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Abstract:

Shape memory materials and self-healing materia® lattracted considerable attentions in
recent vyears. This paper reports the development af liquid-crystalline
shape-memory-polyurethane  (LC-SMPU) composite basesh SMPU and
hexadecyloxybenzoic acid (HOBA) for self-healingpbgations. The results demonstrate that
the HOBA is physically mixed with SMPU having a searystalline reversible phase to form
LC-SMPU composites. The two-phase separated steictamprises an SMPU matrix and a
HOBA phase. The HOBA phase exhibits a reversiblmatie phase within a temperature
range of 101-130°C, while the SMPU matrix acts astable polymeric film for various
applications. Both the semi-crystalline soft phadethe SMPU matrix and the HOBA
crystalline phase can be used to trigger shape mesftects. The LC-SMPU composites
display not only triple-shape memory behaviours dlsb self-healing behaviours due to the
heating-induced “bleeding” behaviour of HOBA in thiquid crystalline state and their

subsequent recrystallisation upon cooling.

Keywords: liquid crystalline,shape memory, polyurethane, composite, self-healing

I ntroduction

Stimuli-responsive polymers play an important rialenany applications, such as diagnostics,
drug delivery, ‘smart’ optical systems and tissuagieeering, as well as in
micro-electromechanical systems, biosensors, ésxéind coatings. As one of the most
important stimuli-responsive polymers, shape-mema@glymers (SMPs) can adopt
temporary shapes and recover their original shapes exposure to external stimtiff. To
date, numerous SMPs based on various structureg Ih@en developed, including
polyurethane, polystyrene copolymer and epoxy-baselymers. The filling of shape
memory polymer composites (SMPCs) with differefieffs also broadens the varieties and
functionalities of SMPs, significantly expandingthapplicationd In addition to their basic
reinforcement functionalities and athermal stinrebponsive effects, several SMPCs were
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recently reported to enable advanced shape-menféegte (SMES), including spatially
controlled SMEs, multiple SMEs and two-way SMEShese new functionalities make
SMPCs increasingly useful in both scientific stedaad industry applications.

SMPC fillers primarily include organic agents, suels azobenzene derivatives,
inorganic/metallic particles, such as carbon ndmedyand polymers, such as poly(ethylene
glycol)®. As important functional filler, liquid crystalsewidely used to fabricate various
liquid crystalline polymer composites that combitie basic properties of conventional
polymers with those of liquid crystal$. However, to date, few studies have examined
SMPCs with liquid crystal fillers. The studies oNIBs with liquid crystalline properties have
primarily focused on liquid-crystalline elastomenspolymers for two-way SMESs or triple
SMES™®. The study of thermotropic liquid-crystalline potgthane has been limited to
reinforcement in shape-memory polyurethanes (SMPUspwever, recently, Chen et al.
developed a controllable strategy to synthesiseigetshape memory supermolecular
composite via H-bonding interactions between a mely and mesogenic units.More
recently, we developed another liquid-crystallindPEC based on an amorphous reversible
phase and hexadecyloxybenzoic acid (HOBAPreliminary results suggested that the
reported liquid-crystalline SMPCs had both tripkeyse memory properties and
liquid-crystalline properties. These studies insgir us to continue to develop
liquid-crystalline SMPCs with advanced functionabtfor more applications.

Furthermore, recent advances in materials and plyomemistry have led to the
development of mendable or healable polymers tkiaibé the ability to undergo self-repair
or self-healin®* Martien et al. proposed that the emerging apfitina of
stimuli-responsive polymers include smart and kelifing coatings Ghosh et al. also
suggested that self-healing materials with thetgli repair themselves in less than an hour
can be used in many applications, ranging from deimm to the biomedical industriéd In
previous reports, Li et al. developed SMP-basedasyic foam and foam cored sandwich
structures for the purpose of self-healing impahdge repeatedly. They also performed a
solid thermo-mechanical characterisation for usin§MP-based composites to
self-repair macro-length scale damHge® In addition, Kohlmeyer et al. developed
reversibly tunable SMP functions, including materia-sealability, in a single SMP
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nanocompositd’ However, the most straightforward approach to irejga damage in
polymeric objects involves liquefying the materialg heating to a temperature above their
glass transition or melting temperature or by exgpshem to a plasticising solvent. The
liquid state of the polymer then allows for surfasarrangement in the damaged area,
followed by wetting between surfaces, and, finathfffusion and re-entanglement of the
polymer chain®. For example, Luo et al. reported an expoxy/pgystactone (PCL)
phase-separated blend exhibiting thermal mendinigreversible adhesiéh In this system,
heating-induced “blending” behaviour was observethe form of spontaneous wetting of all
free surfaces by the molten PCL phase, and theslblg was capable of repairing damage by
crack-wicking and subsequent recrystallisation witlly minor concomitant softening. In
addition, Sanchez et al. reported that spontaneoatson was observed in hierarchically
assembled active matter, such as conventional @slgels, liquid crystals and emulsiéhs
Agrawal et al. also reported dynamic self-stiffgnim liquid crystal elastomers for the
development of self-healing materfdls These studies suggest that the shape memory
behaviours of polymers, the recrystallisation béhav of crystals and the spontaneous
motion or self-stiffening of liquid crystals can bsed to design self-healing materials.

In our earlier report, liquid-crystalline SMPCsldd with HOBA were reported to
possess both an SMPU amorphous phase and a HOB#altisable phase. The HOBA phase
exhibited a reversible nematic liquid crystallinbape, crystal melting transitions upon
heating and recrystallisation upon coofihgAccording to the mechanisms of self-healing
materials described above, the HOBA phase can bé tts self-heal nano-scale cracks or
even macro-length scale damages because it undegpmntaneous motion in the liquid
crystalline state upon heating and recrystallisatipon cooling. Therefore, in this study,
another liquid-crystalline SMPC was developed fealshealing applications. Different from
the previous system, SMPU with a semi-crystallieeersible phase, i.e., a,Type SMPU,
was first prepared and then selected as the polymagrix in this experiment. HOBA was
chosen as the liquid crystal mesogen because itbiesxilgood crystallisability and an
exclusively reversible nematic liquid-crystallinégse’>>® Thus, a series of liquid-crystal
shape-memory polyurethane composites, termed LCLEMBMposites, were prepared by
adding different concentrations of HOBA to thg-fype SMPUSs. This study investigated the
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structure, morphology and properties, including tekeape-memory and self-healing
behaviours, of LC-SMPU composites based on SMPUW witsemi-crystalline reversible
phase and HOBA.

2. Experimental Part

2.1 Synthesisof T,-type SMPU
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Scheme 1. Synthesis route for PHA-based SMPU

Poly(1,6-hexamethylene adipate) (PH¥n=4000), methylene diphenyl diisocyanate (MDI),
dimethylformamide (DMF, HPLC) and 1,4-butanediolD@) were bought from Aladdin
Reagents Co., Ltd. (Shanghai). Thetype SMPU with 25 wt% hard segment (MDI-BDO
segment) content was synthesised by a bulk polgatgrn method with MDI, BDO and
PHA according to procedures described in the litreg* * The synthesis method is
presented irscheme 1. Typically, 75.0 g of PHA was mixed with 19.6 gMDI at 80°C for
30 min, followed by chain extension with 5.38 gBI»O for another 30 min. Thereafter, the
resulting prepolymer was poured onto a Teflon panaf post-curing process at 100°C in a
vacuum oven. Finally, the bulk SMPU resin was atsdiafter post-curing for 10 hours.

2.2 Preparation of L C-SM PU composites
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A 10 wt% SMPU/DMF solution was first prepared bysstlving the obtained bulk
PHA-based SMPU resinMn=89,000g/mol) in DMF for 24 h at 80°C. According tioe
composition of the LC-SMPU composites illustratedlable 1, a certain quantity of HOBA,
e.g.,, 1.68 g, was added to the SMPU/DMF solutiontaiaing approximately 10.0 g of
SMPU resin. Under strong mechanical stirring, thP8& and HOBA were mixed for 2
hours to obtain a homogenous solution-phase mixtireally, samples of the LC-SMPU
composite for the following tests were obtaineddagting the mixture onto a Teflon pan,
which was then baked at 80°C for 24 hours and éurtlried at 80°C under a vacuum of
0.1-0.2 kPa for 24 hours. The samples were cod&MaaU-#HOBA, in which # is the molar
ratio of HOBA/MDI, e.g., sample SMPU-0.4HOBA.

Table 1. Composition of LC-SMPU composites based gtype-SMPU and HOBA

Samples SMPU* HOBA HOBA content Molar ratio of
(9) 9) (Wt%) HOBA/MDI
Pure SMPU 10 -- -- --
SMPU-0.2HOBA 10 1.68 14.4 0.2
SMPU-0.4HOBA 10 3.36 251 0.4
SMPU-0.6HOBA 10 5.04 33.5 0.6
SMPU-0.8HOBA 10 6.72 40.2 0.8
SMPU-1.0HOBA 10 8.40 45.7 1.0

* SMPU is PHA based SMPU with 25wt% hard segmemnteat.

2.3 Structural characterisation
FT-IR spectra were collected using a Nicolet 76alRBpectrometer by the FT-IR attenuated
total reflection (ATR) method. Ten scans at 4’cresolution were signal averaged and stored
as data files for further analysis. Smooth film#wa thickness of 0.2 mm were used.

Wide angle X-ray diffraction (WAXD) measurementsrev@erformed on a D8 Advance
(Bruker, Germany) with an X-ray wavelength of 0.1%# at a scanning rate of 12°/min.

Specimens with 0.5 mm thickness were preparechésd measurements.
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DSC curves were determined using a TA Q200 instnimngth nitrogen purge gas.
Indium and zinc standards were used for calibrat8amples were first heated from -60°C to
200°C at a heating rate of 10°C/min, kept at 20@fiCL min, and then cooled to -60°C at a
cooling rate of 10°C/min, and finally, a second thea scan from -60°C to 200°C was
performed.

The identification of mesophases and the determoimabf the phase transition
temperatures were performed using a Zeiss-Axioghaprised optical microscope (POM)
equipped with a Linkam-THMS-600 variable-temperatstage at a scan rate of 2°C/min by
heating from 20°C to 150°C and cooling from 1506@0°C under cool air.

The morphology of the samplesas examined using Scanning Electron Microscopy
(SEM, Hitachi, Japan). Prior to scanning, the sasplere coated with a thin layer of gold.

The dynamic mechanical properties of the samplese waetermined using a
PerkinElmer DMA at 1 Hz with a heating rate of 21@i from -60°C to 150°C. Specimens
were prepared for DMA testing by casting a filmtwa thickness of 0.5 mm, a width of 5
mm, and a length of 25 mm.

A stereo-optical microscope (VHX-600, Japan) witha stage (Mettler Toledo FP90
Central Processor and FP82 Hot Stage) were useldstrve and record the shape recovery
or self-healing process of the sample film. Thetingarate of the measurement was 2 K/min.
3. Resultsand Discussion
3.1. Sructural analysis
In this LC-SMPU composite, the polymer matrix compd PHA-based SMPU and the filler
comprised HOBA mesogen. The structures of the L@BMcomposites were first
investigated with FT-IR and WAXD. Figure 1(A-B) shke the FT-IR spectra of the
LC-SMPU composites compared with those of the @v#PU and pure HOBA. The O-H
stretching vibration was detected at approxima8el¢4 cnt in the pure HOBA spectrum.
The N-H stretching vibration indicating the fornmati of urethane groups was observed at
approximately 3317 cthin the pure SMPU spectrum. In the LC-SMPU compssie.g.,
sample SMPU-0.8HOBA, not only were the O-H and Ntketching vibrations detected at
the same frequencies, but the C=0 stretching wiratexhibited two strong absorption
peaks: one at 1720 ¢mwhich belongs to the urethane groups of SMPU, thedother at

7
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1675 cni, corresponding to the aromatic carboxylic acidugs of HOBA®. Additionally,
the sample SMPU-0.8HOBA displayed new frequenciegpproximately 1012 crhand 946
cm™. These frequencies were also observed in the rspeaif pure HOBA. Of them, the
frequency at approximately 1012 ¢rarises from the C-O stretching vibration of acifisus,
the FT-IR spectra confirmed that the HOBA had sssfidly incorporated into the
PHA-based SMPU to form LC-SMPU composites. In addjtFigure 1(B) demonstrates that
the new absorption peak at 1675 tmould only be detected when the molar ratio of
HOBA/MDI was greater than 0.6, and no significamguency changes in the N-H or C=0
vibration frequencies were observed among the LEGRBMomposites with varying HOBA
concentrations. These results imply that the ine@iion of HOBA does not influence the
original hydrogen bonding between the N-H group #re C=0 of the urethane groups in
SMPU. This observation is consistent with previogggorts in that the interactions between
the COOH group of 4-dodecyloxybenzoic acid and uhethane C=0 and N-H groups of
polyurethane are not prevalent in the polyurethasmaplex with 4-dodecyloxybenzoic acid
2123 additionally, XRD patterns provided further impamt insights into the structural
analysis. Figure 1(C) shows that the crystallinakgeof the PHA-based SMPU at 21.3° and
24.0° and the crystalline peaks of HOBA at appratety 15.6°, 17.8°, 19.8°, 22.7°, 24.5°,
and 26.8° were detected in the LC-SMPU compos@@esnpared with the pure HOBA, the
majority of the crystalline peaks shifted to higr values, particularly in the samples
SMPU-0.2HOBA, SMPU-0.4HOBA and SMPU-0.8HOBA. Thisplies that the crystal face
distance ) of HOBA becomes smaller in the LC-SMPU composdas to the interruption
of the polyurethane chains. That is, HOBA crystale distributed physically within the
SMPU polymer matrix. Therefore, in this study, tte&-SMPU composite filled with HOBA
is a simple physical mixture of HOBA with PHA-bas8MMPU. Although the formation of
hydrogen bonds with the polymer matrix may imprdtve miscibility of the SMPU/HOBA
composite, the HOBA cannot form an LC mesogen wihettaches to the polyurethane
backbone. In a previous report, Chen et al. dematest that the liquid-crystalline mesophase
was lost when LC mesogens containing pyridine nesewrere attached to SMPU containing
carboxyl groups through hydrogen bonding betweeidme and COOH? Compared with
previous systems, the present LC-SMPU compositeslete to retain the intrinsic

8
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liquid-crystalline properties of the HOBA mesogdmscause they preserved the original
dimers of HOBA formed by hydrogen bonding betweeDGE and COOH, as shown in
Figure 1(D)>.

® SVPU TmSVPU ®

%\/

Tm-SMPU-0.4HOBA

Tm-SMPU-0.6HOBA
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Figure 1. FT-IR spectra of the LC-SMPU composi@spared with those of pure SMPU and

HOBA (A), FT-IR spectra of LC-SMPU composites withrying HOBA content (B), XRD

spectra of LC-SMPU composites with varying conté@) and molecular modelling of

HOBA dimers via hydrogen bonding (D)

3.2 Thermal properties

DSC instruments have been widely used to studytiieemal properties of materials,
including the phase transitions of polymefsgure 2(A) presents the second DSC heating
curves of the LC-SMPU composites compared with éhok pure PHA-based SMPU and
HOBA. The pure SMPU is observed to have only atatyselting temperature () at
approximately 42.5°C. The pure HOBA displays an teeonic peak (peak 1) at

approximately 67°C; two obvious endothermic pegleak 2 and peak 3) at approximately
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19.3°C and 101.6°C, respectively; and a weak emdotic peak (peak 4) at 130°C under this
scanning condition. Peak 1 is a cold crystallisatdHOBA. Peak 2 and peak 3 show crystal
melting transitions. The HOBA forms two types ofstals due to its long chains. These
observations were verified in an earlier communicef. When HOBA was physically mixed
with the PHA-based SMPU to form LC-SMPU composité®e T, of the soft phase of
SMPU shifted to a higher temperature, e.g., to @pprately 46.5°C in the sample
SMPU-0.8HOBA, as shown in Figure 2(A). The coldstajlisation (peak 1) observed in
pure HOBA disappeared when the HOBA content waseted, e.g., in samples
SMPU-0.2HOBA and SMPU-0.6HOBA, as shown in Figu(B)2 In addition, the melting
temperature of the first HOBA crystal shifted ta 82.5°C, and the melting temperature of
the second HOBA crystal remained constant at apmabtely 101.2°C in all the LC-SMPU
composites. Figure 2(B) also demonstrates thafirstecrystal melting peak became larger as
the HOBA content increased for molar ratios of HOBRI below 0.6, whereas only the
second crystals were detected in the samples wgheh HOBA content, e.g., samples
SMPU-0.8HOBA and SMPU-1.0HOBA. The DSC cooling @s\also demonstrate that the
LC-SMPU composites not only formed soft-phase algstat ca. 14.3-20.7°C but also
possessed two recrystallisation peaks at approglyn@0.6°C and 85.4°C when the HOBA
content was lower, e.g., in sample SMPU-0.2HOBAerghs only one recrystallisation peak
was observed in samples SMPU-0.8HOBA and SMPU-1BMGs shown in Figure 2(C).
These recrystallisation peaks exactly correspontheocrystal melting peaks on the second
heating curves, as discussed above. That is, treAHDystals formed at 70.6°C will melt at
92.5°C, while the second crystal formed at 85.43Cmelt at 101.2°C. Moreover, compared
with the pure SMPUsee ESI Fig. A*), Figure 2(C) demonstrates that the recrystalbsati
temperature of the soft phase shifted to a highemperature on the cooling curves as the
HOBA content increased. Compared with the pure HOBAth the recrystallisation
temperature and melting temperature of the first BAOcrystals shifted to higher
temperatures because the crystal seeds were alftantoeasily inside the polyurethane
matrix and the HOBA crystals exhibited greater Hitgb This hypothesis was also
substantiated by the DSC of LC-SMPU composites dhasean amorphous soft phase, as
reported in literaturé. Because the recrystallisation of the soft segnuénthe Ty-type
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SMPU was accompanied by the formation of HOBA algstat 70.6°C, the formed crystals
then melted at 92.5°C upon heating. We thus coefiritinat the first type of HOBA crystal
was easily formed in the LC-SMPU composites becabseHOBA was captured by the
polyurethane matrix. The polyurethane chains prechdhe formation of crystal seeds of
HOBA. In contrast, the formed HOBA crystals alsomote the assembly of the soft segment
of SMPU, enhancing the crystal stability of thetspliase. However, the second HOBA
crystals were formed at ca. 85.4-86.8°C on theiogoturves (see Figure 2(C)), and the
second crystal melting temperature appeared atoappately 101°C on the second DSC
heating curve (see Figure 2(B)). These two tempszatare very close to the recrystallisation
temperature and the melting temperature of thergkcpoystals in the pure HOBA, indicating
that the first crystals were formed by the capturdBA molecules and that the second

crystals primarily comprised free HOBA crystalghe LC-SMPU composites.

— A SMPU ®)
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Figure 2 the second heating DSC curves of SMPU-0.8HOBA coetpwith the pure SMPU
and HOBA (A); the second heating DSC curves of IMP® composites with different
HOBA content (B); the cooling DSC curves of LC-SMbmposites with different HOBA
content (C) ; and the second heating DSC curve&aMiPU-0.4HOBA at different annealing

temperature(D).
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Figure 3. POM images (400x) of pure SMPU at différéeemperatures [30°C for
semi-crystalline phase (a); 50°C for isotropic mhawithout crystals(b)], sample
SMPU-0.8HOBA at different temperatures [30°C foystalline phase(c); 50°C crystalline

phase (d)); 120°C for nematic liquid crystallineapé (e)], and pure HOBA at 120°C for
nematic liquid crystalline phase (f)

The effects of heat treatment were further inveséig by DSC. The sample
SMPU-0.6HOBA was first heated to 100°C, followed lgating to 120°C, 140°C, 160°C
and 180°C. After cooling to -60°C, the second meptturve from -60°C to 200°C was
recorded for analysis. Figure 2(D) shows the sedd&L heating curves of the sample
SMPU-0.4HOBA treated with different annealing temgperes. Similar to the results of the
LC-SMPU composites with an amorphous reversiblesghaFigure 2(D) demonstrates that

12
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the enthalpy of the first type of HOBA crystals wasall when the annealing temperature
was lower than 140°C and that it increased sigmifily when the annealing temperature was
higher than 160°C in the LC-SMPU composites basedSMPU with a semi-crystalline
reversible phase. This effect may be due to thktyabif higher annealing temperatures to
promote HOBA molecules to enter the polyurethanarcldue to their lower viscosity at
higher temperatures. However, annealing tempemataimve 180°C caused the HOBA
molecules to escape from the polyurethane chaity foae HOBA crystals could be detected
in the second heating curves following thermaltiresnt at higher temperatures, as shown in
Figure 2(D). We thus confirmed that the doped HOBAs divided into two parts: one
portion of the HOBA molecules was captured or weappy the polyurethane chain due to
the strong Van der Waals interaction between HOB&the PHA soft segment, and the other
portion was present as free HOBA. The captured HQB& strongly influenced by the
polyurethane chain, whereas the free HOBA retained intrinsic crystalline and
liquid-crystalline properties.

3.3 Liquid-crystalline properties

The phase transition behaviours of the LC-SMPU ausiips were further investigated with
POM. Before testing, all specimens were cooledtmr temperature for 24 hours after being
heated to their isotropic phase. The POM imagesffarent temperatures during the heating
process were recorded for analysis. Figure 3(afesgmts the POM images of pure,
PHA-based SMPU at different temperatures upon hgatPOM images of PHA-based
SMPUs with various soft segment lengths and hagthsat contents have been investigated
systematically in previous literatdfe In this study, the POM images demonstrated thet t
pure SMPU with 25 wt% hard segment content exhibite semi-crystalline texture
with right-angled intersection extinction phenomenbelow 30°C; an isotropic texture
appeared when the temperature was higher than 30fi€ observation is consistent with the
DSC results above as the semi-crystalline soft @hais SMPU melted above 42.5°C.
However, the sample SMPU-0.8HOBA maintained itglttriand colourful crystalline texture
until the temperature reached 100°C. This semitaliyse texture changed slightly when the
sample was heated from 30°C to 50°C, as shown igur&i 3 (c-d). The
temperature-dependent WAXD pattern also confirnteed HOBA was in a crystalline state

13
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below 60°C(see ESI Fig. B*). When the temperature was increased to a rangef®°C to
130°C, the POM image presented a typical schlieggture of the nematic phase, as shown
in Figure 3(e). This nematic schlieren texture wegseated when the temperature cooled to
below 130°C. These schlieren textures are alsosieryar to those of pure HOBA, as shown
in Figure 3(f), indicating that the liquid-crystiak phase of the LC-SMPU composites can be
attributed to the doped HOBA phase. Compared witle piOBA, the LC-SMPU composites
not only retain the intrinsic liquid-crystallineqperties of HOBA but can also form a stable
film for various applications as polymeric film reagls. Moreover, the POM images
demonstrated that the HOBA bleeds from the polymi#im because HOBA mesogens can
move and self-assemble spontaneously in the liguydtalline statgsee ESlI Video A*).
However, its morphology becomes fixed immediatefteracrystallisation upon cooling.
Similar to the epoxy/PCL phase-separated blendrthemending systeffy this spontaneous
motion and recrystallisation of HOBA mesogens piesi a pathway to self-repair cracks on
the polymeric film.

3.4 Morphology

In this experiment, LC-SMPU composite films weregared by casting mixture solutions on
a smooth pan followed by drying at 8096 an oven. Although all polymeric films are
macroscopically flat, they can exhibit differentrfaige morphologies on the microscale.
Figure 4 shows SEM images depicting the surfacephwogies of LC-SMPU composites
with varying HOBA content. These SEM images dentatstthat the pure SMPU has a
smooth surface without any holes, as shown in Eida), whereas the surface of the sample
becomes rough when HOBA is doped into the LC-SMBmosite. As the HOBA content
increases, the surface becomes rougher. Finallyioo® phase-separated structures are
formed in the LC-SMPU composites with higher HOB#tent, as shown in Figure 4(b-e).
One phase is the polyurethane matrix, while therofhase is likely the HOBA crystalline
phase because numerous large, roughened crystasietected in sample SMPU-1.0HOBA,
as shown in Figure 4(f). These results are comgistith the DSC and POM observations.
Therefore, we confirmed that the LC-SMPU compositesprised a HOBA crystalline phase
and SMPU with a semi-crystalline reversible phaseoam temperature. According to the
DSC and POM analyses, the HOBA crystalline phasksnaad enters the nematic phase
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when the temperature is raised to over 100°C; HO@B#5o0gens can also recrystallise into
two types of crystals when the temperature is abtdebelow 86.8°C. In addition, the soft
phase melts above 46.6°C and crystallises below20.while the hard phase retains the
shape of the polymer film upon heating as well @sling in the polyurethane matrix. This

morphology and structure provides a prerequisiteditmn for shape memory and

self-healing functionality.

o 2
SU-70 5.0kV 15.5mm x2.00k SE(M) SU-70 5.0kV 15.4mm x2.00k SE(M)

3

S

SU-70 5.0kV 15.4mm x2.00k SE(M)

Figure 4. SEM images(5000x) of LC-SMPU compositepifre SMPU; b-SMPU-0.2HOBA,
c-SMPU-0.4HOBA; d-SMPU-0.8HOBA; e-SMPU-1.0 HOBA; SMPU-1.0 HOBA
(magnified picture 10,008))
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3.5 Dynamical-mechanical properties

1000

1004
1SMPU-0.6HOBA

JsMPU-1.0HOBA

=
o
sl

SMPU

Storage modulus(MPa)

0.1 T T T T T T T T T T T T T T T
-60 -30 0 30 60 90 120 150

Temperature (°C)

Figure 5. DMA curves of LC-SMPU composites withyiag HOBA content

Another important condition for shape memory andf-lsealing functionality is
temperature-dependent viscoelastic properties, lware primarily embodied in dynamical
mechanical propertiés Figure 5 presents the DMA curves of LC-SMPU cosifgs with
varying HOBA content. The DMA curves reveal that #le samples, including the
LC-SMPU composites and the pure SMPU, exhibitedlaincshanges in the storage modulus
below 90°C. The samples exhibit large glass mod(Hy$ values below -40°C, whereas the
storage modulus values decrease gradually durimgltss transition process. There is also a
significant decrease in the storage modulus withentemperature range of 37°C to 48°C, as
shown in Figure 5, corresponding to the crystaltimgltransition of the soft phase of SMPU,
as observed in the DSC curves. Additionally, Figuaso shows that the modulus decreases
in the LC-SMPU composites occurred at higher temaipees compared with the pure SMPU.
This can be attributed to the better crystal stgbif the LC-SMPU composites due to the
crystal seeds of HOBA. However, when the tempeeatisr raised to over 90°C, the
LC-SMPU composites exhibit another significant mladudecrease within the temperature
range of 90°C-118°C, while the pure SMPU maintaiitedstable rubbery storage modulus
(Er) due to the stability of its hard phase below A18The LC-SMPU composites exhibited

significantly increased tanvalues, while the pure SMPU maintained a constahte within
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the same temperature rangsee ESI Figure C*). This temperature range precisely
corresponds to the crystal melting transition & HOBA crystals, further confirming that a
two-phase separation structure exists in the LC-8M&mposites and that the HOBA phase
can also serve as a reversible phase to triggpeshamory effects.

3.6 Shape memory and self-healing properties
7 (d) 3

Perfect

Figure 6. Triple-shape memory effect [a-the fiesnporary shape (folded state), with large
cracks at room temperature; b-the second tempsteaye (open state), after recovering from
the first temporary shape at 80°C; c-the recovetepe (contracted state), after recovering
from the second temporary shape at 130°C] andhitrenial-induced fracture-healing process
[d-original perfect strip; e-cut strip before rejrag; f-self-healed strip at 120°C] of sample

SMPU-0.6HOBA.

PHA-based SMPUs were reported to show good duglestmemory effects due to the
significant modulus decrease during the crystaltingeltransitions of the soft phase in
previous studieS. As discussed above, the DMA results in our stddgnonstrate that the

LC-SMPU composites based on SMPU with a semi-citystareversible phase and HOBA
not only exhibit a decreasing modulus during thestad melting transitions of the soft phase
but also during the crystal melting transitionstbé HOBA phase. Thus, a triple-shape
memory effect is expected. However, the strainveopin the second step was difficult to

guantify due to the small recovery force above ©@% the LC-SMPU compositgsee ES
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Fig. D*) arising from the low hard segment content of SNPBigure 6 presents only the
visualised triple-shape recovery process of theSMPU composites qualitatively. Before
testing, the LC-SMPU composite film (e.g., sampMPRJ-0.6HOBA) was elongated to a
certain length (the first temporary shape) at 11Gheén folded into a temporary strip with
cracks (the second temporary shape) at 70°C. Thed$olded strips with many cracks can be
fixed after cooling to room temperature, as showhRigure 6 (a). During the thermal-induced
shape recovery process, the folded strip with agis observed to open itself when the
temperature was raised to above 80°C, as shownigard=6 (b). Upon continuously
increasing the temperature, the elongated stripracted to its original shape, as shown in
Figure 6(c). This behaviour constitutes a triplegg memory effect. In addition, Figure 6(a-c)
also demonstrates that the obvious cracks on theate healed during the shape recovery
process, indicating that the LC-SMPU composite apable of self-healing. Thus, the
thermal-induced fracture-healing process of the SMIPU composites was further
investigated in this experiment. As shown in Figé(d-f), a perfect strip prepared from
sample SMPU-0.6HOBA was first cut into two part$obe testing. The two parts were then
placed together and heated to 120°C for 30 minutgsrestingly, after cooling to room
temperature, the two cut parts fused togetherhagns in Figure 6(f). Even the gap between

the two parts was self-healed by this thermal-tneait in the liquid crystalline stafsee ESI

——L

t room temperature

Fig. E*).

T<T, Recrystallisation

LC Bleeding
.‘-: —
D s

Y Hard segment /a% Polymer chain

HOBA crystals

Semi-crystalline soft segment

Scheme 2. Thermal-induced self-healing mechanisb€CeSMPU composites based on

HOBA
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According to the structure and morphology analysé®eve, the thermal-induced
self-healing behaviour of the LC-SMPU compositea ba explained byscheme 2. The
LC-SMPU composites contain two separated phasesSkiPU matrix and the HOBA phase.
The SMPU exhibits a micro-phase separation stractomposed of a semi-crystalline soft
phase and a hard phase at room temperature, wiheeBKOBA exhibits a crystalline phase
below 100°C and a nematic liquid crystalline phagthin a temperature range of 100°C to
130°C. After cutting, the two pieces of the LC-SMBamposites retained the SMPU matrix
and the HOBA phase. When placed together, thereawadvious gap between the two parts
prior to thermal treatment. In the nematic liquigstalline state at high temperatures, e.g.,
120°C, the HOBA mesogens bleed from the SMPU mand move spontaneously to the
gap or cracks at the liquid crystalline state. Aftee HOBA mesogens recrystallise at room
temperature, the gap sealed. This self-healing process is very simitartite thermal
mending of expolxy/PCL phase-separated bl&nds the present LC-SMPU composite
system, the self-healing process is ascribed tchéaing-induced “bleeding” behaviour of
HOBA in the liquid crystalline state and its subsewft recrystallisation upon cooling.

4. Conclusions

This paper proposes a type of LC-SMPU compositesggsng both liquid crystalline

properties and shape memory properties for novéhsaling applications. The structure,
morphology and properties of the LC-SMPU compositessed on SMPU with a

semi-crystalline reversible phase and HOBA wereestigated systematically. Structural
analyses suggested that the HOBA physically mix&th whe PHA-based SMPU to form

LC-SMPU composites. The doped HOBA comprised twdspaaptured HOBA and free

HOBA. The captured HOBA was influenced significgriily the polyurethane chain, whereas
the free HOBA maintained its intrinsic crystallimad liquid-crystalline properties. SEM

confirmed that a two-phase separated structure gsimgp an SMPU matrix and a HOBA

phase was formed in the LC-SMPU composites. POMotsitnated that the HOBA phase
was in the nematic phase at temperatures from B01€l, while the SMPU matrix enabled a
stable film for various applications as polymeiimnfmaterials. DMA further revealed that

both the semi-crystalline soft phase of the SMPUWrimand the HOBA crystalline phase can
be used to trigger shape memory effects. Therefioee,. C-SMPU composites show not only
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triple-shape memory behaviour but also thermal-teduself-healing behaviour. Finally, we
attributed the self-healing behaviour of this mialeto the heating-induced “bleeding”
behaviour of HOBA in the liquid crystalline statadaits subsequent recrystallisation upon

cooling.
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