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Abstract:

Supramolecular liquid crystalline polymers and shapemory polymers are attracting increasing inteass
materials. In this paper, we describe the developmé a supramolecular liquid crystalline shape rmgm
polyurethane (SLCSMPU) complex that exhibits badhitl crystalline properties and shape memory prtigse
The complex is formed by incorporating 4-hexadexyenzoic acid (HOBA) into a pyridine-containingagie
memory polyurethane (PySMPU). The HOBA is tethaethe PySMPU by strong hydrogen bonding between
the pyridine rings and the COOH of the HOBA, formia SLCSMPU complex. Heat treatment plays an
important role in the formation of hydrogen-bondsgpramolecular liquid crystalline structures in sthe
SLCSMPU complexes. Thus, the SLCSMPU complex ndy anaintains the intrinsic liquid-crystalline
properties of HOBA, but can also form a stable pwdyic film for various shape memory applications.
Additionally, the SLCSMPU complex forms a two-phaseparated structure composed of an amorphous
polyurethane matrix and a HOBA crystalline phasajctv includes the hydrogen-bonded crystalline HOBA
phase and the free HOBA crystalline phase. Thezefosimple one-step programming process is des@éltat
produces SLCSMPU complexes with excited triple-ghfamctionalities due to their multiple phase traoss,

especially when the molar ratio of HOBA/BINA is ¢ethan 0.8.

Keywords. shape memory, polyurethane, supramolecular,digoystalline;
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1. Introduction

Shape memory polymers (SMPs) have attracted <ignifi interest in recent yedrsConventional
thermal-induced SMPs are dual-SMPs, which can §irlyo one temporary shape before converting back t
their original shapes when heated to their tramsitemperatures? In the past decades, a great deal of effort
has been made to improve or modify shape memorgctsff (SMEsS. Consequently, triple-SMPS,
quadruple-SMP£° and multiple-SMPS" *?have been developed. In contrast to dual-SMPsgthew types of
SMPs can recover their original shapes from moas thne temporary shape. That is, triple-SMPs camemo
from a first shape (A) to a second shape (B) amun there, to a third shape (C), with increasinggerature?

4 This triple-shape capability is based on a mudiggh polymer network structure with at least two
phase-separated domains. These domains each hameséion temperature (1., which can be a glass
transition temperature (), a melting temperature J or a liquid crystalline transition temperaturg)(Thus,
triple-shape functionality can easily be achieved polymer blending, laminating and hybridisitig> A
two-step programming process is usually requiredacbieve triple-shape functionality, which allowset
stepwise conversion to two independent shapes (& Bn"™ However, a recently developed one-step
programming process can facilitate triple-shapéretogy, while substantially increasing the attinsaness of
this technology for technical and medical applwasi® Therefore, triple-shape functionality generated by
one-step programming processes represents a neetidir for SMP research.

Supramolecular chemistry has also been widely usedrecent years to construct SMP$?
Supramolecular shape memory materials are syn#wkbig utilising supramolecular switches or supraoolar
net points. For example, Zhaegal. reported several supramolecular SMPs based dialpayclodextrin CD
inclusion complexe$ % These supramolecular complexes were biodegradateresponded to pH, redox
reactions and gluco$2 Additionally, photo-cross-linked metallo-supranmitar polymers also exhibit thermo-,
photo-, and chemo-responsive shape memory prop&rtfé Moreover, triple-shape functionalities have been
achieved in some supramolecular polymer complekesmposites. For example, Ware et al. reportegseem
based on an acrylic triple-SMP supramolecular cemphat utilised the glass transition and dissamiabf
self-complementary hydrogen bonding moiefigdhen et al. developed a simple and controllabtetesyy to
synthesise a triple-shape memory supramoleculaposite using intermolecular hydrogen bonding betwee
polymer and mesogenic unftsThese studies suggest that supramolecular polyystems can be used to
simplify and control the production of blocks foipte-shape functionality.

Supramolecular liquid crystalline complexes are ontgnt supramolecular systems that are formed by
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non-covalent bonding. These complexes have atttantech attention and become good candidates fangke
generation of advanced functional materfal$® In these supramolecular liquid crystalline comp&xthe
mesogenic properties are tailordid non-covalent interactions. Since Kato and colleagfirst exploited the
H-bonding between carboxylic acids and pyridinesirtduce liquid crystalline properties, the carbaxyl
acid-pyridine complex has been widely investigdfed. It has been reported that supramolecular liquid
crystalline polyurethane complexes can be easiiméalvia hydrogen bonding between pyridine rings and the
carboxylic acids of mesogens such as 4-dodecylaxadie acid 4-octyloxybenzoic acid and 4-butyloxybenzoic
acid®® ** However, to our knowledge, there are few repobisué supramolecular liquid crystalline complexes
with triple-shape functionality. Recently, we retaal supramolecular shape memory polyurethanes ioorga
pyridine moieties (PySMPUs§? 32**which exhibit not only thermal-induced shape memeifect$? but also
moisture-sensitive shape memory efféétdhus, it is desirable to further develop supramaler liquid
crystalline shape memory polyurethanes (SLCSMPUa) have both liquid crystalline properties andpgha
memory properties by modifying the PySMPUs with agens based on p-n-alkoxybenzoic acidis® %

In our earlier communication, we prepared liquigstalline shape memory polyurethane composites with
both liquid crystalline properties and shape memprgperties using polymer bending of shape memory
polyurethane with an amorphous reversible phasetamekadecyloxybenzoic acids (HOBX)Inspired by this
pioneering work, we now propose another type of SMBU complex for triple-shape applications. In tinsv
complex, PySMPU, which contains many pendent pyedings that serve as H-acceptors, is first pegpaith
N,N-bis(2-hydroxylethyl)isonicotinamine (BINA) an#l,6-hexanediisocyante (HDIj.SLCSMPU complexes
are then prepared by incorporating HOBA within By $sSMPUs in a DMF solution. The SLCSMPU complexes
are then obtained after drying the PySMPU-HOBA mnigs. In contrast to the previous triple-SMPs poedi
through a two-step programming process, these @maplachieve triple-shape functionality with a danp
one-step programming process followed by stagedirfipaecovery conditions. We report the structure,
morphology, liquid crystalline properties, and, tmadarly, the triple-shape memory properties obsh
SLCSMPU complexes.

2. Experimental

2.1 Synthesis of the PySM PUs

BINA was purchased from Jiaxing Carry Bio-Chem Trealbgy Co. Ltd. HDI and Dimethylformamide (DMF,
HPLC) were purchased from Aladdin-reagent (Shandgbai Ltd. The PySMPUs were prepared with BINA and
HDI in the 10wt% DMF solution at a 1:1.05 molarioadf OH to NCO according to the synthesis procedur

4
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1  described previousf§ The synthesis routine is presentedSameme 1. The reaction was carried out in a 500
2 mL flask filled with nitrogen and equipped with a&aianical stirrer, a thermometer, and a condeFR#st, the

3 BINA powder and DMF were added to the flask. Affessolving the BINA powder through mechanical sigr

4 an equimolar amount of HDI was added to the flasie oil temperature was then raised to 80 °C, leefod2

5  wt% dibutyltin dilaurate catalyst was added to teaction. During the reaction, 10 mL volumes of Dich

6 time were occasionally added to the reaction tgpkaesuitable viscosity (about 40mpa.s at 80 °C }hef

7  solution. The reaction was maintained for 4 hoarstitain the 10 wt% PySMPU/DMF solution.

nHo oH NN\
\/\N/\/ + o

CcC=—=0
catalyst
= HDI
| at 80°C
x
N
BINA
* o—/\Tko—ﬂ—L\/\/\/’L—ﬂ%*
cC=—0 n
= |
A
N
8 BINA-HDI polyurethane
9 Scheme 1. Synthesis of PySMPU based on BINA and HDI

10 2.2 Preparation of the SLCSM PU Complexes

11 Table 1. Composition of SLCSMPU complexes baseBy®MPU and HOBA
Samples PySMPU HOBA HOBA content Molar ratio of
(@) (@) (Wt%) HOBA/BINA
Pure PySMPU 10.0 -- -- --
PySMPU-0.2HOBA 10.0 1.68 14.4 0.2
PySMPU-0.4HOBA 10.0 3.36 25.1 0.4
PySMPU-0.6HOBA 10.0 5.04 33.5 0.6
PySMPU-0.8HOBA 10.0 6.72 40.2 0.8
PySMPU-1.0HOBA 10.0 8.40 45.7 1.0
PySMPU-1.3HOBA 10.0 10.92 52.2 1.3
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According to the composition of the SLCSMPU complisked in Table 1, a certain quantity of HOBA, .e.g
1.68 g, was added to the 10wt% PySMPU/DMF solutiontaining approximately 10.0 g of PySMPU resin.
Under strong mechanical stirring, the PySMPU amdHIOBA were mixed for 2 hours to obtain a homogenou
solution-phase mixture. Finally, the SLCSMPU compkewere obtained by casting the mixture onto domhef
pan, which was placed at 80 °C for 24 hours anthdurdried at 80 °C under a vacuum of 0.1-0.2 ld?224
hours. The samples were coded as PySMPU-#HOBA, #vitpresenting the molar ratio of HOBA/BINA, e.g.,
sample PySMPU-0.4HOBA.

2.3 Sructural Characterisation

FT-IR spectra were obtained from smooth 0.2 mmktpiclymer films using a Nicolet 760 FT-IR spectrdare
and the FT-IR attenuated total reflection (ATR) heet. Ten scans at 4 Emesolution were averaged and stored
as data files for further analysis.

DSC curves were obtained using a TA Q200 instrummétit nitrogen as a purge gas. Indium and zinc
standards were used for calibration. The samples first heated from -60 °C to 200 °C at a rat&é@®PC/min.
They were then held at 200 °C for 1 min and cotbedbO °C at a rate of 10 °C/min. Finally, a secbedting
scan was performed from -60 °C to 200 °C.

Wide angle X-ray diffraction (WAXD) measurementsrezebtained using a D8 Advance (Bruker, Germany)
instrument with an X-ray wavelength of 0.154 nnaacanning rate of 12°/min. Specimens 0.5 mm thieie
prepared for these measurements.

The mesophases were identified and the phase tteengiemperatures were determined using a
Zeiss-Axioscope polarised optical microscopy (P@gdipped with a Linkam-THMS-600 variable-temperatur
stage at a scan rate of 2 °C/min. The samples eated from 20 °C to 160 °C and cooled from 16320
°C.

The specimens for DMA testing were prepared byimgst 0.5 mm-thick film with a width of 5 mm and a
length of 25 mm. The dynamic mechanical propertieshe samples were determined using a PerkinElmer
DMA at 1 Hz with a heating rate of 2 °C/min fron0-& 130 °C.

The morphology of the sampless examined using scanning electron microscopi(Sfitachi, Japan).
Prior to scanning, the samples were coated wittiralayer of gold.

2.4 The One-step Programming Process for Triple-shape Functionality Characterisation
The triple-shape memory cycles produced using asteye programming process and staged heating racove
conditions were investigated using a TA InstrumdditdéA Q800 (tension clamp, controlled force modeheT

6
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1 samples were dried completely at 100 °C under vacfar 24 h. The films were then cut into rectangula
2  specimens 10 mm long, 4.8 mm wide and 0.4 mm thidle test procedure is shown in Scheme 2. This
3 procedure is similar to the procedure describethénliterature®® Typically, the process occurs as follows: (1)
4  the rectangular sample is heated and held at 8@®rQ@0 min; (2) the sample is uniaxially elongatey a

5  ramping force from 0.00 N to 0.175 N at a rate @50N/min and kept fully stretched at a fixed sirgB) the

6 sample is cooled quickly at a rate of 30 °C/mim fow temperature at a fixed strain; (4) unloaddfighe extra

7  force from 0.175 N to O N is performed at a rateddf5 N/min; (5) on the first heating stage, thengke is

8 reheated to 80 °C at a rate of 10 °C/min and he®D &C for 40 min; and (5) on the second heattages the

9  sample is reheated to 100 °C at a rate of 10 °Camihheld at 100 °C for another 40 min. During thiscess,

10 DMA curves showing the strain, temperature and tiveee recorded for future analysis.

Deforming Recovery :
P — >
: - 1 -0.20
80 — Strain 'k 100
—— Temperature (T )L
Stress (MPa) 'L 90
—~i ~0.15
60 S
= jv’; - 80
g EH=
£ © 170, 0.10
= 40+ L 3
n ==
e L 0.05
204 {150
' 40
‘ L - 0.00
0 . — . . . . . . . —L 30
0 20 40 60 80 100
Time (min)
11
12 Scheme 2. Triple-shape memory cycle in the onefategramming process and the staged heating recover
13 conditions

14 3. Resaultsand Discussion

15 3.1 Sructural analysis

16  Figure 1(A) shows the FT-IR spectra for PySMPU-CCBA compared with pure PySMPU and pure HOBA.
17  On the basis of our previous FT-IR studies withypodthane based on BINA, the frequency at 1624 cm
18 belongs to the stretching vibration of the C=0 #eghe pyridine ring of the BINA unit. The frequése at
19 1600 cnt, 1464 cni, 1433 cni, 1408 cni, 1136 crit* 1089 cnt, and 1040 cih result from the stretching

20 vibration of the pyridine rind”> When HOBA is incorporated into the PySMPU to fothe SLCSMPU
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complexes, the FT-IR spectra of the PySMPU-0.8HGBAw no obvious frequencies at 1624 'camd 1600
cm. This implies that the stretching vibration of BENA unit is limited by the HOBA unit. Additional| the
stretching frequencies of the pyridine ring at 146#', 1433 crit and 1408 cm disappear in the
PySMPU-0.8HOBA spectra, while new frequencies appea673 crt and 1429 ci, which belong to the
stretching vibration frequencies of C=0 and Qtdm the HOBA, respectively. This indicates thagre should
be strong intermolecular forces between the pyeidings within the HOBA that limit the stretchingoration
of the pyridine ring. Figure 1 shows that the bréreduency of HOBA between 1673 and 1693'dends to be
divided into two peaks. The frequency at 1693"@ndue to the strengthening of the hydrogen-bor@e®
stretching vibratiotf. This indicates that the original HOBA dimer, whiés formed by hydrogen bonding
between COOH group¥, becomes dissociated by participation in anotlyeirdgen-bonded complex. Thus, it
can be confirmed that stronger hydrogen bondingiscoetween the pyridine rings of PySMPU and théd€IO
of HOBA in the SLCSMPU complexes. That is, HOBAt&hered to PySMPU as a side chsia strong
hydrogen bonding. This hypothesis is further canéid by the FT-IR spectra of the SLCSMPU complexitis w
different HOBA contents shown in Figure 1(B). TheHCstretching vibration frequency at 3500 tmand the
benzene ring absorption frequency at 1578" tracome more obvious as the HOBA content increasése
SLCSMPU complexes. The frequency at 1624' @an be detected both in the PySMPU-0.2HOBA sangiés
in the pure PySMPU. However, this frequency disapp&hen the molar ratio of HOBA/BINA is greateartth
0.6. These results give proof for the formationtted supramolecular complexes and suggest thatopdite
pyridine ring becomes tethered to the HOBA whenrtizdar ratio of HOBA/BINA is below 0.4. In contrast
lot of free HOBA dimers are maintained in the SLOSMcomplexes at higher HOBA contents. These results
are very consistent with the formation of p-n-alkdsenzoic acid/PySMPU as reported in literat{fe®

According to the above analysis, the possible suptecular structure of the SLCSMPU complex is shown
in Scheme 3. In this study, HOBA molecules withdoalkyl chains were selected because they have been
reported to only have a reversible smectic C liquigstalline phasé“* The polyurethane backbone chain
composed of HDI and the BINA unit and the pedaridiye ring were used as H-accept8tghus, strong
hydrogen bonds were formed between the pyridirgsrand the carboxyl groups of HOBA when the PySMPUs
based on the HDI-BINA system were mixed with the BfOto form the PySMPU-HOBA complex. The
supramolecular structure of the SLCSMPU complextmafurther confirmed by WAXD, as shown in Figure 2
The pure PySMPU had an amorphous phase, whileutee HOBA formed crystals, as indicated by its many
crystalline peaks. In the SLCSMPU complexes, ¢hg. PySMPU-0.4HOBA and PySMPU-0.4HOBA samples,

8
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almost all of the crystalline peaks for HOBA coble detected. Compared with the pure HOBA, the ritgjof
crystalline peaks shifted to highed 2alues. This implies that the crystal face diséaf} of HOBA becomes
smaller in the SLCSMPU complex. In other words, fitrenation of HOBA crystals is greatly influenced the
PySMPU matrix, possibly because of the formatiostodng hydrogen bonds between the PySMPU and HOBA.
Thus, we can confirm again that the HOBA is tetbet@ the PySMPU to form a SLCSMPU complex. In
contrast to the previously reported SMPU-LC comigssibased on SMPU with an amorphous reversible
phase’’ this SLCSMPU complex improves the miscibility beem the PySMPU and HOBA. Thus, a large
amount of HOBA (up to 52.2 wt% for PySMPU-1.3HOB&gn be added to the PySMPU polymer matrix to
form a stable polymer film (see ESI Fig. At). Inpeevious report, Chen et al. demonstrated that the
liquid-crystalline mesophase was lost when LC messgcontaining pyridine moieties were attachedhto t
SMPU-containing carboxyl groups through hydrogendiog between the pyridines and the COOH grdtips.
However, in our SLCSMPU complex, the pendant ppediings incorporate as side chains on the mesogsns

a result, the intrinsic liquid crystalline propesi of HOBA are maintained. The supramolecular tiqui
crystalline behaviour of the hydrogen-bonded comgsdeof the non-mesogenic anil with p-n-alkoxybenzoi
acid has been investigated systematically in aipusvstudy; and it was reported that the pure HGBAws
only smectic C within the temperature range ofC8% 132.5C.*? In our study, the formation of SLCSMPU
complexes suggests that better liquid crystallireperties can be achieved by adding high amountd@BA
mesogens. Thus, the SLCSMPU complex polymer filsig@ential applications in optical devices andsses)

which will be explored in future studies.

Ho H> Hy Ho H H
o—-cC c ——ril—c —c —O—ﬁ—N—(CHZ)G—N—ﬁ
o o m

;

V4
AN

O(CH2)15CH3

Scheme 3. Supramolecular molecular structure oS$tteSMPU complex
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Figure 1 (A) FT-IR spectra for PySMPU-0.8HOBA compared withre PySMPU and HOBA and (B) FT-IR
spectra for SLCSMPU complexes with different HOBAntents (1- PySMPU; 2-PySMPU-0.2HOBA,;
3-PySMPU-0.4HOBA,; 4-PySMPU-0.6HOBA; 5-PySMPU-0.8H®B

Indensity (a.u.)

\ AW
\\~w&_//”/ VIV

I HOBA

i " PySMPU-0.4HOBA

e SN PYSMPU-1.0HOBA

PySMPU

10

20 30 40 50

Figure 2. XRD patterns of the SLCSMPU complexe25E
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3.2 Thermal properties

MPU @ PysSMPU ®)
H’_/ PySMPU-0.2HOBA
HOBA peak 1 PySMPU-0.4HOBA
PYSMPU-0.6HOBA

peak 4
peak 2 PySMPU-0.8HOBA
E
IS z
= PU-0.4HOBA peaks &
o IS
I [}
T
peak 5
-40 0 40 80 120 160 %0 0 0 100 150
Termperature(°C) Temperature( "C)

© Anealing at 100°C

at120°C

at140°C

Heat flow

at 160°C
at180°C
ﬁﬂ

-40 0 40 80 120 160
Temperature( ° o
Figure 3. The second DSC heating curves for (A)NP®5-0.4HOBA compared with pure HOBA and pure
PySMPU and (B) SLCSMPU complexes with different HOBontents, along with the second DSC heating
curves (C) and the cooling DSC curves (D) for Py&E8MP4AHOBA samples treated at different temperatures

Tenperamreo(:)

DSC was used to study the supramolecular stru@ndephase transitions of the SLCSMPU complex. DSC
curves were recorded using a TA Instrument DSC Q&0 heating rate of 10 °C/min. Figure 3 shows the
second DSC heating curves for the SLCSMPU compldsigsire 3(A) demonstrates that the pure PySMPU has
only one glass transition at 54 °C. The pure HOBA lan exothermic peak (peak 1) at 67 °C, two olsviou
endothermic peaks (peak 2 and peak 3) at 18 °A@BdC, respectively, and a weak endothermic ppalk 4)

at 113 °C. Peak 1 represents the cold crystabhisaif the HOBA since it can not be detected onfitise DSC
heating curves (see ESI Fig. BY). Peaks 2 and gharerystal melting temperaturesjfor pure HOBA due to
the two types of crystals that form. Peak 4 repriss¢he phase transition from an anisotropic phiasan
isotropic phase. These observations are in accoedawith an earlier communicatidh.When the HOBA
mesogen is tethered to the PySMPU backhaadydrogen bonding to form the SLCSMPU complex, dleess

transition of the PySMPU phase can be determineth@second DSC heating curve, as shown in Fig{Ag 3

11
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The cold crystallisation (peak 1) and the firsteygf crystal melting transition (peak 2) observedthe pure
HOBA both disappear for lower HOBA contents, esamples PySMPU-0.2HOBA and PySMPU-0.4HOBA, as
shown in Figure 3(B). Interestingly, a new crystadlting peak (peak 5) can be detected at 91.9 tdewhe
second HOBA crystal melting transition peak (peake3nains constant at approximately 100 °C fooélthe
SLCSMPU complexes. This new peak (peak 5) mustdia the hydrogen-bonded HOBA mesogens because
the hydrogen-bonded HOBA crystal melting transitimak appears only in the SLCSMPU complexes arsl get
stronger as the HOBA content increases, whereafirshéype of HOBA crystal melting peak (peak 2)dacold
crystallisation peak (peak 1) tend to occur withher HOBA contents, e.g., in samples PySMPU-0.6H@B&
PySMPU-0.8HOBA, as shown in Figure 3(B). The dsnsif the second type of HOBA crystal melting
transition peak also increases with increase HOBAtent. Similar to previous studies on SMPU-LC
composited/ the free HOBA mesogen was formed when the HOBAauinwas higher. This suggests that
SLCSMPU has a phase-separation structure compdsad amorphous PySMPU phase and a HOBA phase,
including the hydrogen-bonded HOBA crystalline phasid the free HOBA crystalline phase. Thus, we can
confirm that a hydrogen-bonded supramolecular diqarystalline structure is formed in the SLCSMPU
complexes. This hypothesis is further verified hg &ffect of heat treatment, as described below.

The influence of heat treatment was investigatedtesyatically using DSC measurements. The
PySMPU-0.6HOBA samples were selected for the heatrhent experiment. The samples were first hetated
100 °C, 120 °C, 140 °C, 160 °C, 180 °C and 200After cooling to -60 °C, the second DSC heatingveur
from -60 °C to 180 °C and the cooling curves wexerded for analysis, as shown in Figure 3(C-Dyufé 3(C)
shows that there is no crystal melting transitiealpor cold crystallisation peak between 0 and°@®hen the
treatment temperature is below 100 °C. However,hyagrogen-bonded HOBA crystal melting peak (peak 5)
appears when the treatment temperature is increas@d0 °C. This peak becomes stronger as thenieswt
temperature increases to 160 °C and becomes wedhen the temperature exceeds 180 °C. This peak
disappears above 200 °C, as shown in Figure 3{Ckohtrast, the second type of HOBA crystal melting
transition peak at 100 °C becomes weaker as thpeeature increases from 100 °C to 160 °C and besome
stronger as the temperature increases from 160 20@ °C. In the DSC cooling curves in Figure 3(®hew
crystallisation peak appears at 74 °C, which caath@éuted to the hydrogen-bonded HOBA crystalirase.
This peak strengthens at annealing temperaturdghigpan 120 °C and weakens at annealing tempegatur
higher than 200 °C. Thus, we can again confirm thatrogen-bonded HOBA is formed in the SLCSMPU
complex and that heat treatment plays an importae in the formation of the hydrogen-bonded

12
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1  supramolecular liquid crystalline structure.

2 3.3 Liquid crystalline properties

o (®) (0

Figure 4. POM images{400) for pure HOBA (a), PySMPU-0.4HOBA (b) and PyS¥0.8HOBA (c) at 130
°C; POM images X 400) for pure HOBA (d), PySMPU-0.4HOBA (e) and PyBW0.8HOBA (f) at 25 °C

o 0~ W

7  The phase transition behaviour of the SLCSMPU cengs was further investigated using the POM inséntm

8 Figure 4 shows the POM images for pure HOBA, PySMPAHOBA and PySMPU-0.8HOBA in their liquid

9 crystalline states (e.g., 18) and in their crystalline states (e.g.,” @b The POM data show that the pure
10 HOBA kept its crystalline state below 85 and the phase transition started at abol{t 9®esomorphic phase
11  was detected locally within the temperature rarfg@0d” to 106C due to the crystal melting process of HOBA.
12  This process was very consistent with the DSC esen (see ESI Fig. Ct). Thereafter, HOBA enteiteal
13  liquid crystalline state between temperatures @& 40 and 138 °C. A schlieren texture showing oaly fbrush
14  singularities, which is characteristic of smectipl@ase™, was observed above 127 Finally, phase transition
15 from smectic C phase to isotropic phase occurs38t°C (see ESI Fig. DT and ESI Video Aft). This ghas
16 transition was very consistent with the previouporé that HOBA showed smectic C phase within the
17  temperature range of &5to 132.5 °C. A typical smectic C phase is pregkimtd-igure 4(a). Upon cooling, the
18 pure HOBA entered the crystalline phase at temperatiower than 84 °C. The crystalline POM imag25stC

19 is presented in Figure 4(d). No significant textefenge was observed for pure HOBA, although th€ DS
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curves suggested different crystal melting traosgi below 84 °C. When HOBA was incorporated inte th
PySMPU to form the SLCSMPU complex, similar phagangition was observed in the sample
PySMPU-0.6HOBA. Below 91C, crystalline phase was observed in a local regmmaining HOBA mesogens
while the polymer matrix kept isotropic phase dgrthe whole process. Within the temperature rarigi 8C,

to 105°C, part of HOBA region showed mesomorphic phasaliiag from crystal melting of part of HOBA
mesogen and entering the liquid crystalline ph&igben the temperature was increased to about 131heC,
smectic C phase could also be detected belowiC13fut entered the isotropic phase above’@8&e ESI Fig.

Et and ESI Video BT). This process is also verysistant with their DSC observation (see ESI Fig). The
typical schlieren texture for the smectic C phassenalso observed between 100 °C and 135 °C fbrthet
PySMPU-0.4HOBA and PySMPU-0.8HOBA upon heating awbling, as shown in Figure 4(b-c). This
indicates that the smectic C liquid-crystalline ghaemains reversible in the SLCSMPU complex. Siryil a
crystalline phase below 80 °C can be seen in Fig(ed). Compared to PySMPU-0.4HOBA, the higher HOB
content of PySMPU-0.8HOBA resulted in more obvieumsectic C phase and crystalline phases because the
sample contained not only the hydrogen-bonded cexesl of HOBA but also the HOBA dimers, as discussed
above. In contrast, samples with less HOBA formgdirbgen bonds with a small portion of the HOBA dime
Moreover, in contrast to the previously reportedriogen-bonded pyridine containing the mesogenitstinthe
present hydrogen-bonded HOBA retains its liquidstalfine properties. Compared with pure HOBA, the
SLCSMPU complex not only maintained the intringieestic C liquid-crystalline properties of the HORWt
also formed a stable polymeric film that can bedugevarious applications.

3.4 Morphology

The morphology of the SLCSMPU complex was invesiidasystematically. As mentioned above, the
SLCSMPU complexes form phase-separated structorapased of an amorphous PySMPU matrix and various
HOBA crystalline phases. The phase-separated stesctvere confirmed in the polymeric film by theN?@nd
bright-field images acquired in reflection mode saswn in Figure 5(a-b). Figure 5(a) shows thatpbkymeric

film contained both an anisotropic phase and amdp@ phase at room temperature. The magnifieghifield
image shows that the anisotropic phase resulted fhe crystalline phase of HOBA. Additionally, sowery
small crystals existed in the isotropic phase hasvs in Figure 5(b). These small crystals werdhatted to the
hydrogen-bonded HOBA crystals. This confirms thgdirogen bonding occurs between the PySMPU and the
HOBA. Additionally, the SEM images indicated twogsde separated structures, as shown in Figuresabc)
(d). One phase represented the polyurethane mattide the other phase likely represented the HOBA

14
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1 crystalline phase because numerous large, roughenysthls were detected, as shown in Figure 4(bgsé

2 results are consistent with the DSC and POM data.

3
4 Figure 5. POM image (a) and bright-field imageifb)eflection mode for the polymeric film and SEmMages
5 (c-d) from the broken face of the PySMPU-0.8HOBApie
Form physical netpoint
Form supramolecular Switch FO'™M Supramolecular LC
— o
m@_\ MCN___H_E_LI -
s o —@ \
H1 for hydrogen-bonded HOBA H 3 for supramolecular switch
e T
_/\’sz\— \OH..._ /C ‘ T;i |—:|
H2 for HOBA dimerization ) o e
6 H4 for physical netpoint

Scheme 4. Supramolecular networks of SLCSMPU complex
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According to the above analysis, we can describestipramolecular network of the SLCSMPU complex,
as shown in Scheme 4. As discussed above, the netihane backbone is composed of BINA and HDI units.
The pedant pyridine ring serves as an H-acceptughacan form hydrogen bonds (coded as H1, seensekig
with the -COOH of HOBA. This kind of hydrogen bohds also been confirmed in previous literatufed
Thus, the HOBA containing flexile tail can be siabttached to the polyurethane chain. However,ssidsed
above, when the molar ratio of HOBA/BINA is hightaan 0.4, a lot of free HOBA molecules tends tarfor
dimers through hydrogen bonding (coded as H2, sdeerSe 4) creates a long lath-like structure with a
three-ring core and two flexible terminal chdih& herefore, the hydrogen-bonded and free HOBA gess
can both congregate into the crystalline phasea@mrtemperature and self-assemble into a liquidtatyne
phase above 100 °C. Additionally, the pedant pgedring also forms hydrogen-bonded supramolecular
switches with the NH urethane groups (coded assd8,Scheme 4), as discussed in the previous litefat
3235 However, this kind of hydrogen bonding may beutised in the SLCSMPU complex as discussed above.
Temperature-dependent FT-IR spectra provide angifoaf to this different type of hydrogen bondirsgé¢ ESI
Fig. F1). The frequency change of pyridine ringthing vibrations versus temperature is not linedhe pure
SMPU, meaning the cleavage of hydrogen bonds sgram thermal-induced molecular switch, while no
significant positional change is observed in theCSMPU complex, implying the formation of hydrogen
bonding between pyridine rings with HOBA in the SE@PU complex. In addition, temperature-dependent
FT-IR spectra show that the N-H stretching vibnatshows an abrupt increase in frequency at about 70
both pure SMPU and SLCSMPU complex. It implies thapramolecular molecular switch still exists i th
SLCSMPU complex. Comparatively, the hydrogen bogdih the position of N-H gets weaker since the N-H
stretching vibration frequency shifts to higher waumber in the SLCSMPU complex. Finally, similarthe
structures of common polyurethanes, the hydrogewling among urethane groups (coded as H4) carfaiso
stable physical net points because the secondagieanf hydrogen bonding at N-H stretching vibragioends
to occur above 140 in the temperature-dependent FT-IR spectra(seeHgSIFT). Thus, the polyurethane
maintains its intrinsic structure for exhibitingettshape memory effect and the HOBA maintains itiSnisic
liquid crystalline properties.

3.5 Dynamic mechanical properties

Dynamic mechanical properties are very importanpfedicting phase transitions and shape memoeg#sifIn

this study, the pure PySMPU and the SLCSMPU complere compared. Figure 6 shows the dependence of
the storage modulus and §aon temperature. The pure PySMPU has two transpi@aks on the tancurves

16
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1 and three platforms on the storage modulus curVBs. first transition is @ transition associated with the
2 movement of the side chains due to dissociatiorthef hydrogen bonds in the pyridine ring serving as
3 thermal-induced molecular switch. It is well-kno#irat the storage modulus of BINA-HDI-based polybaete
4 s greatly influenced by the hydrogen bonding. Thhe dissociation of the hydrogen bonds resultanother
5 significant decrease in the storage modulus dutimgp transition, as shown in Figure 6(a). The second
6 transition represents they Transition of the amorphous phase. When the HOBAncorporated into the
7  PySMPU, a new transition peak appears at a higtmpéerature on the tarcurves as shown in Figure 6(b). On
8 the storage modulus curves, the modulus decreasggdhep transition and { transition. Another modulus
9  decrease occurs for the SLCSMPU complex at 95 PE¥SMPU-0.2HOBA, 97 °C for PySMPU-0.4HOBA, 98
10 °C for PySMPU-0.6HOBA and 99 °C for PySMPU-0.8HOB#s shown in Figure 6(a). These transition
11  temperatures are very close to the second crystding temperature observed on the DSC curves. ,Tthis
12 new transition can be attributed to the secondtaryselting transition. As the HOBA content incregsthe T
13 transition peaks density becomes weaker, whilesm®nd crystal melting transition peak becomesgén as
14  shown in Figure 6(b). Thus, we can confirm thattase separated structures composed of the ptipme
15 matrix and the HOBA crystals form in the SLCSMPUrgdexes. However, this is no significant decrease i
16  modulus and no transition peak on thedtamrves above 136, at which the smectic C phase enters into
17  isotropic phase as discussed above. The slight lmedbanging may be resulted from only small chasfgew
18 percent of HOBA mesogens as shown in Figure 6. ®biservation indicates that there should be a small
19 temperature dependence of the degree of associatmth hydrogen-bonded HOBA and free HOBA dinegtrs
20 the transition to the isotropic state. Thus, rebdessmectic C phase can be achieved upon heasingetl as
21  upon cooling. Therefore, the DMA curves reveal tteg modulus of the SLCSMPU complexes continuously
22  decrease from 20 to 100 °C due to the weak glassition and the dissociation of the stronger mtdecular
23 hydrogen bonds in the PySMPU matrix. An additiagighificant modulus decrease should be resulted fie
24  crystal melting transition of the HOBA phase. Adatiog to the multiphase structure requirement for
25  triple-functionality discussed above, the SLCSMPUOmplex tends to display an excited triple-shape

26  functionality due to the multiple phase transitigith the multi-step modulus decrease.
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g
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Tenperatrue ( °C) Tenperature ( °C)
Figure 6. DMA curves for pure PySMPU (a) and th&€SMPU-0.8HOBA complex (b)

3.6 Triple-shape functionality

A two-step programming process is usually requieed@chieve triple-shape functionality, where thepstise
formation of two independent shapes (A and B) amcun contrast, the recently developed one-step
programming process facilitates triple-shape teldgyy substantially increasing the attractivene$sthis
technology for technical and medical applicatidmsthe one-step programming process, deformed shafe
fixed below the first recovery temperature,(Tafter the temporary shapes are deformed at aeenpe T,
which is higher than the second recovery tempegdfljs) (T>T,,). The triple shape recovery is then achieved in
two stages of temperature recovery as the temperauncreased to,JandT,,. We proposed another one-step
programming process to achieve the triple-shapetifumality. In this process, the temporary shapaise fixed
below T;; while the temporary shapes are deformed at relgtioav temperatures T (T,<T< T,,) because
higher temperatures may destroy the physical nietgdl he first stage of shape recovery is recomatety;, and

the second stage of shape recovery is recordeg. &idure 7 shows the triple-shape memory behaviotitse
SLCSMPU complex with various HOBA contents for ome-step programming process. For the pure PySMPU,
which has only one amorphous phase, the tempohanyesis achieved at 80 °C and is fixed at room ézatpre.
The deformed strain is almost recovered when thgpésature is increased to 80 with no further strain
recovery above 100 °C. That is, the pure PySMPUwnshonly dual-shape recovery. However, triple-shape
recovery is achieved due to the phase-separatingtstes in the PySMPU-0.4HOBA, PySMPU-0.6HOBA,
PySMPU-0.8HOBA and PySMPU-1.0HOBA samples, as showhigure 7 (b-e). For instance, although the
strain is deformed at 80 °C and fixed at room tawpee, the PySMPU-0.6HOBA sample recovers only 5%
the deformed strain on the first stage of recor§0 °C. The remaining 35% strain is recoverethersecond

stage of recovery at 100 °C. This triple shapevegoprocess of sample PySMPU-0.6HOBA is also titated
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with photos in supporting information (see ESI F@t). In the SLCSMPU complex, triple-shape recovery
becomes obvious when the molar ratio of HOBA/BINAIéss than 0.8. However, the second stage strain
recovery becomes very weak when the molar ratigréater than 1.0. No strain recovery is measureithdén
second stage strain of recovery for the PySMPU-DBKA sample, possibly because the higher HOBA cdnten
resulted in a continuous HOBA crystalline phase thay destroy the physical net points in the SLC&8MP
complex required for shape recovery. Thus, the tedcitriple-shape functionality from the one-step
programming process results from multiple phasesitions. The first stage strain recovery is asgedi with

the glass transition of the PySMPU matrix, whetbassecond stage strain recovery is greatly infledrby the
crystal melting transition of the HOBA phase. Thdyoprerequisite is that the physical net pointsstrioe
well-maintained in the supramolecular liquid crylgte structure during the one-step programmingcpss.
This modified one-step programming process provadexher strategy to achieve the two stage shapeeey
under a relative lower deformation temperature authdestroying the bulk properties of polymer oditides.

It has great potential applications in smart drugntml releasing, multiple stage warning system and
self-healing system.

4. Conclusions

This paper describes a supramolecular liquid clystashape memory polyurethane (SLCSMPU) complhet t
exhibits both liquid crystalline and shape memoryperties using HOBA incorporated into PySMPUSs.IRT-
confirmed that the HOBA was tethered to the PySMiPAJstrong hydrogen bonds between the pyridine rings
and the COOH of the HOBA to form the SLCSMPU complehe DSC results showed that hydrogen-bonded
supramolecular liquid crystalline structures werenfed in the SLCSMPU complexes and that heat trexattm
played an important role in the formation of theprsumolecular liquid crystalline structure. Thusg th
SLCSMPU complex not only maintains the intrinsicestic C liquid-crystalline properties of HOBA, baiso
forms a stable polymeric film for use in variousplgations in shape memory materials. Additionatlye
morphological investigations showed that the SLC&8ME&bmplex formed two-phase separated structures
composed of an amorphous polyurethane matrix ad@BA crystalline phase that included hydrogen-bahde
crystalline HOBA and a free HOBA crystalline phaskerefore, a simple one-step programming procase
used to generate SLCSMPU complexes with excitgdetshape functionalities due to their multiple gha

transitions, particularly when the molar ratio dBA/BINA is less than 0.8.
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Figure 7. Triple-shape memory behaviours for theP&EM_C composites with various HOBA contents (a-pure
c-PySMPU-0.6HOBA; d-PySWtB.8HOBA,

PySMPU;

b-PySMPU-0.4HOBA,

f-PySMPU-1.3HOBA)
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Supramolecular shape memory liquid crystalline polyurethanes showing smectic C properties and exhibiting
triple-shape functionality using one-step programming process are prepared.



