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ABSTRACT

can have various applications in different fields such as medicine, where

mechanical behavior and shape memory are improved in these samples
compared to linear shape memory polyurethanes. Shape memory polyurethanes
consist of at least two different phases. The first phase, which is in the form of a
net point, is responsible for maintaining the permanent shape of the shape memory
polyurethane. In contrast, the second phase, also known as shape memory switches,
temporarily fixes the temporary shape of the polyurethane by crystallinity. The aim of
this research is the synthesis of linear and star polycaprolactones (PCLs) in the first
step and the synthesis of CSMPUs using linear and star PCLs in the second step, as
well as the investigation and comparison of hydrogen-bonding indices through -C=0
groups and -NH CSMPU samples that were synthesized using glycerol as the initiator
Keywords: of the soft segment or the chain extender of the hard segment.
Methods: Linear and star polycaprolactones (PCLs) were synthesized using ring-
opening polymerization (ROP) of caprolactone, and shape memory polyurethanes
with chemical cross-linking (CSMPU) were synthesized using a two-step pre-
polymerization method. By changing the molar ratios of the functional groups, the
weight percentage of the hard segment in polyurethane samples was kept constant at
10%.
Findings: The hydrogen-bond index is decreased with the introduction of glycerol
as a chain extender. Also, the degree of crystallinity in CSMPU samples is decreased
compared to those of pure PCLs. With the increase of chemical cross-linking the
crystallinity of CSMPU samples is decreased. In addition, in the studies of mechanical
behavior, no significant difference was observed in the presence of glycerol in the soft
segment or the hard segment.

l l ypothesis: Chemical cross-linked shape memory polyurethanes (CSMPUs)
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Table. 1. Characteristics of the synthesized linear and star-shaped PCLs.

Chemical structure of the Theoretical molecular weight of
Initiator Acronyms
initiator each arms (g/mol)
HO.
1,4-Butanediol SN"NoH 3000 PCL-BDO-3000
OH

Glycerol \)\/ 3000 PCL-GL-3000

HO OH
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Scheme 1. Synthetic route of (a) preparation of linear and star-shaped PCLs, (b) preparation of pre-polymer, (c) addition of chain

extender to prepolymer, (d) formation of chemical cross-links in CSMPU-GL-BDO-3000 sample, and (e) formation of chemical

cross-links in CSMPU-BDO-GL-3000 sample.
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Table. 2. Characteristics of the synthesized CSMPUs.
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Fig. 1. '"H NMR spectra and chemical structures of the

synthesized linear and star-shaped PCLs.
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molecular weights of the synthesized PCLs.

M of each M of the

Sample 3¢ 8¢
arm (g/mol) | PCL (g/mol)

H H

PCL-BDO-3000 | 0.97 | 0.06 3952 -
PCL-GL-3000 | 0.96 | 0.03 3784 11442
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Fig. 2. FTIR spectra of different synthesized PCLs and
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Table. 4. Deconvolution results of the -C=0 region with peaks position and percent peaks area.

] Free ester (I) H-bonded urethan Free H-bonded urea HBI
ample
(cm™) (IT) (em™) urea (III) (cm™) (IV) (em™) (%)
PU-GL-BDO-3000 1727 (65.2%) 1686 (18.3%) 1666 (12.8 %) 1630 (3.7 %) 22
PU-BDO-GL-3000 1724 (76.5 %) 1692 (11.3 %) 1668 (9.3%) 1640 (2.9 %) 14.2
VERY 55531355 ¥ 0 Lo g oms s 2otk (5 I5I9iS5 9 ol cpale almo 19A



A Aladls Y9k RI9S M St 9 25 Slddnkad )3 Jg pamulS il

s ot s 5 iy Camdge b -NH ab S conseloals s -0 Jsar

Table. 5. Deconvolution results of the -NH region peak with peaks position and percent peaks area.

Sample Free -NH (I) H-bonded H-bonded Fermi resonance HBI
(cm™) HS-HS (II) (cm™) HS-SS (1) (cm™) (IV) (em™) (%)

PU-GL-BDO-3000 3393 (12.4 %) 3359 (29.2 %) 3321 (40.3 %) 3287 (18.1 %) 84.8
PU-BDO-GL-3000 3401 (57.9 %) 3369 (19.5 %) 3325 (14.3%) 3279 (8.3 %) 36.8
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Fig. 4. DSC thermograms of different PCLs and CSMPUs (a) second heating and (b) cooling, and (c) XRD patterns for PCLs and

CSMPUs.

SETAYS 5 PCL sls vy T gl S AH (1)) doles o
G axkd llie HSC 5 ol Vool K5k L Lalls PCL
IVF] ol i WPCL (gl 45 03 5 45 ga
Ao,3 PCL-GL-3000 4508 ls 0Li5 DSC Ose3l s
51 @ls 53 2015 PCL-BDO-3000 4 & 1 6 2 (S )5k
St PCL i o L i PCL (653 o 505 035 o Ll
Gibe Lok slaass Wlg s sloliw PCL plple ool

k.iﬁ.?)b j'.’.}.’. U;"J'i J\JJ.A Bhkl-}g‘ﬂ 4.3‘_5‘)9 c(k:».w\ '/\Of nm

DYl el Sl i)

DSC 3 XRD K., 50 el Ol L) 4 a5 b e
)(j..é jlah)w ¢5‘<“ﬂ)j‘(" )‘-/\Eﬂ g.:,.>=.f)} DSC Cith c.)s...j e}\} @7-]5
V] el s (V) Wslae 51 0T Sliie 45 5,8

X (%) = AH

2B %100
136 (1- HSC)

QRY)

(Tc) u:'.)j‘k‘ L;DJJ(Tm) UJJ LQLAJ DSC )XRD )l oJATCA.wDAJ. ui"i)jl’ b)b}(*")}(\\')duw LS‘)’))L o_;\..\.:(—? J)Jo-

ilise SWCSMPU 5 WPCL ¢l

Table 6. Crystal sizes for (110) and (200) planes and degree of crystallinity (X (%)) obtained from XRD and DSC, melting (T )

and crystallization (T ) temperatures for various PCLs and CSMPUS.

Sample Crystal size (nm) Degree of crystallinity (%) T (C) T ()
Ll 10 L200 XXRD XDSC " ‘
PCL-BDO-3000 27.4 25.8 44 52.5 54.7 25.5
PCL-GL-3000 22.5 18.7 46 56.7 50.7 22.0
PU-GL-BDO-3000 21.20 23.00 17.60 48.05 52.1 -0.6
PU-BDO-GL-3000 22.20 20.30 17.20 44.93 50.3 10.3
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Fig. 6. Stress-strain curves of different CSMPUs.
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Table. 7. Results of tensile strength, elongation at break and modulus for CSMPU samples.

Sample Tensile strength (MPa) Elongation at break (%) Modulus (MPa)
CSMPU-GL-BDO-3000 11.7+0.26+0.26 463.86+£19.5+19.5 172.847.3£7.3
CSMPU-BDO-GL-3000 12.16+0.15+0.15 435.38+15.15+15.15 90.26+10.5+10.5
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Table 7. Results of shape memory properties of CSMPU at 65°C.

FO°C glas 53 CSMPU (gla yos LS il ol ot gylss —A J sl

Sample Tensile strength Elongation Shape fixity ratio Shape recovery ratio
(MPa) (%) (%) (%)
CSMPU-GL-BDO-3000 0.81 50 100 100
CSMPU-BDO-GL-3000 5.42 50 100 100
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Fig. 7. Stress-strain curves of shape memory behavior for

different CSMPUs.
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BDO 1,4-Butanediol
CSMPU Chemical cross-linked shape memory polyurethane
DMF Dimethylformamide
DSC Differential scanning calorimetry
FITR Fourier-transform infrared
HBI H-bonded index
HNMR Hydrogen nuclear magnetic resonance
GL Glycerol
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