4-cyclohexanedimethanol, which were chosen due to the similarity in molecular weight
and very different molecular structure. This allowed for the elucidation of structure/property
relationships independent of molecular weight considerations. Polymerizations with the diol
monomer CAD (3) and 1,4-cyclohexanedicarboxylic acid (Scheme 2.3, bottom) utilized the
same conditions as polymerizations of DCA. The stoichiometry of the monomer feed was
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Scheme 2.3 Polymerization of polyester prepolymers.
used to target molecular weights based on a calculated imbalance. This imbalance uses the
diol in excess, thereby controlling the chain ends and giving hydroxyl-terminated polymers.
Unsaturated endgroups were successfully added to the polymer chain ends via the
reaction of hydroxyl-terminated polyesters with 2-isocyanatoethyl methacrylate in CH2Cl2 at
reflux for 2 h. These cross-linkable unsaturated ends can be thermally initiated by a free
radical initiator AIBN, reacted with a thiol crosslinker through a thiol-ene method, or photoinitiated, however, there is the likelihood of the latter affecting the photo-responsive moieties
in an undesired manner. Therefore only the two thermal methods were utilized to form
thermoset networks.

2.3.3 Thermal and Mechanical Analysis
The results of molecular weight analysis and thermal characterization for photoresponsive prepolymers can be found in Table 2.1. Molecular weights measured by gel
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permeation chromatography show good correlation with stoichiometric imbalance to target
polymer chain length and endgroups. A wide range of glass transition temperatures (Tg) for
the completely amorphous prepolymers were seen, with the cyclic diol monomer restricting
rotation and giving rise to higher glass transitions (~30 oC higher Tg than DCA-OD). The
linkage chemistry between the polymer backbone and the pendant photo-group also affected
the thermal properties. Comparing prepolymers containing the same diol monomer (linear or
cyclic), those possessing cinnamamide linkages generally saw an increase of Tg by ~40 oC
over those with cinnamate linkages. This is again associated with the rotational barriers
around the different linkage bonds. Higher thermal decomposition temperatures were also

Table 2.1 Molecular weight and thermal characterization of photo-responsive prepolymers.

a

Decomposition Temp.b
5% (oC)
10% (oC)

Tg (oC)c

Polymer Sample

M n a (g/mol x 10-

Mw / Mn

DCA-OD-5

5.4

1.6

301

319

4

DCA-OD-8

7.9

1.8

371

395

6

DCA-CHDM-5

4.9

1.9

365

382

35

DCA-CHDM-8

7.2

1.4

343

414

43

DCE-OD

1.9

2.1

248

268

-34

DCE-CHDM

2.7

1.6

293

306

-7

CAD-CHDCA

4.0

1.8

306

338

15

a

GPC- PS Stds. bTGA. cDSC.
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Table 2.2 Thermal and mechanical properties of photo-responsive thermoset networks.
Decomposition
5% (oC)

10% (oC)

7000

322

355

52

61.0

5%

DCA-OD

8000

366

392

20

28.0

32 %

DCE-CHDM

3000

300

319

7

15.7

90 %

DCE-OD

2000

267

340

-13

0.4

330 %

Series

Prepoly MW (g/mol)

DCA-CHDM

a

Tg (oC)c G (MPa)d

Breakd

a

GPC- PS Stds, bTGA, cDSC, dInstron (23 oC)

seen for amide containing prepolymers synthesized with either DCA or CAD monomers.
Having these two handles to alter thermal properties, as well as the impact of varying
molecular weights, allows for the creation of a range of material properties.
The amorphous nature of the prepolymers made for easier processing to form
permanent networks of desired size and shape by molding or solvent casting. Table 2.2
shows the thermal and mechanical properties of the resulting thermoset networks. As was
expected the Tg increased from prepolymer to thermoset network by about 15 oC and again, a
large range of glass transition temperatures is seen which in turn produces a range of
mechanical properties as characterized by Instron at room temperature (23 oC). DCACHDM
exhibited the highest Young’s modulus (61 MPa) with very small elongation (5%)
demonstrating its brittle nature at room temperature due to a higher Tg (52 oC). Within the
same photo monomer series, DCA-OD possesses a lower modulus (28 MPa) relative to the
cyclic series due to the lower glass transition but still displays some rigidity due to the Tg
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being in proximity to room temperature. On the other hand, the two DCE series are softer
materials with DCE-OD having a modulus two orders of magnitude lower than the other
series (0.4 MPa). This range of moduli allows matching of different tissues in the body such
as blood vessels, muscles, tendons, and cartilage which is known to be advantageous for
applications where devices are in direct contact with tissue.16,17

2.3.4 Degradation and Cytotoxicity
Physiological degradation studies were performed to determine the hydrolytic
degradation properties of representative systems for both diester photo-monomers. Samples
of DCA-OD and DCE-CHDM were weighed and then placed in PBS solution with pH = 7.4
at 37 oC in order to mimic physiological conditions. The samples were removed, dried, and
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Figure 2.4 Physiological hydrolytic degradation of DCA-OD and DCE-CHDM in PBS (pH
= 7.4) at 37 oC.

Figure 2.5 Water uptake for DCA-OD and DCE-CHDM.
weighed after different periods of time up to 42 days for initial studies. The results for both
series can be seen in Figure 2.4 as the percent mass loss after the prescribed time intervals. It
was expected there would be a difference seen in the rates of degradation between the DCA
and DCE series due to the chemical nature of the pendant groups. The amide linkages in
DCA are not susceptible to hydrolytic degradation in comparison to the ester linkages of the
DCE system as well as the polymer backbone linkages of both series, however the amide
linkage is more hydrophilic then an ester linkage. As can be seen in Figure 2.4, during the
initial period of degradation (10-15 days) a larger percentage of mass loss is seen in the DCE
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system which can attributed to hydrolytic degradation of both pendant and backbone linkages
near the surface of the bulk material. At longer periods of time the DCA system shows
slightly greater mass loss and it is believed to be due to the ability for water to penetrate

Figure 2.6 Cell viability measured by CellTiter-Glo® ATP luminescence assay. Relative
luminescence count (top), percent of control count (bottom).
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further into the bulk material after a period of time due to the more hydrophilic nature of the
amide linkages. The water uptake study performed verified this assumption (Figure 2.5),
with the DCA-OD series (solid green) absorbing a larger weight % of water compared to the
DCE-CHDM series (solid orange). The absolute change in mass, taking into account
degradation and water uptake was also measured for both systems and as can be seen in
Figure 2.5 for the DCE-CHDM (dashed orange) series, the mass loss from degradation
negates any mass gained by water uptake to give a negative weight % even after 1 day. The
DCA-OD series (dashed green) on the other hand does not see a loss in total mass until the
10 day mark when the loss by degradation is larger than the mass added by water swelling.
Preliminary cytotoxicity studies of the DCA-OD system determined using an ATP
bioluminescence assay showed minimal to no cytotoxicity in the HeLa cell line (Figure 2.6).
Materials were plated in cell medium but not in direct contact of cells in the well. After 3
days of incubation at 37 oC, where any matter eluted from the polymer material was able to
interact with the cells, the percent viability was quantified using a CellTiter-Glo® assay kit.
Compared to control wells containing only cells in medium, there was only a small decrease
in the relative luminescence count when in the presence of one unit of polymer material
(97% viability).

2.3.5 Light-induced Shape Memory
Film samples were deformed and irradiation with UV light (λ = 302 nm) was used to
temporarily crosslink samples in the programmed state by inducing an increase in crosslink
density due to the temporary netpoints. Release of the stress did allow the system to relax to
the point at which the temporary netpoints held the strain, meaning a decrease in the strain
fixity of the system. Irradiation with UV light (λ = 254 nm) cleaved a percentage of the
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Figure 2.7 Macroscopic light-induced shape memory of DCA-OD network.
temporary crosslinks and the system recovered. Table 3 shows the values for strain fixity
and strain recovery for the DCA-OD and DCE-CHDM series. In order to deform the
material it must be in a rubbery state so the DCA-OD system was heated above the Tg the
process to allow deformation and remove any thermal effects.
The examination of macroscopic light-induced shape memory properties focused on a
uniaxial force of stretching to a specified percent elongation (Figure 2.7), however bending
deformations can be programmed as well as induced. By stretching a film sample and
irradiating only one side of the film during the UV fixing step (λ = 302 nm), removal of the
stress allows the opposite side to relax and bend the film.
The amide-containing system showed strain fixity and strain recovery consistent with
previously published materials (Rf ≈ 50%, Rr ≈ 90 %). On the other hand, the DCE-CHDM
system that possesses the ester linkage between the polymer backbone and the pendant
photo-groups saw an increase in fixity (70-85%) however a decrease in recovery (40-70%).
This suggests that the uniform distribution of the more mobile ester linked cinnamates
allowed for a higher temporary crosslink density which inhibits large relaxations of the
polymer chains between netpoints. The decrease in recovery can be attributed to the
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incomplete cleavage of the temporary network which is known to occur during irradiation
with UV light (λ = 254 nm).18
Different percentages of elongation were employed to study the effect of amount of
strain on the fixity and recovery in the DCA-OD system. Shown in Table 3 are the values for
20%, 30%, and 40% elongation. As strain is increased from 20% to 30% there is a slight
increase in Rf and a large increase in Rr. The change in the recovery of the system was
expected because with larger fixed strains, it was presumed the larger relaxation of the
polymer chains when temporary crosslinks were cleaved. It is also known that not all
temporary crosslinks are cleaved during the recovery process, so at higher strains (≥ 40%),
there is a decrease in recovery as well as fixity indicating the shortcomings of LSM for larger
deformations.

Table 2.3 Characterization of light-induced shape memory in DCA-OD and DCE-CHDM
series.
Series

DCA-OD

DCE-CHDM

Irradiation Time
Fixing (min)
Cleaving (min)

Elongation %

Rf (%)

Rr (%)

20

47

76

60

90

30

50

91

60

90

40

42

88

60

90

30

69

73

60

60

30

76

67

90

90

30

86

42

150

150
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The irradiation time for each step of the programming and recovery process was also
varied to study the effect on Rf and Rr using the DCE-CHDM system. An equivalent percent
elongation was used for each sample (30%) while varying the irradiation time for fixing and
cleavage from 60 to 150 min. As would be expected, the Rf increased with longer irradiation
time during the programming process, but as noted previously Rr saw a decrease in
comparison to the DCA-OD system even with longer irradiation times during the recovery
process. Longer irradiation during fixation results in higher crosslink density, or greater
concentration of dimerized photo-groups. During recovery, partial cleavage leaves the
system with more netpoints than in the original state. For samples programmed for longer
time periods, the residual netpoints after recovery inhibit relaxation of the polymer chains to
their most entropically favorable conformation.

2.4 General Conclusions
The synthesis of a library of poly(ester urethane)s (PEUs) containing pendant photoresponsive moieties afforded through the incorporation of one of three bifunctional
monomers, DCA and DCE being novel monomers, results in uniform degradable materials.
By interchanging the two diester photo-monomers and cyclic/linear diols, a range of thermal
and mechanical properties were realized; glass transition temperatures ranged from -10 – 50
o

C and Young’s modulus ranging 0.4 – 60 MPa. Utilizing light irradiation, macroscopic

temporary shapes can be fixed by increasing the crosslink density of a thermoset network via
photo-induced reversible [2+2] cycloaddition of cinnamamide or cinnamate pendant groups
under UV light (λ = 302 nm), and irradiation with UV light (λ = 254 nm) cleaves the
temporary crosslinks and recovers the original shape. Possessing an ambient temperature
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switch allows triggering to be more discriminate and the limitation of a narrow temperature
range for biomedical applications is avoided making our system advantageous.
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Chapter III
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m
(TSM
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m
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r
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temporary shapess and upon actuation
a
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t
a muultipart motiion
(Figuure 3.1).1 To date, most TSM
T
system
ms rely on muultiphase polymer netwoorks that posssess
two phase-separa
p
ated domainss, each assocciated with inndependent thermal trannsitions.2 The

mory cycle.
Figurre 3.1 Triplee shape mem

triggers can be a combination of two melting and/or glass transition temperatures in the
different phases3,4,5, or it has also been shown that programming at different temperatures
within a broad transition can also result in independent switching.6
For both dual and triple shape materials in biomedical applications, targeting thermal
transitions can be challenging and little flexibility for tailoring other properties remains once
Ttrans has been set. This obstacle is even more pronounced for TSM where targeting two
distinct transitions within a small window of temperatures suitable for organs and other areas
of the body while also keeping in mind the requirements of a biomaterial is difficult.
Triple shape systems require a specific programming method to induce two
temporary shape changes. These methods can focus on either macroscopic changes or
microscopic changes, with the latter being of great interest for applications such as adhesion
and cell study.7 SMPs have been employed that possess surface shape memory (SSM) by
processing temporary topography switching. This is possible by embossing the surface of a
polymer substrate, resulting in the negative of the pattern used to deform the surface.
Surface features on the micro and nanoscales have been programmed as temporary shapes
which can be erased by triggering recovery of the original flat surface.8,9 It is also possible to
form permanent networks with surface arrays, that can then be programmed with a second
pattern in the temporary shape in order to switch between surface features of different shape,
size, aspect ratio.10 Recently, SSM was extended into a multiple shape memory system,
where two or three temporary shapes were programmed, all different nanoscale patterns,
using a broad Tg.11 Dual and multishape SSM creates a dynamic surface with micropatterned arrays which can be used to control surface properties such as adhesion and
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wetting, as well as use topography on micro/nano scales to influence cell responses through
surface interations.12,13,14
Herein we present the characterization of a series of biodegradable amorphous
poly(ester urethane) prepolymers which are functionalized with photo-responsive pendant
groups uniformly distributed along the polymer backbone that possess both light-induced and
thermal dual shape memory. Furthermore, by combining the independent photo switch with
the thermal transition in the same network we have developed a novel biomaterial that boasts
the triple shape memory effect with only one targeted Ttrans necessary. The result is a triple
shape polymer network where triggering is more discriminate compared to those systems that
rely solely on thermal transitions. In addition, by utilizing soft lithography in our thermal
programming method we have developed the first example of a multifunctional material that
can independently switch on macroscopic and microscopic levels.
3.2 Experimental Section
3.2.1 Materials
All materials were purchased from Sigma Aldrich unless otherwise noted. Thermoset
networks (DCA-OD, DCA-CHDM) analyzed within are from Chapter II. PRINTTM molds
for surface embossing were provided by the DeSimone group.
3.2.2 Instrumentation
Thermal transitions were analyzed using TA Differential Scanning Calorimeter Q200.
Stress-strain data for thermal shape memory transitions was collected on a Pyris Diamond
Dynamic Mechanical Analyzer with liquid N2 cooling unit.
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3.2.3 Light-induced Shape Memory Characterization
Characterization of light-induced shape memory properties followed the same method
as found in Chapter II.
3.2.4 Thermal Shape Memory Characterization
3.2.4.1 Macroscale Shape Memory
Dynamic mechanical analysis (DMA) was used to measure strain fixity and strain
recovery for macroscopic thermal shape memory. The DMA programming/recovery cycle
method was as follows: sample was heated to 20 oC above Tg at a rate of 5 oC/min; stress was
applied to the prescribed magnitude of force at a rate of 100 mN/min; sample under stress
was cooled below 0 oC at a rate of 20 oC/min; stress was removed; sample was heated to 20
o

C above Tg at a rate of 5 oC/min. Using the resulting data, the strain fixity (Rf) and strain

recovery (Rr) were calculated.
For programming a variety of shapes (bending, twisting, coiling) the following
general procedure was used. Samples were heated in an oven at 20 oC above the Tg for ~15
min and then deformed and cooled to 2 oC to fix the temporary shape. Temporary shapes
were persistent at room temperature and recovery occurred when placing the temporary
shape into an oven or water bath above Ttrans.
3.2.4.2 Microscale Surface Shape Memory
Shape programming on a microscopic level was possible utilizing PRINTTM (particle
replication in non-wetting templates) technology15 to emboss the surface of films using a
previously determined method.9 Polymer films are heated above Ttrans and the PRINTTM
mold was placed onto the film surface, which was then placed between glass slides in a press.
The press containing the molded film was placed in an oven above Ttrans for 30 min and then
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cooled at 2 oC for 1 h. Recovery of the permanent surface topography was accomplished by
heating above Ttrans for 30-60 min. Flat surfaces and embossed surfaces with microscopic
features were imaged using a Zeiss Imager D.1m microscope with AxioCam. A halogen
bulb source was used for brightfield imaging under 100x magnification.
3.3 Results and Discussion
3.3.1 Thermal Shape Memory
The prepolymers and resulting thermoset networks are similar to other step-growth
poly(ester urethane)s synthesized in our group that possess thermal shape memory properties
with either Ttrans = Tg or Ttrans = Tm.9,10 As these materials are fully amorphous, there are no
melting transitions that can be used for Ttrans, so a Tg at or above room temperature is needed
to fix the temporary shape without keeping cooled. Therefore, the potential for thermal
shape memory was investigated in the DCA series using the Tg as the triggering temperature,
while the DCE series was excluded. In the crosslinked network state, DCE materials possess
glass transition temperatures (-13 – 7 oC) below an applicable temperature for packaging to
remain persistent.
3.3.1.1 Delocalized Macroscopic Shape Memory
The macroscopic SME for DCA-OD and DCA-CHDM was realized by heating films
above Ttrans ( Tg = 20 oC and 52 oC, respectively) and applying a force or stress. Cooling
below Ttrans fixed the programmed shape and the original shape was recovered by again
heating above Ttrans. In the case of the DCA series, Ttrans is the Tg of the material. As is the
case with most SMPs on the macroscale, the shape change is delocalized meaning it occurs
throughout the entire material when heat is applied. A cantilever-like film of DCA-OD
(Figure 3.2, top-left) was heated to 40 oC and packaged into a temporary ribbon shape (Figure
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3.2, top-middle) before cooling at 2 oC. Heating triggered the recovery of the permanent
shape (Figure 3.2, top-right). In the case of DCA-CHDM, the permanent shape (Figure 3.2,
bottom-left) was heated to 80 oC and coiled followed by cooling to form a helical temporary
shape (Figure 3.2, bottom-middle). Heating above Ttrans restores the original shape (Figure
3.2, bottom-right).

Table 3.1 Thermal shape memory characterization.
Series

Tg (oC)a

Rf (%)b

Rr(%)b

DCA-CHDM

52

> 99

83

DCA-OD

20

92

96

a

DSC, bDMA

DMA testing was used to quantify the Rf and Rr of the systems (Table 3.1) using a
cyclic programming/recovery method. Both the cyclic and linear series showed strain fixity
> 90% with DCA-CHDM having near quantitative fixation (>99%). Strain recovery was
greater in the DCA-OD (96%) while the cyclic series showed incomplete recovery (Rr = 83
%) at heating times < 30 min. This could be due to the Tg being a broad thermal transition,
which requires a longer period of time to fully complete the switch. This can be avoided by
increasing the temperature at which the sample is recovered as is the case for the
macroscopic example of DCA-CHDM in Figure 3.2 which was heated to 90 oC instead of
Ttrans + 20 oC (~70 oC).
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Original

Temporary

Recovered

DCA-OD

DCA-CHDM

Figure 3.2 Macroscopic thermal shape memory of DCA-OD (top) and DCA-CHDM
(bottom) networks.
The broad glass transition is used to our advantage for the DCA-OD system which
possesses a Tg just below room temperature. Rather than targeting a higher glass transition
temperature by adjusting MW or crosslink density, we are able to adjust Ttrans by our
programming method. Heating the material slightly above the Tg (T = 25 oC) and
programming results in a temporary shape which is persistent for only 30-60 min at room
temperature. However, if we program at the higher end of the broad glass transition (T = 35
o

C), the resulting temporary shape is persistent on the order of hours at room temperature or

can be recovered on the order of minutes at 40 oC.
3.3.1.2 Localized Surface Shape Memory
Reversible microscale surface features were successfully programmed into the
surface of elastomer films using a soft lithography embossing method. A variety of shapes
and sizes were patterned into the surface by heating film samples and applying a
perfluoropolyether (PFPE) mold under pressure by compressing between glass slides in a
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mechhanical presss. The elastoomeric PFPE
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Ttrans and create a rubbery surrface that can be deform
med. A sufficcient amountt of consistent
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to forrce the therm
moset film suurface into thhe mold. Addditionally,
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mosetting, rem
moval of the
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mal shape meemory of DC
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d DCA-OD (bottom)
(
netw
works, scalee bar = 10 µm
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Figure 3.3 shows the original, temporary, and recovered surfaces of the DCA-OD
(bottom) and DCA-CHDM (top) series. Starting with a flat surface (top left), the DCACHDM film was patterned with a 10 µm boomerang array (top middle) through the
previously mentioned embossing method, which was persistent for the time period it was
kept below Ttrans (52 oC). Heating the film above Ttrans erased the micropattern and returned
the flat surface (top right) after 30-60 min with no noticeable change to the macroscopic
dimensions of the film, showing the delocalized nature of the surface SME. Again the length
of time required to recover the permanent shape is an artifact of the broad glass transition.
The same temperature method used in the macroscopic shape programming for the DCA-OD
system was also employed for microscale embossing in order to create a persistent temporary
shape. Figure 3.3 shows the original flat surface (bottom left), the temporary patterned
surface using a 3 µm hexnut mold (bottom middle), and the recovered flat topography
(bottom right).
3.3.2 Triple Shape Memory
Having determined the independent thermal (3.3.1) and light-induced shape memory
properties (Ch II) in the DCA materials series, we explored the potential to combine both
mechanisms within the same programming method to package two temporary shapes,
resulting in a triple shape material. The order in which programming occurs determines the
extent with which the system can change shape from temporary shape to temporary shape.
Beginning with thermal programming prevents larger deformation of the system during
photo programming because it must remain below the Tg and therefore in the glassy regime.
However, light irradiation after thermal programming can lead to an increase in the crosslink
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EFigurre 3.4 Effectt of photo-fixing on the glass transition temperatture of a thermoset DCE
CHD
DM film.
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observed in the images of the DCA-OD film in Figure 3.5. In this method, both
programming steps change the shape on a macroscopic level, whereby visible delocalized
changes in dimension and shape are observed during the recovery periods. Taking advantage
of the combination of two independent triggering mechanisms within the same system, the
programming of two temporary shapes through a multistep process allows for the
development of a novel degradable triple shape material.
3.3.2.3 Combination Macroscopic/Microscopic Triple Shape Memory
Utilizing the embossing method previously discussed in the characterization of
thermal shape memory properties in the DCA series, localized surface shape memory is
combined with macroscopic shape memory to create a multifunctional triple shape material.
Figure 3.6 shows a similar processing method to the previously described
macroscopic/macroscopic triple shape method with an alternate thermal programming step
whereby micropattern embossing creates temporary surface topography. Macroscale
deformation of the DCA-OD film while heated followed by light-induced fixation (i)
programs the first temporary shape. Exploiting the previously mentioned embossing method,
consisting of heat, molding, compression, and cooling (ii) generates the temporary surface
features while maintaining the temporary bulk dimensions programmed in the first step.
Recovery is triggered by heating (iii) to remove microscopic surface features and return to
the flat surface of the temporary elongated shape and UV (iv) cleaving further recovers the
macroscopic dimensions of the permanent shape. The images in Figure 3.6 of the original
shape (A1) to the first temporary shape (B) and recovery of the permanent shape (A2) follow
the bulk film shape memory, while the expansion shows the surface switching from flat (Bi)
to 3µm cube micropattern (Bt) back to the recovered flat topography (Bf).
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Figurre 3.6 Triplee shape proggramming/recovery proceess combininng macroscoopic and
microoscopic shap
pe changes (iillustration, left). DCA--OD system following prrogrammingg and
recovvery process (images, rigght). Expanssion: bright-field microsscopic surfacce images, sccale
bar = 10 µm.
3.4 General
G
Con
nclusions
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application in bio
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C
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mechhanisms (dirrect or indireect) this is noon-trivial duue to
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o thermal trransitions being distinct and within a narrow rannge of body
temperature. Thee novel mateerials and proogramming methods disscussed within address thhe
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need for discrete mechanisms of triggering a triple shape effect within one temperature range
and the multifunctionality of macro/micro scale shape memory in the same packaged
material. The ability to change macroscopic shape or dimensions combined with dynamic
surfaces make these materials advantageous for biomedical devices such as stents, sutures,
and implants where function lies in structure and movement, as well as interaction with cells,
surrounding tissue, and in vivo environment.
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Chapter IV
PHOTO-RESPONSIVE POLY(β-AMINOESTER)S: VERSATILE ROUTES TO
FUNCTIONAL SHAPE MEMORY MATERIALS

4.1 Introduction
Poly(β−aminoester)s (PBAEs) have recently gained attention as biodegradable
materials utilized for various non-viral gene delivery vectors and tissue scaffolds.1-5 The
inherent tertiary amine groups found within the polymer backbone can be used to complex
nucleic acids such as DNA, RNA, or si-RNA and self-assemble into nanoscale gene transfer
vehicles.6 Synthesized by 1,4 conjugate addition (Michael addition) between a diacrylate and
either a primary amine or a bis-secondary amine (Scheme 4.1), the ease of polymerizing
these materials as well as the commercial availability of a variety of diacrylate and amine
monomers has led to the formation of various libraries of polymers for quick screening

Scheme 4.1 Polymerization of PBAEs via Michael addition of diacrylate monomer and
amine monomers.

techniques.7,8 In addition there are no by-products generated during synthesis, end-group
control by stoichiometry results in crosslinkable chain ends with no added synthetic steps,
and the conjugate addition reaction is tolerant of other functionality including ethers,
carboxylic acids, alcohols, and tertiary amines.9 This allows easy tailoring of molecular
weight (MW) and chemical structure which in turn enables the tuning of thermal and
mechanical properties along with the degradation rate.
PBAEs can be copolymerized with other monomers or macromers due to the
crosslinkable endgroups afforded during polymerization resulting in interesting copolymer
materials. PBAE-b-PEG or PBAE-g-NIPAAm show thermo and pH-responsiveness as a
result of the degree of protonation of the amino groups, and the addition of the PBAE
segments also leads to degradable materials.10,11 PBAE-co-MMA, PBAE-co-MA, and
PBAE-co-MMA-co-MA were synthesized and found to be degradable thermal shape
memory materials depending on the content of MMA/MA vs PBAE (9.5 - 29.5 wt % PBAE
necessary).12 The higher concentration of MMA/MA was necessary to increase the Tg of the
material to an applicable temperature for thermal shape memory, while the degradation of the
material was attributed to the PBAE segments. Various pendant functionality can be
incorporated into PBAEs through either functional amine or diacrylate monomers. Tolerance
of the resulting reactive functionality permits further modification of the polymer via postpolymerization functionalization methods.10,13
Herein, we introduce two versatile routes to synthesizing PBAEs with photoresponsive functional groups uniformly distributed along the polymer backbone as pendant
groups. The first method utilizes the synthesis of either a functional amine monomer or
functional diacrylate monomer comprising of a cinnamamide or cinnamate group, allowing
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incorporation of the photo-responsive group during polymerization. Use of the functional
diacrylate also affords the addition of other functionality along the polymer chain through the
complimentary amine monomer to tailor properties or react further. The second method is
based on the availability of reactive functionality along the polymer backbone through a
post-polymerization modification of pendant alcohols to cinnamate moieties. A library of
PBAEs was synthesized based on different amino-alcohol compounds and diacrylates
resulting in a range of thermal and mechanical properties. Both methods result in tailorable
thermoset elastomeric materials and the first example of PBAE homopolymer shape memory
materials via light-induced shape memory.
4.2 Experimental Section
4.2.1 Materials
All reagents were purchased from Sigma-Aldrich and used without further
purification unless otherwise noted. Dichloromethane was dried by distilling from CaSO4.
1,4-butanediol diacrylate and 1,6-hexanediol diacrylate were purified by vacuum distillation
in the presence of hydroquinone inhibitor followed by filtering through basic alumina.
4.2.2 Instrumentation
Gel permeation chromatography was used to determine molecular weights and
molecular weight distributions, Mw/Mn, of polymer samples using a Waters Alliance 2695
and Waters 2414 Refractive Index detector. Molecular weights were calculated using a
calibration plot constructed from polystyrene standards (Polyscience Corp.). The
measurements were taken at 35 °C with THF as the mobile phase on three columns (Waters
Styragel HR5, HR4, and HR2). 1H NMR spectra of the monomers and polymers were
obtained on a Bruker 400 ADVANCE spectrometer. Thermal transitions were analyzed
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using TA Differential Scanning Calorimeter Q200 with liquid N2 cooling unit at a cooling
rate of 5 oC/min and heating rate of 10 oC/min. A Pyris I Thermogravimetric Analyzer was
used to collect 5% and 10% decomposition temperature data from 25 oC to 500 oC at a
heating rate of 20 oC/min in N2 atmosphere. Mechanical analysis was conducted on an
Instron 5566 at a crosshead speed of 10 mm/min at 25 °C. The Young’s modulus (G) was
calculated using the initial linear portion of the stress/strain curve (0 – 5 % strain).
4.2.3 Functional Monomer Synthesis
4.2.3.1 Functional Amine Monomer
Synthesis of (9H-fluoren-9-yl)methyl-(2-hydroxyethyl)carbamate (1). A solution of 9fluorenylmethyl chloroformate (4.337 g, 16.8 mmol) in dry CH2Cl2 was added dropwise to a
stirring solution of ethanolamine (2.03 mL, 33.6 mmol) in dry CH2Cl2 at 0 oC over 45
minutes. After the addition was complete, the ice bath was removed, the solution was
warmed to room temperature and allowed to stir for another 1.5 h. The solution was then
washed with 0.5 M HCl (3 x 100 mL), the organic layer was dried over MgSO4, the solvent
was removed by reduced pressure, and the solid product was dried under vacuum overnight.
1

H-NMR: δ (ppm) = 7.85 (d, 2H, J = 7.6 Hz), 7.70 (d, 2H, J = 7.6 Hz), 7.41 (t, 2H, J = 7.4

Hz), 7.32 (t, 2H, J = 7.2 Hz), 4.32 (d, 2H, J = 6.8 Hz), 4.22 (t, 1H, J = 7.0 Hz), 3.60 (t, 2H, J
= 5.4 Hz), 3.26 (d, 2H, J = 5.6 Hz).
Synthesis of 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)ethyl cinnamate (2). A
solution of cinnamoyl chloride (0.167 g, 1 mmol) in dry CH2Cl2 was added dropwise into a
stirring solution of the Fmoc-protected ethanolamine, compound 1 (0.284 g, 1.0 mmol),
triethylamine (0.278 mL, 2 mmol) and dry CH2Cl2 at 0 oC. The reaction solution was then
warmed to room temperature and stirred for 3.5 h. The precipitate was removed by gravity
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filtration, and the solution was washed sequentially with 1.0 M HCl (1 x 15 mL), saturated
NaHCO3 (1 x 15 mL), and DI H2O (1 x 15 mL). The organic layer was dried over MgSO4,
filtered, and excess solvent was removed under reduced pressure. 1H-NMR: δ (ppm) = 7.87
(d, 2H, J = 7.2 Hz), 7.69 (m, 5H), 7.41 (m, 5H), 7.32 (m, 2H), 6.55 (d, 1H, J = 16 Hz), 4.36
(d, 2H, J = 6.8 Hz), 4.27 (m, 3H), 3.50 (m, 2H).
Synthesis of 2-aminoethyl cinnamate (3). Compound 2 was deprotected by stirring in
a solution of 1% piperidine/acetonitrile at room temperature for 3 h. The solvent was
removed under reduced pressure, and the crude product was purified by flash
chromatography (15:1 CH2Cl2/MeOH). The solvent was removed under reduced pressure,
and the solid product dried overnight. 1H-NMR: δ (ppm) = 7.58 (m, 2H), 7.55 (d, 1H, J =
15.6 Hz), 7.40 (m, 3H), 6.75 (d, 1H, J = 16.0 Hz), 3.65 (q, 2H, J = 5.6 Hz), 3.43 (q, 2H, J =
5.6 Hz).
4.2.3.2 Functional Diacrylate Monomer
Synthesis of N,N-bis(2-hydroxyethyl)cinnamamide (4). A solution of diethanolamine
(18.0 g, 171.2 mmol) and Et3N (6.7g, 66.2 mmol) in dry CH2Cl2 under N2 atmosphere was
cooled to 0 oC in an ice bath. To this mixture a solution of cinnamoyl chloride (10.0 g, 60.0
mmol) in dry CH2Cl2 was added dropwise over a period of 20 min. After complete addition,
the reaction was allowed to stir for 1 h before removal of the ice bath and returning the
reaction to room temperature to stir 10 h. The organic phase was then washed with 1M HCl,
saturated NaHCO3, and brine (50 mL x 3 each) followed by drying over MgSO4. The
product was concentrated by vacuum evaporation resulting in a white powder. 1H-NMR:
δ (ppm) = 7.66 (d, 1H, J = 16 Hz), 7.50 (m, 2H), 7.35 (m, 3H), 6.94 (d, 1H, J = 16 Hz), 3.88
(dt, 4H, J1 = 6 Hz, J2 = 16 Hz) 3.70 (bs, OH), 3.66 (q, 4H, J = 5.3 Hz).
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Figure 4.1 Functional monomers.
Synthesis of (E)-(cinnamoylazanediyl)bis(ethane-2,1-diyl) diacrylate (5). Compound
4 (4.02g, 17.1 mmol) was dissolved in dry CH2Cl2 and cooled using an ice bath. A solution
of acrylol chloride (1.93 g, 21.4 mmol) in CH2Cl2 was added dropwise to the stirring solution
of the diol over 15 minutes. The solution was allowed to stir in the ice bath for 30 minutes
before dropwise addition of pyridine (1.74 g, 22.0 mmol). The reaction mixture was then
warmed to room temperature and allowed to stir for an additional 8 h. The organic solution
was then washed with 1M HCl, saturated NaHCO3, and brine (50 mL x 3 each), followed by
drying over MgSO4. After filtration, the solvent was removed by rotary evaporation,
resulting in a slightly yellow oil. 1H-NMR: δ (ppm) = 7.68 (d, 1H, J = 16 Hz), 7.52 (m, 2H),
7.34 (m, 3H), 6.97 (d, 1H, J = 16 Hz), 6.37 (dd, 2H, J1 = 16 Hz, J2 = 16 Hz), 6.08 (m, 1H),
5.81 (dd, 2H, J1 = 10, J2 = 26), 4.37(t, 4H, J = 6 Hz), 3.80 (dt, 4H, J1 = 4 Hz, J2 = 24 Hz).
4.2.4 Polymer Synthesis
General Polymer Synthesis. An example of a typical polymerization is given. Amine
monomer (28.5 mmol), diacrylate monomer (31.8 mmol), and CHCl3 (6 mL) were added by
syringe to a flame dried 50 mL Schlenk flask with stir bar and heated to 80 oC. The reaction
was stirred for 48 hrs, and in the last hour diacrylate monomer (0.1 g, 0.5 mmol) was added
to ensure crosslinkable end groups. The solution was removed from heat and precipitated
into cold Et2O (dry ice/acetone), followed by drying in a vacuum oven overnight at 40 oC.
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This procedure was used to synthesize a library of four alcohol pendant PBAE prepolymers
(6a-9a) used in the following post-polymerization functionalization method.
4.2.4.1 Post-Polymerization Route
PBAEs with pendant alcohol groups were synthesized by reacting either
ethanolamine or butanolamine with 1,4-butanediol diacrylate or 1,6-hexanediol diacrylate.
The resulting prepolymers are designated by four letters, the first two associated with the
pendant functionality, ethanol or butanol (EO or BO), and the second two associated with the
diacrylate monomer, butanediol or hexanediol (BD or HD).
EO-BD (6a) 1H-NMR: δ (ppm) = 6.40 (d, endgroup 1H, J = 20 Hz), 6.11 (dd,
endgroup 1H, J1 = 10 Hz, J2 = 18 Hz), 5.82 (d, endgroup 1H, J = 12 Hz), 4.19 (t, endgroup
2H, J = 4 Hz), 4.09 (t, 4H, J = 4 Hz), 3.57 (t, 2H, J = 6 Hz), 2.79 (t, 4H, J = 6 Hz), 2.58 (t,
2H, J = 6 Hz), 2.45 (t, 4H, J = 6 Hz), 1.69 (m, 4H).
EO-HD (7a) 1H-NMR: δ (ppm) = 6.38 (d, endgroup 1H, J = 16 Hz), 6.10 (dd,
endgroup 1H, J1 = 10 Hz, J2 = 18 Hz), 5.81 (d, endgroup 1H, J = 12 Hz), 4.05 (t, 4H, J = 4
Hz), 3.57 (t, 2H, J = 4 Hz), 2.79 (t, 4H, J = 6 Hz), 2.59 (m, 2H), 2.45 (t, 4H, J = 6 Hz), 1.62
(m, 4H), 1.37 (m, 4H).
BO-BD (8a) 1H-NMR: δ (ppm) = 6.39 (d, endgroup 1H, J = 20 Hz), 6.10 (dd,
endgroup 1H, J1 = 10 Hz, J2 = 18 Hz), 5.82 (d, endgroup 1H, J = 12 Hz), 4.08 (t, 4H, J = 6
Hz), 3.55 (t, 2H, J = 6 Hz), 2.79 (t, 4H, J = 6 Hz), 2.48 (t, 4H, J = 8 Hz), 2.44 (t, 2H, J = 6
Hz), 1.68 (m, 4H), 1.58 (m, 4H).
BO-HD (9a) 1H-NMR: δ (ppm) = 6.40 (d, endgroup 1H, J = 16 Hz), 6.12 (dd,
endgroup 1H, J1 = 10 Hz, J2 = 18 Hz), 5.82 (d, endgroup 1H, J = 8 Hz), 4.06 (t, 4H, J = 6
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Hz), 3.56 (t, 2H, J = 8 Hz), 2.80 (t, 4H, J = 8 Hz), 2.49 (t, 4H, J = 8 Hz), 2.45 (t, 2H, J = 8
Hz), 1.61 (m, 6H), 1.37 (m, 6H)
Post Functionalization. EC-BD (6b), EC-HD (7b), BC-BD (8b), BC-HD (9b). Post
functionalization of alcohol pendant prepolymers results in pendant cinnamate groups. The
resulting prepolymers are desiginated by four letters, the first two associated with the pendant
functionality, ethyl cinnamate or butyl cinnamate (EC or BC); and the second two associated
with the diacrylate monomer, butanediol or hexanediol (BD or HD). A typical
functionalization method is given. Alcohol functionalized PBAE of known Mn was added to
a flame dried 100 mL round bottom flask with addition funnel attached and dissolved in dry
CH2Cl2. The reaction solution was placed on ice, and after 10 min a solution of cinnamoyl
chloride (1.5 mol equiv of OH groups) in dry CH2Cl2 was slowly dripped into the flask
through the addition funnel. Once the addition was completed, pyridine (1.55 mol equiv of
OH groups) was slowly dripped into the reaction which creates the precipitation of HCl salts.
Once the addition of pyridine was complete, the ice bath was removed and the solution
allowed to stir 12 h, at which time, the precipitate was filtered and the solution concentrated
by rotary evaporation. The polymer solution was precipitated into cold methanol (dry
ice/acetone) and redissolved in CH2Cl2. The solution was sequentially washed with 1 M HCl
(1 x 100 mL), saturated NaHCO3 (1 x 100 mL), and brine (1 x 100 mL). The organic phase
was dried with MgSO4, and the solvent was removed under reduced pressure. The resulting
polymer is then redissolved in chloroform and precipitated into cold methanol (-78 oC). The
polymer was collected and dried under vacuum for 24 hours.
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Figure 4.2 Hydroxy pendant prepolymers and cinnamate (CA) functionalized prepolymers.
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EC-BD (6b) 1H-NMR: δ (ppm) = 7.69 (d, 1H, J = 16 Hz), 7.67 (m, 2H), 7.42 (m, 3H),
6.54 (d, 1H, J = 16 Hz), 6.34 (d, endgroup 1H, J = 16 Hz), 6.14 (dd, endgroup 1H, J1 = 10
Hz, J2 = 14 Hz), 5.86 (d, endgroup 1H, J = 8 Hz), 4.24 (t, 2H, J = 6 Hz), 4.05 (m, 4H), 2.88
(t, 4H, J = 6 Hz), 2.82 (t, 2H, J = 8 Hz), 2.49 (t, 4H, J = 6 Hz), 1.66 (m, 4H)
EC-HD (7b) 1H-NMR: δ (ppm) = 7.67 (d, 1H, J = 16 Hz), 7.52 (m, 2H), 7.37 (m,
3H), 6.42 (d, 1H, J = 16 Hz), 6.38 (d, endgroup 1H, J = 16 Hz), 6.10 (dd, endgroup 1H, J1 =
12 Hz, J2 = 16 Hz), 5.81 (d, endgroup 1H, J = 12 Hz), 4.23 (t, 2H, J = 6 Hz), 4.03 (t, 4H, J =
6 Hz), 2.86 (t, 4H, J = 6 Hz), 2.79 (t, 2H, J = 6 Hz), 2.46 (t, 4H, J = 8 Hz), 1.59 (m, 4H), 1.32
(m, 4H).
BC-BD (8b) 1H-NMR: δ (ppm) = 7.65 (d, 1H, J = 16 Hz), 7.49 (m, 2H), 7.34 (m,
3H), 6.42 (d, 1H, J = 16 Hz), 6.48 (d, endgroup, J = 20 Hz), 6.09 (dd, endgroup, J1 = 12 Hz,
J2 = 16 Hz), 5.79 (d, endgroup, J = 8 Hz), 4.17 (t, 2H, J = 6 Hz), 4.05 (m, 4H), 2.75 (t, 4H, J
= 8 Hz), 2.42 (t, 6H, J = 8 Hz), 1.66 (m, 6H), 1.51 (m, 2H).
BC-HD (9b) 1H-NMR: δ (ppm) = 7.69 (d, 1H, J = 20 Hz), 7.52 (m, 2H), 7.38 (m,
3H), 6.44 (d, 1H, J = 16 Hz), 6.40 (d, endgroup 1H, J = 20 Hz), 6.11 (dd, endgroup 1H, J1 =
10 Hz, J2 = 18 Hz), 5.81 (d, endgroup 1H, J = 8 Hz), 4.20 (t, 2H, J = 6 Hz), 4.03 (t, 4H, J = 6
Hz), 2.79 (t, 4H, J = 6 Hz), 2.48 (t, 4H, J = 6 Hz), 2.45 (t, 2H, J = 8 Hz), 1.61 (m, 6H), 1.34
(m, 6H).
4.3.4.2 Functional Monomer Route
Polymerization of CAD-OH (10). Functional diacrylate monomer CAD-DA (5)
(0.69 g, 2.0 mmol ), ethanolamine (0.12 g, 1.95 mmol), and CHCl3 (1 mL) were added to a
round bottom flask under N2 and heated to 80 oC. The reaction mixture was allowed to stir
for 24 h followed by diluting with 2 mL of CHCl3. The solution was purified by
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precipitation into cold diethyl ether (-78 oC), and the liquid prepolymer was collected and
vacuum dried for 24 h. 1H-NMR: δ (ppm) = 7.67 (d, 1H, J = 16 Hz), 7.54 (m, 2H), 7.35 (m,
3H), 6.95 (d, 1H, J = 16 Hz), 6.38 (dd, endgroup, J1 = 18 Hz, J2 = 18 Hz), 6.08 (m,
endgroup), 5.81 (dd, endgroup, J1 = 10, J2 = 26), 4.24 (m, 4 H), 3.71 (m,4H), 3.52 (t, 2H, J =
16 Hz), 2.70 (t, 4H, J = 32 Hz), 2.42 (t, 6H, J = 26 Hz).
Polymerization of CAD-Alkyne (11). CAD-DA (0.64 g, 1.9 mmol), propargyl amine
(0.10 g, 1.8 mmol), and CHCl3 (1 mL) were added to a round bottom flask under N2 and
heated to 80 oC. The reaction mixture was allowed to stir for 24 h followed by diluting with
2 mL of CHCl3. The solution was purified by precipitation into cold diethyl ether (-78 oC),
and the polymer was collected and dried under vacuum. 1H-NMR: δ (ppm) = 7.70 (d, 1H, J
= 12 Hz), 7.54 (m, 2H), 7.36 (m, 3H), 6.96 (d, 1H, J = 12 Hz), 6.38 (dd, endgroup, J1 = 18
Hz, J2 = 48 Hz), 6..11 (m, endgroup), 5.68 (d, endgroup, J = 8 Hz), 4.26 (t, 4H, J = 6 Hz),
3.72 (m, 4H), 3.32 (t, 2H, J = 24 Hz), 2.76 (t, 4H, J = 26 Hz), 2.42 (t, 4H, J = 20 Hz), 2.16 (t,
1H, J = 16 Hz).
4.2.5 Thermoset Network Formation
Crosslinking. Prepolymers with crosslinkable endgroups were thermally cured by
two methods. The first method employed AIBN as a radical initator. To a 50% polymer
solution in chloroform was added AIBN (1.0 mol %) and the mixture was stirred for 5
minutes to ensure full distribution of initiator before filling a Teflon mold or spreading on a
glass slide. The solvent was completely evaporated, and the mold/slide was placed in an
oven at 80 oC for 6 h. The second method utilized a thermally initiated thiol-ene reaction in
the presence of an amine catalyst. To a prepolymer solution was added trimethyloylpropane
tris(3-mercaptopropionate) (2.0 mol equiv.) and amine catalyst (0.95 wt %). Two amine
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compounds were used: n-hexyl amine or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). After
stirring for 5 minutes, the solution was cast in the mold or on the glass slide, the solvent was
evaporated, and the cast film was placed in the oven at 80 oC overnight.
4.3 Results and Discussion
4.3.1 Functional Monomer Synthesis
4.3.1.1 Amine Monomer
The successful synthesis of 2-aminoethyl cinnamate (3) was achieved through a
protection/deprotection process where the protecting group 9-fluorenylmethoxycarbonyl
(Fmoc) was employed to result in a free amine containing monomer to be used for synthesis
of PBAEs with a complimentary diacrylate (Scheme 4.2). Fmoc was chosen because it is
labile in the presence of the weak base piperidine, whereas other protecting groups require
strong acid or basic work up, which would likely degrade the cinnamate functionality.
Protection was necessary due to the higher reactivity of the amino group versus the hydroxyl
group of ethanolamine in the reaction with cinnamoyl chloride.
The first step of the three part synthesis was the protection of the amino group by
addition of Fmoc chloride at low temperature. The resulting hydroxyl-functionalized solid
product was reacted with cinnamoyl chloride again at low temperatures to control the heat
generated from the reaction. The addition was done in the presence of an excess of
triethylamine which acts as a HCl scavenger and catalyzes the reaction. The final step was
the deprotection by stirring in a piperidine/acetonitrile solution to cleave the Fmoc group and
return the amino end group. This process was followed by 1H-NMR, watching for the
appearance of the α-methylene protons of the carbamate linkage at 3.26 ppm (N-CH2) and
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Scheme 4.2 Synthesis of functional amine monomer.
4.32 ppm (O-CH2) for the protection step, the appearance of the vinylic proton of the
cinnamate moiety at 6.55 ppm (CO-CH=CH) in the functionalization step, and the
disappearance of the α-methylene protons corresponding to the carbamate. While the
protection/deprotection method gave the desired compound, the three step synthesis resulted
in poor overall yield as well as poor atom economy using the large Fmoc protecting group.
In addition, the resulting PBAEs using 2-aminoethyl cinnmate are the same that result
through the post-functionalization method where ethanolamine is used as the starting amine
monomer (EC-BD, EC-HD). This directed further efforts towards the functional diacrylate
monomer.
4.3.1.2 Diacrylate Monomer
The functional diacrylate monomer, CAD-DA (5) containing a photo-responsive
cinnamamide group was realized by acrylation of the cinnamamide diol (CAD) used in the
step-growth polycondensation of photo-responsive poly(ester urethane)s presented in Chapter
II. As discussed, CAD was synthesized by reacting diethanolamine with cinnamoyl chloride
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in the presence of triethylamine at low temperatures. In order to synthesize a diacrylate, the
diol was further reacted with an excess of acrylol chloride in the presence of pyridine
(Scheme 4.3). Pyridine was employed because it is less nucleophilic then triethylamine, as
discussed in Chapter II has the ability to inhibit the reaction between the acyl chloride and
less nucleophilic alcohol groups. 1H-NMR shows the appearance of α-methylene peaks to
the ester bond (4.37 ppm) and the vinylic protons (6.37, 6.08, 5.81 ppm) of the acrylate
group, as well as the disappearance of the α-methylene peaks correlating to the original
hydroxyl groups (3.66 ppm).
4.3.2 Polymer Synthesis
The synthesis of crosslinkable PBAE prepolymers was achieved through step growth
polymerization and stoichiometric control of the monomer feed using an excess of diacrylate
monomer, resulting in acrylate end groups. The general polymerization method could be run
in bulk or with the addition of a small amount of solvent (CHCl3) to help with the viscosity

Scheme 4.3 Synthesis of functional diacrylate monomer.
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and stirring of the reaction mixture. Unlike the polycondensation of polyesters discussed in
Chapter II, PBAE polymerizations required no catalyst, and the reaction temperature was
only 80 oC. Higher temperatures caused the initial gelation of the bulk melt after only a few
hours which was attributed to the thermal initiation of the acrylate groups reacting with each
other. After purification by precipitation, the diacrylate prepolymers can be thermally
initiated by a free radical initiator AIBN, reacted with a thiol crosslinker through a thiol-ene
method, or photo-initiated using an applicable photoinitiator; however, there is the likelihood
of the latter affecting the photo-responsive moieties in an undesired manner. Therefore, only
the two thermal methods were utilized to form thermoset networks.
4.3.2.1 Post-Polymerization Route
Four variations of hydroxyl pendant PBAEs were successfully synthesized using the
general method discussed above, followed by post-functionalization to afford cinnamate
pendant groups (Scheme 4.4). The choice of amino alcohol and diacrylate combination
utilized ethanolamine (EO) or butanolamine (BO) with 1,4-butanediol diacrylate (BD) or 1,6hexanediol diacrylate (HD). These starting materials were chosen to sequentially probe the
structure property relationships in the resulting prepolymers and subsequent thermoset
elastomers by examining the effects of the repeat unit (RU) chain length and pendant chain
length on the thermal and mechanical properties. The different side chain
lengths were also chosen to design polymers possessing chain spacers of differing length in
between the polymer backbone and the photo-group functionality which is integrated during
the post-functionalization step.
Conversion of alcohol pendant side chains to cinnamate moieties was achieved by
reaction of an excess of cinnamoyl chloride in a dilute prepolymer solution at low
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Scheme 4.4 Polymerization of alcohol and subsequent cinnamate pendant PBAE series.
temperatures in the presence of pyridine. The pyridine was used to scavenge the HCl
produced in the reaction of the acyl chloride and alcohol, which could have been problematic
had acid hydrolysis of the ester backbone occurred. By employing a slight excess of the
pyridine, all free HCl was consumed to give the salt precipitate and no polymer backbone
degradation was observed. This can be verified by the GPC analysis of the starting hydroxyl
prepolymer and the resulting photo-responsive prepolymer. The GPC trace of EC-HD seen
in Figure 4.3 shows the alcohol pendant prepolymer (blue) and the shifted cinnamate
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t the theoreetical increasse. Full
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repeaat unit. Becaause GPC is a relative annalysis technnique and thee structure of the differennt
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Figurre 4.3 GPC chromatograam of EO-HD (blue) andd EC-HD (orrange).
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Figurre 4.4 1H-NM
MR spectra of the methyylene regionn of EO-HD (top)
(
and EC
C-HD (bottom).
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O-HD (Figuure 4.4, top) and
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(Figuure 4.4, botto
om), the com
mplete disapppearance of peaks
p
corressponding to the
t methylenne
protoons of the sid
de chain at 3.57 ppm, (-C
CH2OH) andd 2.59 ppm, (-CH
(
en in the EO
O-HD
2N-) see
specttrum was obsserved in thee EC-HD speectrum. Thee appearancee of the methhylene protoons at
4.23 ppm
p
in the EC-HD
E
specctrum was coonsistent withh the formattion of the neew ester linkkages
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2 ppm to 2.79 ppm.
4.3.2.2 Function
nal Diacrylatte Route
The synth
hesis of multtifunctional PBAEs
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m
CAD-DA witth either
ethannolamine or propargyl
p
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c
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functtionalization with carboxxylic acids or acyl chloriides to attachh other desirrable moietiees.
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Scheme 4.5 Polymerization of multifunctional PBAEs reacting the functional diacrylate
monomer CAD-DA with ethanolamine or propargyl amine.
The alcohol functionality also leads to a more hydrophilic material which should increase the
rate of hydrolytic degradation. CAD-Alkyne prepolymers contain alkyne pendant groups in
addition to the photo-responsive cinnamate functional groups. Alkyne functionality can be
utilized in copper click chemistry with organic azide compounds to form the 1,3,5 triazole
linkages between the polymer backbone and desired pendant group. The synthesis of both
prepolymers used a stoichiometric imbalance, with an excess of the diacrylate monomer to
produce crosslinkable endgroups. As can be seen in Table 4.2, the resulting prepolymers
have low MW relating to short prepolymers although they were targeted for higher MW.
This low reactivity could be due to the large pendant group of the CAD-DA monomer as well
as the nearby side group which is incorporated by the amine monomer. Steric hindrance
could inhibit the reaction of a second diacrylate monomer with an amine monomer that has
already reacted once.
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4.3.3 Thermal and Mechanical Analysis
4.3.3.1 Post-Polymerization Route
The thermal properties of the PBAE prepolymers and subsequent elastomeric films
were measured using DSC and TGA (Table 4.1). The PBAE prepolymers synthesized
through the post-functionalization route possess glass transition temperatures well below 0
o

C, making them liquid prepolymers at room temperature. Varying the diacrylate and amino-

alcohol monomers influenced the resulting Tg with changes to the side chain and polymer
backbone having different impacts towards the magnitude of variation in transition
temperature. In the four alcohol pendant PBAEs, the Tg ranged from -66 oC to -50 oC.
Comparing prepolymers with the same diacrylate component, the Tg increased by ~5 oC
when butanolamine (BO) was incorporated instead of ethanolamine (EO). Here the longer
pendant group increases the rotational barrier for the polymer chains requiring higher
temperatures to change from the glassy state to the amorphous phase. Examining the effect
of the polymer backbone, within prepolymers composed of the same amino-alcohol
monomer, the use of 1,4-butanediol diacrylate (BD) or 1,6-hexanediol diacrylate (HD) led to
a variation of approximately 10 oC with the shorter backbone segment exhibiting the higher
thermal transition. This is the inverse effect of the side group trend where the longer
component increased the Tg. Within the polymer backbone, the longer diacrylate component
led to larger flexibility and therefore a decreased thermal transition; the shorter BD segment
restricted the resulting polymer chains to a larger extent therefore increasing the thermal
energy required to transition. These results indicate that the dependence of the glass
transition on the backbone segment is close to double the magnitude of the side group.
Combining these two trends led to the very different thermal properties seen in EO-HD (-
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Table 4.1 Molecular weight and thermal characterization of PBAE prepolymers.

a

Decomposition Temp.b
5% (oC)
10% (oC)

Tg (oC)c

Polymer Sample

M n a (g/mol x 10-3)

Mw / Mn

EO-BD

6.0

1.4

203

253

-54.0

EO-HD

8.1

2.3

197

219

-65.9

BO-BD

3.6

1.7

206

266

-49.6

BO-HD

5.3

1.9

205

223

-60.2

EC-BD

12.9

1.5

214

263

-31.7

EC-HD

13.2

2.1

207

308

-38.6

BC-BD

6.8

1.6

240

271

-26.7

BC-HD

11.3

2.0

225

258

-32.0

a

GPC- PS Stds. bTGA. cDSC.

65.9 oC) and BO-BD (-49.6 oC) which have the same repeat unit MW. Although the
magnitude may be different if both prepolymers were the same MW, for the results given, the
lower MW BO-BD possesses the higher Tg which normally increases with MW so the trends
would still hold, only to a greater magnitude.
After the post-functionalization of the alcohol pendant PBAEs to synthesize the
cinnamate pendant PBAEs, there was an increase in the Tg for each of the prepolymers (-39
o

C to -27 oC). When examining the same sets of prepolymers in order to understand the

structure/property relationships as a result of the different diacrylate (BD versus HD) or sidechain components, it was apparent that the larger impact of the diacrylate component was
diluted after functionalization of the pendant alcohol groups to afford the much
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larger cinnamate moieties. Whether switching from the longer to shorter diacrylate or the
shorter to longer side chain, the Tg difference was nearly 6 oC. The trends seen in the alcohol
pendant PBAEs were still consistent but now both were of the same magnitude. The
decomposition temperatures also followed this same relative trend.
Another interesting trend was seen in the increase of the Tg after functionalization of
the prepolymers. For EC-BD and BC-BD, there was an increase of close to 22 oC from EOBD and BO-BD, respectively. On the other hand, for the longer backbone segment PBAEs
(EC-HD and BC-HD), the increase was close to 28 oC. There was minimal variation
observed between different side groups. It was expected that the conversion of the side chain
alcohols to cinnamates would induce the same shift in transition temperature, no matter
which diacrylate component was utilized, however this was not the case. The explanation for
this is not known but could be related to the possible interactions between the conjugated
pendant groups, where the longer hexanediol backbone unit might allow them to interact in a
greater number of conformations than with the shorter butanediol segment.
4.3.3.2 Functional Diacrylate Route
The multifunctional PBAEs produced via the functional diacrylate route exhibited
glass transition temperatures an order of magnitude higher than the post-functionalized
PBAEs. CAD-OH had a Tg of -6.0 oC while CAD-Alkyne (4.5 oC) had the only Tg above 0
o

C for any of the PBAE materials. These higher thermal transitions are due to both the large

side groups as was the case when the alcohol pendant PBAEs were functionalized to give
cinnamate groups, as well as the shorter and less flexible polymer backbone. In comparison
to EC-BD (-31.7 oC) which has the shortest polymer backbone in combination with the
ethanolamine based pendant group, CAD-OH has a Tg that is 25 oC higher, even though it is
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Table 4.2 Molecular weight and thermal characterization of CAD-OH and CAD-Alkyne
prepolymers
a

Decomposition Temp.b
5% (oC)
10% (oC)

Tg (oC)c

Polymer Sample

M n a (g/mol x 10-3)

Mw / Mn

CAD-OH

1.3

1.9

238

297

-6.0

CAD-Alkyne

1.0

1.4

223

293

4.5

a

GPC- PS Stds. bTGA. cDSC.

also smaller in MW. Along the polymer backbone of both multifunctional PBAEs the
longest methyl chain spacer is an ethyl segment which leads to less flexibility, and
combination with multiple pendant groups leads to the higher thermal transitions. The
difference between CAD-OH and CAD-Alkyne can be attributed to the difference in
flexibility of the pendant groups. Although the ethanol side chain of CAD-OH is slightly
higher MW, the rotational barrier of the ethyl chain spacer is less than that of the planar, rigid
alkyne which allows CAD-OH a higher degree of freedom resulting in the lower transition
temperature compared to CAD-Alkyne.
4.3.3.3 PBAE Elastomers
The amorphous nature and low glass transition temperatures of the PBAE
prepolymers allowed for easier processing to form permanent networks of desired size and
shape by molding or solvent casting. Curing of the prepolymers to produce the subsequent
elastomers increased the Tg by 12-15 oC, which was expected as the netpoints further restrict
movement of the polymer chains. Table 4.3 shows the thermal and mechanical properties of
the resulting thermoset elastomers. The low glass transition temperatures of all of the PBAE
elastomers (-23.1 to -14.5 oC) led to soft elastomeric materials at room temperature (23 oC),
as measured by Instron. As expected the highest Tg material, the BC-BD film, had the
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Table 4.3 Thermal and mechanical properties of PBAE thermoset elastomers.
Decompositiona
Series

5% (oC)

10% (oC)

Tg (oC)b

E (MPa)c

Breakc

EC-BD

227

275

-19.2

0.7

78%

EC-HD

301

321

-23.1

0.3

135%

BC-BD

251

286

-14.5

1.1

68%

BC-HD

270

286

-20.4

0.4

85%

a

TGA, bDSC, cInstron

highest modulus at 1.1 MPa and the trend continued for the other three elastomers. The
extent of elongation followed the opposite general trend where the lower modulus materials
are able to stretch to a greater magnitude. The decomposition temperatures of the elastomer
materials also increased from the related prepolymers as was anticipated.
4.4 General Conclusions
The first example of photo-responsive PBAEs were synthesized through a postpolymerization route which afforded a series of soft PBAE elastomers with thermal and
mechanical properties that were predictably tuned based on the structure/property
relationships examined within this chapter. The incorporation of other amino-alcohol
monomers or diacrylate monomers would be expected to follow the same trends and allow
for further tailoring of properties. By employing a functional monomer route where a photoresponsive diacrylate monomer was synthesized and then polymerized with different primary
amine monomers, multifunctional photo-responsive PBAEs were developed. The additional
functionality, not limited to the alcohol or alkyne moieties used in this work, affords a
chemical handle which can be used for attachment of supplementary chemical or biological
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moieties. Furthermore, the bulk physical and chemical properties can modified in the
polymer or after elastomer formation, as well as, the possibility of localized surface
modification. These soft PBAE elastomers also fall within the range of soft tissue which
renders these as promising multifunctional materials for biomedical devices such as tissue
scaffolds.
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Chapter V
GENERAL CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

5.1 General Conclusions
This dissertation focused on two versatile platforms for the development of photoresponsive biomaterials with the ability to perform light-induced shape memory.

The

synthesis and characterization of a library of novel poly(ester urethane)s containing photoresponsive groups uniformly along the polymer backbone is discussed in Chapter II. The
incorporation of one of three bifunctional photo-monomers (DCA, DCE, CAD) with
complimentary cyclic/linear diols or diacids resulted in amorphous prepolymers whose
subsequent thermoset elastomers possessed thermal transitions ranging from -10 – 50 oC and
modulus ranging from 0.4 – 60 MPa. Macroscopic light-induced shape memory was realized
by increasing the crosslink density of the thermoset elastomer through the reversible photoinduced [2+2] cycloaddition of the photo groups along the polymer backbone. The system’s
ability to trigger at ambient temperature avoids the limitation of a narrow temperature range
available for biomedical applications, and light triggering is more discriminate. Elastomers
also boasted negligible cytotoxicity and degradation under physiological conditions.
Chapter III examines the additional thermal shape memory properties in the DCA
poly(ester urethane) series along with programming methods used to address the need for
discrete mechanisms of triggering a triple shape effect within one temperature range by

combining a light and thermally triggered shape memory effect. The DCA series showed
thermal strain fixity and strain recovery as high as 99% and 96%, respectively. Sequential
programming by photo-fixing and thermal fixing resulted in triple shape memory which
could be performed on macroscopic and microscopoic scales. The ability to change
macroscopic shape or dimensions combined with dynamic surfaces make these materials
multifunctional and advantageous for a variety of biomaterials applications.
Chapter IV discusses the synthesis and characterization of novel photo-responsive
poly(β-aminoester)s as a versatile platform to introduce additional reactive functionality and
tune properties. Post-polymerization of alcohol pendant PBAEs with cinnamoyl chloride
afforded a library of soft elastomeric materials with thermal and mechanical properties that
can be predictably tuned. Utilizing a novel diacrylate photo-monomer and polymerization
with different primary amine monomers, multifunctional photo-responsive PBAEs were
developed to which supplementary chemical or biological moieties could be attached, or
polymer properties modified.
5.2 Directions
As introduced in the review of shape memory polymers in Chapter I, there is
significant interest in use of SMPs for biomedical applications, some of which have been
realized. The application of in vivo light responsive shape memory materials requires model
in vitro studies to examine the viability of surrounding cells and tissue during the photorecovery of macroscopic shapes in both the PEU and PBAE systems. Such tests will need to
also focus on optimization with available surgical scopes which can irradiate a material once
within the body in order to negate bulk tissue irradiation.
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Investigation of the DCA PEU system as a multifunctional smart tissue scaffold
should be performed due to its ability to perform a triple shape effect at one targeted
temperature on multiple size scales. Interactions between the shape memory surface and
surrounding tissue in the temporary form and during surface switching should elicit
interesting responses such as adhesion, migration, and proliferation1,2 that can be used in
combination with macroscopic shape changing employed for easier implantation and
removal. In vivo degradation and cytotoxicity studies are also required to fully evaluate these
materials for biomaterials applications. In addition, in vitro model studies would be
necessary to show that the macroscopic shape change showed the mechanical force to
recover in environments of possible applications. Multifunctional PBAEs via the functional
diacrylate route could be similarly studied as smart scaffolds where rather than changing
physical surface topography, the chemical nature of the surface could be functionalized with
relevant chemical or biological compounds.
Lastly, the combination of macroscopic light-induced shape memory and
macroscopic/microscopic thermal shape memory leads to probing the feasibility of
microscopic light-induced shape memory. An alternate method of programming microscopic
features would be required so that the PRINTTM mold was uniformly compressed while the
film surface was also visible during irradiation. This could be possible with the fabrication
of a transparent compression device or the design of a press with attached light source.
Practical sizes, aspect ratio, and shapes of the surface arrays would also need to be
investigated.
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Appendix D

The following appendix contains the synthesis and characterization of initial thiol
pendant copolyesters used as functional thermal shape memory materials. Currently, the
most common SMPs for biomedical application are based on PCL, PLGA, and PLLA, as
well as various copolymers of the three.1,2 These materials are degradable and can be
targeted for specific transition temperatures, however, there is no additional functionality
available for tailoring properties or incorporating chemical and biological moieties of interest
for different applications. Recently, Brosnan et al. developed poly(ester urethane)
copolymers with pendant azide groups along the polymer backbone which possessed thermal
shape memory and could be further functionalized via copper click chemistry to tailor the
chemical and physical properties of the materials in the bulk and on the surface.3 The shape
memory properties of the system were based on the incorporation of adipic acid (AA) which
as a homopolymer is a semicrystalline material. Within copolymers, the adipic acid affords a
melting transition which can be tuned by altering the concentration of AA in the melt.
Thiol-ene reactions are another form of click chemistry that have been recently
examined as synthetic tools due to the relative ease of reaction and lack of side
reactions/products.4,5,6 The incorporation of free mercapto groups along a polymer chain was
first reported in 1960 using a protection/deprotection method for polyurethanes and
polyamides.7,8 The synthesis of degradable polyesters was not available through this method
due to the harsh conditions of the deprotection process, however, recently polycondensation
methods utilizing HCl9, enzymes10, or scandium trifluoromethanesulfonate [Sc(OTf)3]11 have
resulted in thiol pendant polyesters without requiring protection/deprotection steps.
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Herein, we present the synthesis of thiol containing copolyesters using Sc(OTf)3
catalyst, which possess thermal shape memory due to the incorporation of AA. The pendant
thiol groups are utilized for crosslinking and functionalization through thiol-ene click
chemistry. Varying the incorporation and MW, the transition temperature can be tuned and
the concentration of free thiol groups adjusted. The shape memory effect can be utilized for
macroscopic and microscopic shape changes through various bulk or soft lithography
programming techniques. Furthermore, in comparison to copper click chemistry involving
potentially dangerous azide containing materials, the thiol containing materials offer a safer
route to functional shape memory materials, as well as do not require the need for metal
catalyst.
Experimental
Materials. 1,8-octanediol, mercaptosuccinic acid (MSA), and scandium triflate were
purchased from VWR and used without further purification. All other reagents were
purchased from Sigma Aldrich and used without further purification unless otherwise noted.
Trimethylolpropane triacrylate was deinhibited by filtering through basic alumina.
Instrumentation. Gel permeation chromatography was used to determine molecular
weights and molecular weight distributions, Mw/Mn, of polymer samples using a Waters
Alliance 2695 and Waters 2414 Refractive Index detector. Molecular weights were
calculated using a calibration plot constructed from polystyrene standards (Polyscience
Corp.). The measurements were taken at 35 °C with THF as the mobile phase on three
columns (Waters Styragel HR5, HR4, and HR2). 1H NMR spectra of the monomers and
polymers were obtained on a Bruker 400 ADVANCE spectrometer. Thermal transitions
were analyzed using TA Differential Scanning Calorimeter Q200 with liquid N2 cooling unit
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at a cooling rate of 5 oC/min and heating rate of 10 oC/min. A Pyris I Thermogravimetric
Analyzer was used to collect 5% and 10% decomposition temperature data from 25 oC to 500
o

C at a heating rate of 20 oC/min in N2 atmosphere. Stress-strain data for thermal shape

memory transitions was collected on a Pyris Diamond Dynamic Mechanical Analyzer with
liquid N2 cooling unit.
Polymer Synthesis. An example of a typical polymerization is given. A round-bottom
flask was charged with mercaptosuccinic acid (0.407 g, 2.71 mmol) adipic acid (1.583 g,
10.83 mmol), 1,8-octanediol (2.00 g, 13.68 mmol), and scandium triflate catalyst (0.069, 0.14
mmol), after which it was evacuated and filled with N2. The mixture of monomers was
heated to a melt at 80 oC and stirred for 2 h. The pressure was slowly reduced to 0.01-2.0 torr
after this initial reaction period. The mixture continued to stir under reduced pressure for
another 24 hours. The reaction was removed from heat and atmospheric pressure was reestablished before the polymer was dissolved in 5 mL of chloroform and precipitated into
cold stirring methanol (-78 oC). The polymer was then dried under vacuum for 24 hours. 1HNMR: δ (ppm) = 4.15 (dt, 1H, J1 = 4 Hz, J2 = 8 Hz), 4.05 (t, 4H, J = 6 Hz), 3.74 (t, endgroup,
J = 8 Hz), 3.00 (dd, 1H, J1 = 8 Hz, J2 = 16 Hz), 2.75 (dd, 1H, J1 = 6 Hz, J2 = 18 Hz), 2.32(t,
4H, J = 6 Hz), 2.20 (d, 1H, J = 12 Hz), 1.66 (qn, 4H, J = 4 Hz), 1.61 (t, 4H, J = 6 Hz), 1.32
(m, 8H).
Crosslinking. Prepolymers were crosslinked without further functionalization or
endcapping by reacting with a trifunctional crosslinking agent. To a 50 wt % polymer
solution in CHCl3 was added trimethylolpropane triacrylate (0.01 g, 0.033 mmol) and
diethoxyacetophenone (0.008 g, 0.038 mmol). The solution was cast onto a glass slide or
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into Teflon molds followed by irradiation in an ELC-500 UV crosslinking chamber for 20
minutes.
Characterization
Macroscale Shape Memory. Dynamic mechanical analysis (DMA) was used to
measure strain fixity and strain recovery for macroscopic thermal shape memory. The DMA
programming/recovery cycle method was as follows: sample was heated to 20 oC above Tm
at a rate of 5 oC/min; stress was applied to the prescribed magnitude of force at a rate of 100
mN/min; sample under stress was cooled below 0 oC at a rate of 20 oC/min; stress was
removed; sample was heated to 20 oC above Tm at a rate of 5 oC/min. Using the resulting
data, the strain fixity (Rf) and strain recovery (Rr) were calculated.
For programming a variety of shapes (bending, twisting, coiling) the following
general procedure was used. Samples were heated in an oven at 20 oC above the Tm for ~15
min and then deformed and cooled to 2 oC to fix the temporary shape. Temporary shapes
were persistent at room temperature and recovery occurred when placing the temporary
shape into an oven or water bath above Ttrans.
Microscale Surface Shape Memory. Shape programming on a microscopic level was
possible utilizing PRINTTM (particle replication in non-wetting templates) technology15 to
emboss the surface of films using a previously determined method.9 Polymer films were
heated above Ttrans and the PRINTTM mold was placed onto the film surface, which was then
placed between glass slides in a press. The press containing the molded film was placed in
an oven above Ttrans for 30 min and then cooled at 2 oC for 1 h. Recovery of the permanent
surface topography was accomplished by heating above Ttrans for 30-60 min. Flat surfaces
and embossed surfaces with microscopic features were imaged using a Zeiss Imager D.1m
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microscope with AxioCam. A halogen bulb source was used for brightfield imaging under
100x magnification.
Results and Discussion
Polymer Synthesis. Linear semi-crystalline thiol pendant copolyesters (TPEs) were
successful synthesized by reaction of mercaptosuccinic acid and adipic acid with 1,8octanediol. The monomer feed was used to control the incorporation of thiol side chains,
target MW, and give hydroxyl chain ends. The use of scandium triflate catalyst at 80 oC
prohibited the reaction between diacid and thiol group to form thioesters which would have
resulted in unwanted branching/gelling.
Two different TPE prepolymers were synthesized, varying the incorporation of thiol
and adipic acid. TPE-1 used a monomer feed for 80:20 adipic acid/mercaptosuccinic acid
and in TPE-2 the thiol monomer incorporation was doubled by employing a 60:40 ratio. The

Scheme 1. Polymerization of thiol-pendant copolyesters (TPEs).
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resulting polymers had an overall thiol incorporation of 10% (TPE-1) and 20% (TPE-2). The
incorporation of thiol monomer was followed by 1H-NMR comparing the thiol proton at 2.20
ppm and the methylene protons corresponding to the adipate repeat unit at 2.32 ppm
(-CH2COOCH2-), and the incorporation shows good agreement with the feed ratio. The MW
control for TPE-1 also showed good agreement with the targeted stoichiometric imbalance,
however when the incorporation of thiol monomer increased in TPE-2, there was a large
difference in the target and actual MWs. This could be due to a reactivity difference between
the adipic acid and mercaptosuccinic acid monomers being more prevalent when a more
equal feed ratio is used.
Thermoset Network Formation. Copolyester prepolymers were targeted for hydroxyl
end groups by controlling the monomer stoichiometry. This was to afford a reactive
functional group for a post-polymerization functionalization step to attach crosslinkable end
groups through the reaction of alcohol end and 2-isocyanatoethyl methacrylate. During the
reaction between alcohol and isocyanate, however, the reaction between thiol and
methacrylate also occurs even at room temperature due to the high concentration and
reactivity of thiol groups with the methacrylate compound. This led to undesirable gelation
during the end-capping step. Therefore, instead of end-capping the prepolymers the photoinitiated reaction between a small percentage of thiol pendant groups and a trifunctional
acrylate crosslinking agent was utilized to form thermoset semi-crystalline elastomers. The
photo-initiator, diethoxyacetphenone, was added to a solution of prepolymer and crosslinking
agent in chloroform, vortexed and then molded or cast. After UV curing for 10-20 minutes,
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Scheme 2. Thermoset elastomer formation.
semi-crystalline elastomers were generated. By varying the crosslinking agent concentration,
the crosslink density, as well as the amount of free thiol pendant groups remaining after
curing could be tailored.
Based on the incorporation of thiol monomer, the amount of thiol pendant groups was
calculated according to the average degree of polymerization (DP). The crosslinker was then
added in quantities which would leave a known percentage of free thiol groups after photoinitiated thiol-ene crosslinking. Table 2 shows the value for both crosslinker concentration
with respect to thiol groups and the theoretical concentration of thiol groups remaining after
curing. For both TPE-1 and TPE-2, one elastomer was fabricated using ~10 % crosslinker,
while the other used ~1% which leads to free thiol concentrations of ~70% and ~95% ,
respectively.
Thermal Characterization. The thermal properties of TPE-1 and TPE-2 were
analyzed using DSC and TGA. The results for thermal transitions and decomposition
temperatures can be seen in Table 1. DSC curves of both polymers showed melt and
crystallization transitions, however the glass transition temperature was not discernible. The
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Table 1. Characterization of polymer properties.
MW

MSA:
AA

(g x mol-1)

TPE-1

20:80

12,100

TPE-2

40:60

6,800

Sample

a

PDI

a

Decomposition (oC)

b

TC (oC)

c

Tm (oC)

c

5%

10%

1.97

333

347

35.5

50.7/52.8

1.71

432

458

18.9

33.3/39.7

a

GPC – PS Stds. bTGA. cDSC.

semi-crystalline nature of the TPEs is attributed to the incorporation of adipic acid. The
higher the concentration of adipic acid in the copolyester, the higher the Tc and Tm as can be
seen by comparing TPE-1 (Tc = 35.5 oC, Tm = 50.7 oC) and TPE-2 (Tc = 18.9 oC, Tm = 33.3
o

C). Each polymer also has a secondary melting transition very close to the major melting

transition although only one Tc is seen. This is an artifact of adipic acid which is known to
have two melting transitions. During melting of the crystallites at the first transition
temperature, there is a reorganization and formation of a small amount of crystallites with a
higher Tm (TPE-1 Tm2 = 52.8 oC, TPE-2 Tm2 = 39.7 oC). The decomposition temperatures
also vary with thiol monomer incorporation. For TPE-1, where only 10% of RUs contain
thiol pendant groups had decomposition temperatures in the mid 300 oC range, while TPE-2
had increased decomposition temperatures in the mid 400 oC range.
TPE-1 elastomers exhibited a minor decrease in Tm due to the netpoints impeding
crystallization a small degree with the amount of added crosslinking agent having a
negligible impact. On the other hand, TPE-2 film A (11.2 % crosslinking agent) there was an
almost 10 oC decrease in the Tm and 15 oC change in the materials Tc. TPE-2 film B (1%
crosslinking agent) displayed only a small decrease, similar to both TPE-1 films (Table 2).
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Table 2. Thermal properties of TPE elastomers.
Crosslinker Conc.
(mol % of SH)

Free Thiol Conc.
(mol % remaining)

TPE-1:A

8.7

TPE-1:B

Sample

Decomposition (oC)a

Tm
TC
b
o
( C) ( C)b
o

5%

10%

73.8

346

363

33.1

52.8

2.0

94.0

397

434

31.9

51.7

TPE-2:A

11.2

66.4

428

471

2.0

25.3

TPE-2:B

1.0

97.0

440

476

13.2

32.5

a

TGA. bDSC.

This can be attributed to the larger incorporation of thiol monomer reducing the crystallinity
imparted by the adipic acid, which in turn makes the amount of crosslinker have a more
prominent impact. The greater the crosslink density which corresponds to larger amount of
crosslinker, the more crystallization is impeded. Table 3 shows the results of melting
enthalpy and enthalpy of crystallization measured by DSC for each film and the
corresponding prepolymers, as well as the percent crystallinity in comparison to an AA/OD
homopolymer. As can be seen, the TPE-1 prepolymer and films showed very similar
crystallinity (50-60% of the homopolymer). TPE-2 prepolymer, containing less
incorporation of adipic acid, had an expected lower percent crystallinity (40%) compared to
the AA/OD homopolymer and the subsequent films showed further decrease in %
crystallinity with TPE-2 film A losing nearly half of the crystalline phases.
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Table 3. Crystallinity of TPE prepolymers and elastomers.
% Crystallinityb
Sample
∆Hm (J/g)a
∆Hc (J/g)a
(exothermic)

% Crystallinityb
(endothermic)

TPE-1 Prepoly

60.1

57.8

62.6

59.6

TPE-1:A

57.0

58.5

59.3

60.3

TPE-1B

51.3

50.1

53.4

51.7

TPE-2 Prepoly

42.6

40.4

44.3

41.6

TPE-2:A

35.8

30.0

35.2

30.9

TPE-2:B

26.2

25.1

27.3

25.9

a

DSC. bCompared to AA/OD homopolymer (96.0 J/g and 97.0 J/g).
Thermal Shape Memory. The potential for thermal shape memory was investigated

using the Tm as the transition temperature for the semi-crystalline TPE elastomers.
Macroscopic Shape Memory. The macroscopic SME for TPE elastomers was
realized by heating films above Ttrans and applying a force or stress. Cooling below Ttrans
fixed the programmed shape and the original shape was recovered by again heating above
Ttrans. As is the case with most SMPs on the macroscale, the shape change is delocalized
meaning it occurs throughout the entire material when heat is applied. Figure 1 shows a
TPE-1 elastomer progressing through a SM cycle. The original flat film (left) was heated to
80 oC to melt the polymer crystallites and deformed into a helical structure (middle) followed
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oscopic therm
mal shape memory
m
of TP
PE-1 elastom
mer.
Figurre 1. Macro
Ta
able 4. Therrmal shape memory
m
charracterization.
Seriess

Tm (oC)a

Rf (%)b

Rr(%)b

TPE-1 Elastomer

51.7

99

97

TPE-2 Elastomer

32.5

95

95

a

b
DSC,
D
DMA

by coooling beforee removal off the externaal force. By heating
h
to 600 oC, the reccovery is
triggeered, restorin
ng the permaanent flat shape (right).
DMA testting was useed to quantify
fy the Rf and Rr of the syystems (Tablee 4) using a
cyclicc programm
ming/recoveryy method. Both
B
TPE-1 and TPE-2 showed
s
straiin fixity > 955%
with TPE-1 havin
ng near quanntitative fixaation (99%). Strain recovvery was alsso slightly hiigher
for TPE -1 (97%)), but TPE-22 also shows outstandingg recovery (995%). The slightly higheer
fixityy and recoverry in TPE-1 compared too TPE-2 is due
d to the larrger percent crystallinityy due
to thee greater con
ncentration of
o adipic acidd in the preppolymer.
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Figurre 2. Bright--field microsscope images of various microscopicc surface pattterns
progrrammed on TPE-1
T
elastoomer films.
d Surface Shhape Memoryy. Reversiblle microscalle surface feaatures were
Localized
succeessfully prog
grammed into the surfacee of elastom
mer films usinng a soft lithhography
emboossing metho
od. A varietyy of shapes and
a sizes weere patternedd into the surrface (Figuree 2)
by heeating film saamples and applying a perfluoropoly
p
yether (PFPE
E) mold undder pressure by
b
comppressing betw
ween glass sllides in a meechanical preess. The elaastomeric PF
FPE molds arre
replicca molds of silicon master templatess used to creaate reproduccible pattern arrays on micro
m
and nanoscales.
n
The result iss transfer of a repeatablee surface patttern onto thee surface of the
t
polym
mer film. Heeating is reqquired to exceed Ttrans and create a ruubbery surfacce that can be
b
deforrmed. A suffficient amouunt of consisstent pressuree is also neeeded to forcee the thermosset
film surface
s
into the mold. Additionally,
A
, permanent surface featuures can be built
b
into thee
film by
b applying the mold in the crosslinkking processs. During heeating of preepolymer
solutiion, the mold
d can be placed on top of
o the casted film and cappillary actionn allows filliing
of thee mold. Afteer thermosettting, removaal of the mold leaves miicro-featuress in the originnal
shapee, which can
n be program
mmed over with
w features of different sizes and shhapes, but theen
recovver the origin
nal pattern after triggerinng return. Figure 3 show
ws the originnal, temporarry,
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Figurre 3. Bright--field imagess of microsccopic thermaal shape mem
mory of TPE-1 elastomerr.
and recovered
r
shape memoryy surfaces for a TPE-1 film. Starting with a flat surface
s
(left)), the
film was
w patterneed with a 3 µm
µ hexnut arrray ( middlee) through thhe embossing method, which
w
was persistent
p
forr the time peeriod it was kept
k below Ttrans (52 oC)). Heating thhe film abovve
Ttrans erased the micropattern
m
and returned the flat surrface (right) after 30 minn with no
mensions of the film, shoowing the deelocalized naature
noticeable changee to the maccroscopic dim
of thee surface SM
ME.
Geneeral Conclussions
Linear sem
mi-crystallinne thiol penddant copolyeester elastom
mers exhibited excellent
mory propertties as well as
a tunable thermal properties
macroscopic and microscopicc shape mem
by vaarying the th
hiol incorporaation througgh the monom
mer feed ratiio and the crrosslink denssity
of thee elastomers by additionn of differentt concentrations of crosslinking agennt. The thioll
pendaant groups allow
a
for the thiol-ene reaction betweeen the polymer side-chaains and the
acrylates of the crosslinker, but
b also havee the potentiaal for use as chemical haandles for fuurther
mers and elaastomers. Thhis in combinnation with bulk
b
and surrface
functtionalization of the polym
shapee memory prroperties andd degradablee polyester backbone maake these materials prom
mising
candiidates for mu
ultifunctionaal materials for
f a varietyy of applicatiions.
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