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Chapter 1. Hydrogen Bonding in Shape Memory Polymers: Structure
Property Relationships

1.1 Introduction

1. FrbSha@ge moAlyl oy ( ShvwAdve mo Poyl y mer ( SMP)

The discovery of shape memory materials has attracted tremendous research attention in recent
decades. Application of external stimuli allows the material to transform into one or several
temporaryshapes and recover to its original st@aehleret al first observed shape memory
behavior in NiTi alloys, in whicha phase change from an austenitic phase to a less symmetric
martensitic phase occurred during cold processing of the equiatordicalloys (Figure 11).}

Above a critical temperature {Athe alloys reverted to the originalistenitic phase resulting in
shape recoveryin addition to the NiTi alloys, other SMAs such as €l-Ni and FeMn-Si,

enable many applications in electrical and medical technologies due to their excellent electrical
conductivity and high streng®. However, those SMAs suffer from the same disadvantages:
high dersity, high manufacturing cost, and toxicity, which prevent utility in many applications.

Therefore, researchers started to search for shape memory materials with superior properties.



Austenitic phase

Cooling /:/ Heating

Martensitic phase Deformed martensitic phase
Figure 1.1 Schematic description of shape memory mechanism dfitie alloys.

Shape memory polymers (SMPs) havegteatespotential for future applications among all the
shape memory materials. They are lightweight, low cost, ductile, and access a wide range of
manufacturing temperaturédoreover, the biocompatibility and biodegradabflitf highlight
these materials for biomedical applications such ases@iindable stents for drug delivErgind

selftighteningsuture§ .

1. Mezhani sPmpcaedad mmgol ogi es of SMPs

SMPs exhibit two types of phaség,. permanent and temporary phases. Incorporating chemical
or physical crosslinking into polymer structures promotes stabilization gdeheanenshape
and prevents chain slippage during deformation. Programming BE®gins with heating the
polymer above its transition temperaturgsuch as Jand Tn), and applying a tensile load to

achieve the required deformation. Cooling betbetransition temperature kinetically traps the
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Figure 1.2 Schematic description of thermomechanical test of material in Siess
relationship (a) and macroscopic shape memory effect (b). The images were reproduced from
Reference 6.

stress, providing a temporary shagegqre1.2). At the molecular levelpss of conformational
entropy facilitates the recovery of the origishapeupon application of external stimuli (such as
heat). Shape fixity (R and recovery ratio ({R are twoimportant parameters to assess the

performance o& materiaduring procesag cycles, which are defined as follows:
Rt = — 1)
R= —— (2)

Shape fixity (R) describes the ability of a material to retain its shape after removal of the tensile

stress.- 0 istheimposed strain in thé™ycle, and- U is the remaining strain after stress

3



retraction. Usually,- 0 and- 0 havedifferent values, and- 0 is no larger than

- 0 8The formation of a secondary network during cooling helps to restrict chain mobility and
immobilize the strainedtate. The R value approaching unity implies a better ability of the
polymer to maintain its temporary shape. Recovery ratipigRhe measurement of the extent to
which a SMP returns to its permanent shape at the end of each programming cytle. p)

and - 0 are the corresponding residual strains after the SMP reverts to its permanent state at
the N-1'" and N"cycle, respectively. Thugquation 2represents how much strain recovers in
adjacent programming cycles. The values iRl R change in the first few cycles and then stay
constant as the cycle number N incrsa$e variations of the first fewsR and Rs are attributed

to the processing and energy storage history of the sample, and the polymer chains gradually align

themselvesri the deformation orientation during the shape memory programming ptdcess.

1. SMPs Maoanchovimltentacti ons

Incorporating noncovalent interactioresd.hydrogen bonding, ionic bondifitf® -~ st &c ki ng
into polymers provides a promising awenfor obtaining noveSEMPs This not only opens up
possibilities to design materials that cater to various manufactoonditions,but also allows
other stimuli to trigger the shape memory behavior, such as thermal, pH, moisture afftffight.

For this type of polymer, the reversible interacticesveas a molecular switch to isolate the
temporaryshape ints strained state. Taking the thermally triggered SMP with reversible binding
groups as an example, heating the polymer above the phiyd@maction transition temperature

Ts results in the dissociation of the physical crosslinks. The noncovalerdcibes reform
4



throughcooling,and stabilize théemporaryshape after tensile force retraction. Reheating above

Tspromotes disassociation of the physical <cros

Hydrogen bonding is one of the mositereding categories among all the noncovalent
interactions due to its dynamic and directional characteristics. Because of its thermal and solvent
responsiveness, it imparts other properties such aassdimbly and selfealing to the SMP. This
review discusss three types of hydrogen bonding functional groups (wgydomidinone UPY),
urethane, and vinydlcohol) that people utilize most commonly to design SMiPsddition it
explains two main triggering strategies to induce shape memory behavior of hydrogen bonding
containingSMPs Finally, this review covers the role of hydrogen bonding in an emerging class

of SMPsthat possess two or maemporaryshapes: mulishape rmmory polymers (mukEMPS).

1.2Hydrogen Bonding Containing SMPs

1. JrktCantaining SMPs

The urethane group is the core componeiat polyurethan¢PU). The carbonyls and secondary
amines in its structure are excellent hydrogen bond acceptodoands respectively. Reacting a
polyol with exces®f a diisocyanate, followed by chain extension using a diol affords a segmented
PU. The flexible polyol chain constitutes the soft segment of the PU, and the arcomédiming
diisocyanate acts as thard segmentSchemel.1l). PUs are chemically resistant, hageod

weatherabilityand sufficient mechanical properties to endure repeated oper&tinaking them
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Scheme 11 Structure of PU.

suitablefor SMPs. The sentrystalline soft segment is usually the reversible phase, whereas the
hydrogen bonding urethane linkage in the hard segment functions as physical crosslinks to stabilize
the permanent shape. Recently, there were many studies invagtigatv hydrogen bonding in

the PU determines the shape memory properties of polymergt @8 synthesized a PU using

a polycaprolactone diol (PCL) and an aromatic diisocyanate, and added different amounts of
nanoclay particles to fabricate shape rogygnnanocomposites. Although the nanocomposites
demonstrated a higher mechanical integrity than the pristine PU above the melting temperature of
the soft segment (~ 48C), the R values of composites with 1%, 3% and 5% nanoclay
incorporation were lower copared to that of pristine PWigure1.38). They found that this R
drop correlated to the mixing of the PUG6s ha
nanoclay particles, which disturbed the formation of hydrogen bonding. Therefore, the hydrogen
bonding netpoints lost some of the ability to hold the permanené shapg the recovery cycle.
Moreover, phase mixing disrupted the formation of PCL crystalline regions, anéddber&sed

as a result of insufficient crystallinity to stabilize the temporary shaipere1.3b).
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Figure 1.3 (a) Shape fixity of the polyurethane nanocomposites. Stretching rate was 20 mm/min;
stretching ratio was 2.0. Shape recovery ratio of polyurethane and its nanocomposites under
unconstrained condition during heating. Heating rate w&¥min. The images wereproduced
from Reference 26.

Introducing other molecules that have hydrogen donor or acceptor groups to a PU also brings
surprising properties to SMP. Chenal!! blended a shape memory PU (SMPU30) with a liquid
crystal compound, cholesteryl isonicotinate (INCh), which has a hydrogen bond donating nitrogen
in its structure to generate shape memory supramolecular compésgiie® (.48. The electron
rich pyridinenitrogen in INCh formed new hydrogen bonding pairs with the carboxylate groups
in the PU, and restricted the mobility of polymer chains. This was indicated by a higher storage

modulus in DMA (dynamic mechanical analysis) compared to the SMPU30 controh whi
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Figure 1.4 (a) The structure oshape memory polyurethane (SMPU) dNCh. (b) Storage
moduli of SMPU30 polymer and SMPU3RCh composites. (c) lllustration of the tripdhape
memory effect of SMPU3INCh-0.7. The images were reproduced fraference 11.

demonstrated that incorporating INCh into SMPU30 improved the ability of the material to hold
its intermediate and permanent structures. Furthermore, DMA demonstrateesepvibermal
transition at around 5 and 60°C, indicating theotential of the composites to exhibit the triple
shape behavior in response to temperature. They also pointed out that the concentration of
INCh should match the amount of carboxylate groups in the PU for the best shape memory
performance. Below the dptal concentration, thesRom shape A to B increased with increasing

INCh content. Excessive incorporation of INCh, however, would negatively affect the shape

8



recovery through disrupting the hydrogen bonding formation in the structure. This study
provides a facile method to obtain the PU with multiple switchable phases via introducing other

hydrogen bond bearing molecules.
1. 2U2edddmMyri mi di nooret § URPyHNg SMPs

Beijer et al found that the &ireido4[1H]-pyrimidinones (UPys) preparettom cytosine
derivatives and isocyanates dimerized throughamtiplementary quadruple hydrogen bonding
(QHB).2” In most cases, By dimers form a stable DDAA (donalonoracceptoracceptor)
hydrogen bonding arraysFigure 15) with a dimerization constant exceeding® 1@ in

chloroform.

R
|
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/ / £=0, TR -»r'-~~f/“‘
: ey sreX
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: Q
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NH'"QO . /‘ O« 5 ;\( .{,‘:; \. o \"b ;
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R2 Ry -

4[1H]-pyrimidinone

Figure 1.5. Structural representation of UPy dimers. Images were reproduced from Reference
14.%7

This exceptionally strong secondary interaction enables the formation of physical networks to

isolate the temporary or permanent shape in SM&sexample, a titin mimicking SMP utilized



the Upy hydrogen bonding motif in its struedf Titin is a skeletal protein that has excellent
mechanical and energy absorption properties due to the reversible breakage and formation of
secondary interactions, and is able to recover to its original shape through refolding. The
homopolymerl shown inFigure 1.6aconsists of cyclic UPy modules in the backbaarg] each

monomer containa pair ofUPy groupghatdimerize through QHB.

(a) (CHa)ip
ONBn ,
4 =N H )-_—CLH
—_— N—T N;—N' o]
A\ o= NH N=_ .
3 f‘H NBnC 8
n
(CHy)
2, control polymer (blocked H-bonding)
1, titin-mimicking modular polymer
LA AN SN Y SN
S o, W™ T g
-, -, ) - -, -5
— - - - -
modular structure of titin protein
(b) 14
12 —cyclel
—cycle10
" —Poymerz  —after1hr Polymer 1
. —after 18 hr \

==control

Unfolded UPy modules

Aollrelea se

Stress (MPa)

UPy homodimer

0 0.1 02 0.3 0.4 05 06 07 08 Inter-chain UPy cross-dimer
Strain {(mm/mim)

Figure 1.6. (a) Structure of titirmimicking monomer, homopolymer 1 and control polymer 2.
(b) Stressstrain curves for polymer 1 and 2. (c) Schematic representation of proposed shape
memory behavior of polymer 1. The images were reproduced from Reference 28.
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A synthesized control (homopolymgyis structurally similar td except that a bulkyrgup lies

in between the UPy dimers to screen the formation of QHB. Sttesa study of homopolymers

1 and 2 revealed a dramatic difference in their mechanical properties. Homopdlyasvery

brittle and failed immediately at only 7% strain, wherdgeshomopolymel exhibited sufficient
toughness, with the strain increased to up to 100% after yieléhiggiré 1.6b). In addition,
polymer 1 demonstrated excellent shape fixity and recovery, with the recovery rate inversely
related to temperature. The interesting stetsmn behaviors and shape memory properties
confirmed the critical role of hydrogen bonding. Stretching the polymer atrhigimperatures
resulted in chain unfolding and QHB homodimer dissociation. This released free UPy modules to
form interchain crossglimers, and established a temporary network structeigure 1.60).
Reheating brought the polymeadkto its coiled, foldedstate; therefore, the UPy modules only

form the homodimer with the other module in the same monomer, triggering shape recovery.

Moreover, many SMPs employ UPy as side groups. The flexible linker that bridges the UPy side
group and the polymer backboneoprotes molecular recognition and safisembly of the
polymer chains. Zhet al reported that introduction of UPy side groups into polyurethane soft
segments contributed to t hé&The QHByreseicted thelsrh ap e
range segmental motion of the polymer chains and increasegfrmeZS.BEC to 73.3€C, which
allowed fixation of the temporary shape at room temperature. Fast exchange of hydrogen bonding
dynamics occurred when heating above€@gfacilitating polymer shape recovery. The resulting

SMP demonstrated excellent immediate shape fixity {R95.8%), however, due to low

11



incorporation of UPy in the polymer, the physical crosslinking density was insufficient to stabilize

the temporary shape for an extended period of time.

1. i 3AIco@oonlt ai ni ng SMPs

The hydroxyl side groups in poly (vinglcohol) (PVA) provide locations for hydrogen bonding,
making it a suitable material to absorb water serde as hydrogel. Due to their biocompatibility
and good mechanical integrityshape memory PVA hydrogels provide many opportunities for

biomedical applications.

Li et al synthesized amierpenetrating double network hydrogel comprising a PEG chemical
network and a PVAphysical network? After being subjected to three cycles of freezing and
thawing, the deformed PVA/PEG hydrogel acquired the ability to pin temporary shape through the
formation of crystaline regions and a hydrog&onded physical network. Dissociation of
hydrogen bonding and melting of crystalline regions at higher temperatures induced recovery to
the permanent shape. The instanbRthe hydrogel was reported to reach 90%, but the authors
did not discuss the temporary fixation performance of the hydrogels at a longer time period.
Moreover, they found that the hydrogel exhibited-beléling properties stemming from extensive
interchain hydrogen bonding of the PVA side groups. The ruptwébgel regained 60 % of its
original mechanical performance after putting the sides of the rupture into contact for 48 h, which

was due to the hydrogen bonding interactions between the two fractured surfaces.

12



Chenet al * discovered that hydrogen bonding plays an important role in defining both
permanent and temporary shape of PVA hydrogels. Synthesis of the hydrogel involves blending
PVA with tannic acid (TA) in water at 9CC. TA formed strong hydrogen bonds as a result of its

multiple-functionalities Figurel1.7), while the hydroxyl side groups in PVA afforded weaker

@ 5 vy (b)
o %jmm 025_\)_“ {
o N :ZH f"] .
' J_\\/_g‘)}__)"‘, ‘%‘ CH2 r‘TH
C ~ OH
o el R
TA PVA
(©) _ |
: Deformation and Fixation g‘_ :& :
— EK,\:
'90
)
¥ % V
*
o 7~ PVA == H-bonding

Figure 1.7.Molecular structure of TA (a) and PVA (b). TemperatResponsive Shape Memory
Mechanism of the PVATTA Hydrogel (c). The i ma

interactions. Tiehydrogel displayed an excellent therma$ponsive shape memory performance
originating from thebreakage and formatioof weaker hydrogen bonds from PVA chains. In
addition, both the dried and wet hydrogel éxteid almost full recovery to the original shape at

elevated temperatures with the recovery period ranging from several seconds to 2.5 min. However,
13



the authors stildl need more studies twateri nvest

content andhe shape recovery rates.

1.3 ResponsiveStimuli of Hydrogen Bonding Containing SMPs

1. Ihxrr-mabduced SMPs

Thermal programming has turned out to be the most common strategy to trigger shape memory
behavior of the hydrogen bomdntaining SMPs. When hydrogen bonding functions as a
molecular switch for temporary shapé&® heating the polymer above the temperature at which
the dynamic hydrogen bonds have fast exchange fatditates relaxation of the strained state.

The exchange rate becomes slower at lower temperatures, allowing stabilization of the temporary
shape. However, for those polymers that exploit hydrogen bonding interactions to define their
permanent shapé®shape recovery requires milder thermal application so as not to disrupt the

material sd6 permanent structures.

Li and coworkers utilized a thermal trigger for theiiPy-containing SMP$! They
copolymerized 2 mol% ethyl methacrylate monomer containing pendent UPgrsiges with A
butyl acrylate and an acrylic trifunctional crossknko generate a polymer filnfFigure.1.8a).
Thermamechanical study of the polymer demonstrated that UPy QHB effectively pinned the
deformed shape after tensile stress removal (immediat®@R6). The strain relaxation was

sluggish(shape recovered only34% in an hour) at lower temperatures as a result of slow hydrogen

14



bonding exchange rate. Heating accelerated the exchange of dynamic bonding and dramatically

weakened the physical network, triggering shape recovery.
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Figure 1.8. (a) Polymer structure. (b) lllustration of thermawmadluced shape memory
programming. The images were reproduced from Reference 31.

1. Mo2 simdaeaced SMPs

Exposure of hydrogen bormbntaining polymers to water or other polar solvents facilithtes
formation of hydrogen bonds between the polymer and the solvent, resulting in interesting shape
memory effects. In addition, small solvent molecules promote chain mobility for shape recovery
by acting as plasticizers to decrease polymer Because bits thermal energyree nature, the

moisturetriggering strategy is beneficial for application conditions where elevated temperature is

undesirable.
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Many reports identified moisture as an effective SMP stimulus. For exampk, dlitf explored
the solvent effect on SMPs by immersing a stysleaged SMP in DMF for different amounts of
time. The styrerddased SMP showed a decrease of storage modulus with the increasing soaking
time. Moreover, both the DMA and DSC observed a decreasgtofup to 20°C (soaked for
120 min) compared to that of the dry polymer with increasing time of solvent exp&syues(
1.99), demonstrating a loss of polymer mechanical integrity. FHigufe 1.9b) revealed that
DMF carbonyl stretching shifted to lgr frequency with extended immersion time, which

suggested that more and more DMF molecules were involved in hydrogen bonds with the polymer.
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Figure 1.9. (a) Glass transition temperature vs. immersion time. (b) FTIR spectra of styrene
based SMP after different immersion hours for C=0O stretching region. The images were
reproduced from Reference 32.

Recently, Chen and coworkétslemonstrated that their polyurethane (PU), which had pyridine
pendant groups, exhibited moistuesponsive shape memory behaviors. They placed elongated

samples in a moisture chamber and measured the resulting strain at certain time intervals. As
16



expectd |, the samples experienced a strain recove

relative humidity (RH) value and temperature. FTIR revealed that the preformed interchain
hydrogen bonding between the pyridine nitrogen astd of the urethane (PM-- NH) in the dry
polymers became weaker after water exposure, which triggered shape recovery due to the reduced
amount of physical crosslinking to restrict chain mobility. Thus, they proposed that water could
either compete with urethane to hydrogen bomgyridine (HOiHN 1Py), or bridge two

pyridine groups through hydrogen bondingi(R¢ TOiHN i Py).

Another important study pointed out that two types of water exist in PU, i.e. free and bound
water3*  Free water is lost easily at around P2) while bound water associates tightly with
the polymer through hydrogen bonding, and its complete removal happens only above polymer

melting temperature (about 20Q in this study).

1.4Hydrogen Bonding in Multiple -SMPs

Multiple-SMPs are capable of storing two or more temporary phases, the number of which is
directly associated with how many discrete phase transitions the polymers damught’
Shape programing of a triple SMP (Figure1.10) involvesheating the polymer in shape 1 above
the highest transition temperature Tor deformation, and cooling down to an intermediate
temperature to fix the temporary shape 2. Then the polymer is subjected to a further deformation
followed by cooling below the lower transition temperaturg (& reach the temporary shape 3.

During the recovery cycle, the polymer first relaxes to shape 2 before returning to the permanent

17



shape 1. In many multipié MP s ,

hydrogen bonding

and recovery processes.
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Figure 1.10. Schematic representation of thegramming and recovery procedures of trple
SMP. The image is reproduced from Reference 35.

In one study, copolymerization of a UPy acrylate with an alkyl methacrylate and a crosslinker

generated a polymer network consisting of chemical and physwsslinks®® Both the glassy

state of the polymer backbone and the UPy hydrogen bonding moiety function as the molecular

switches to stabilize two temporary shapes, and the chermaraliglinked network defines the

permanent shape. Varying the concentration of eamtomer or the alkyl length of methacrylate

allowed the control of Jand mechanical property of the polymer. This provides a facile method

to fabricate tunable tripl€MPs catering to different applications.
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Figure 1.11. (@) Schematic representation of -shdpe PCLI1
memory effect of a strip sample of P&GLPTMEGss. The images were reproduced from Reference
36.

In another study, Wei and coworkers employed quadruple hydrogen bonding (QHB) to
combine two different crystalline phases into a network struéturmear poly(tetramethylene
ether) glycol (PTMEG) and a foiarmed PCL bearing UPy endgroups formed a physical network
structure through complemenyanydrogen bondingHigure1.11g. Figurel.llbillustrates the
shape memory process, in which the sample was first bent beyond the melting temperature of both

the PCL and PTMEG phases (over’@) followed by cooling to an intermediate temperature (35
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