
Polymer 210 (2020) 123075

Available online 24 September 2020
0032-3861/© 2020 Elsevier Ltd. All rights reserved.

Size-dependent phase separation and thermomechanical properties of 
thermoplastic polyurethanes 

Chien-Hsin Wu a,b, Ying-Chi Huang a,b, Wei-Lun Chen a,b, Yen-Yu Lin a,b, Shenghong A. Dai c, 
Shih-Huang Tung a,b,*, Ru-Jong Jeng a,b,** 

a Institute of Polymer Science and Engineering, National Taiwan University, Taipei, 106319, Taiwan 
b Advanced Research Center for Green Materials, National Taiwan University, Taipei 106319, Taiwan 
c Department of Chemical Engineering, National Chung Hsing University, Taichung 402204, Taiwan   

A R T I C L E  I N F O   

Keywords: 
Structure-property 
Polyurethanes 
Dendrons 
Adamantane 
Shape memory polymer 

A B S T R A C T   

Over the years, the manipulation of polymer microphase separation associated with molecular architectures has 
been holding great promise for rendering structure-property relationship. A series of poly (urea/malonamide) 
dendrons bearing rigid adamantanes in the periphery were developed to serve as branching hard segments (HS) 
for thermoplastic polyurethanes (TPUs) either in end-capping or pendant manner. Thermal properties, crystalline 
structures, and mechanical properties of the TPUs were investigated by DSC, X-ray scattering, and DMA, 
respectively. The introduction of the branching units with bulky adamantanes would expectedly hinder the 
crystallization of HS. Intriguingly, the dendrons not only accelerate the crystallization of the soft segment (SS, 
based on polycaprolactone polyol (PCL)), but promote the phase separation between HS and SS to form distinct 
microdomains as well. These enhanced effects revealed a size-dependent relationship with growing size (or 
generation) of the branching HS. With the high SS crystallinity that can freeze the chain mobility and the robust 
HS domains that work as the physical crosslinking points, the resulting TPUs incorporated with adamantane- 
bearing units show superior shape memory behaviors. This work demonstrates that the molecular engineering 
on the architectures can significantly tailor the microstructures and properties of thermal plastic polymers.   

1. Introduction 

The manipulation of microphase separation for polymers with two or 
more components presents itself a great opportunity to bring about 
unique properties that are not ever present for a single macromolecule. 
In thin-films, nanoscale phase separation is often desirable for better 
device performance. The optimum efficiency in organic photovoltaics 
depends not only on the use of semi-conductive materials, but on the 
sophisticated morphologies through interfacial engineering for the 
charge generation and transportation as well [1,2]. In another field, the 
utilization of polymeric phase separation for making the bicontinuous 
porous structures has been realized in the presence of block copolymers 
that serve as templates for functional materials. In addition to sophis-
ticated synthetic techniques, the etching process generated inter-
connected meso- or micropores, readily leading to tunable membranes 
or high capacitances electrode for advanced electrochemical energy 
storage [3–5]. 

The unique phase separation and crystallization are of great signif-
icance to thermoplastic polyurethanes (TPUs). Unlike traditional ther-
moset rubber with cross-linked networks, TPUs are capable of exhibiting 
elastomeric properties that are fully thermoplastic. These unique phys-
ical properties and excellent processibility are mainly attributed from 
two physical chemistry processes of TPUs, one is the strong hydrogen- 
bonding between urethane linkages; the other is the existence of phase 
separation between the hard segments (HS) and soft segments (SS). Over 
the years there have been continuing interests on the manipulation of 
TPUs properties through the design of polymer architecture [6–8], block 
length and chemical nature of feedstocks [9,10] and compositions 
especially regarding HS/SS ratios [11,12] to achieve the desired flexi-
bility, surface characteristics and bulk properties. In one example, TPUs 
based on rigid aromatic diisocyanates generally result in a higher tensile 
strength and modulus over the ones based on aliphatic diisocyanates due 
to the direct association of isocyanate group with phenyl ring [13]. 
Precisely controlled structures such as the HS of uniform length were 
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utilized to facilitate the microphase separation, leading to higher 
modulus and elongation at break for TPUs [14–18]. However, the 
above-mentioned morphological engineering through balancing the 
ratios of HS to SS often gets bogged down by disproportional crystal-
linity and phase separation. Previously, our lab attempted to develop a 
methodology to enhance the TPU properties via the introduction of HS 
pendants with different iterative units [19]. It was found that the use of 
the pendants with either linear or dendritic structures would lead to the 
slow formation of SS crystallinity in TPUs. Moreover, these amorphous 
HS quickly disintegrated for lack of physical crosslinking junctions when 
the temperature was higher than the Tm of SS, due to the presence of the 
disrupted polymer chain packing by the branching HS in TPUs. Indeed, 
the control of phase separation as well as the morphology fixation are 
extremely difficult to achieve. Based on the above, a thorough study on 
structure-property relationships of TPUs in terms of the impacts of 
different hard segments with precise chain lengths on the thermal and 
mechanical properties remains to be a challenging task. 

It was reported that the introduction of adamantyl moieties (acting 
as organic fillers) to polymers would bring about unique structure- 
properties relationship in the areas of the thermal behavior, phase 
separation morphology and mechanical properties [20–22]. In most 
cases, the adamantane containing TPUs exhibited amorphous micro-
structures. This is because its cubic geometry nanostructure would 
prevent the polymer chains from regular organization into crystalline 
domain [23–25]. Nevertheless, by utilizing multiple functional ada-
mantyl moieties along with an optimized chemically cross-linking den-
sity for PUs, robust thermal and mechanical properties as well as specific 
performances such as shape memory effect were realized. In addition, 
Chen et al. [26] suggested a strategy by using star-branched segments 
composed of adamantane as the core, and poly (ε-caprolactone) seg-
ments (PCL segment) as the arm to achieve polyurethane frameworks 
with semi-crystalline properties. Interestingly, the improved crystalli-
zation ability of the adamantane containing PCL segments was observed 
when compared with the pristine PCL segments as evidenced by a higher 
crystal melting peak and a larger melting enthalpy. This is because the 
rigid adamantane would be able to serve as nucleus for crystallization of 
PCL segments [26]. Although the enhancement of the mechanical 
properties of resulting PUs was limited by the presence of the extremely 
low adamantane content, shape memory properties of 99% shape fixa-
tion and 85% shape recovery were achieved. 

In our previous effort, a dual-functional building intermediate, 4- 

(3,3-diethyl-2,4-dioxoazetidin-1-yl)benzoyl chloride, or 4-isocyanate- 
4′-(3,3-dimethyl-2,4-dioxo-azetidine)diphenyl methane (IDD) was 
developed for the preparation of well-defined chain extenders for TPUs 
[27–32]. With a highly reactive isocyanate unit on one end, and a 
selectively reactive azetidine-2,4-dione on the other end, the IDD based 
hard segments with well-defined chain length and multiple hydrogen 
bonding sites were realized, demonstrating that supramolecular struc-
tures could be created via macromolecular architecture [33–36]. These 
reactions featured high yield under mild conditions in the absence of 
harsh reagents such as phosgene, or painstaking protection/depro-
tection procedures. In this study, a strategy of manipulating the polymer 
phase separation for sustaining robust HS domains in the 
semi-crystalline TPUs is revealed in Scheme 1. Via tailoring the 
branching sizes, the cage-like adamantyl moieties were introduced in 
the periphery of dendritic architectures to create thermodynamic in-
compatibility between HS and SS segments [26]. The subsequent 
incorporation of dendritic structures as chain extenders provided a se-
ries of TPUs with different well-defined branching side groups for the 
investigation of structure-properties relationship. Comparing to typical 
TPUs with micro-phase separation of crystallized SS and crystalized HS, 
TPUs prepared in this study have branching size-dependent crystallinity 
domain of SS. Thanks to the bulky size of adamantyl moieties capable of 
acting as nucleating site for crystallization of PCL based SS while 
creating distinguished microphase separation, these TPUs exhibited 
sharp melting transitions and lengthy rubbery plateaus fit for the ap-
plications of shape memory materials [37–39]. 

2. Results and discussion 

2.1. Synthesis and characterization of dendrons and dendritic chain 
extenders 

The preparation of adamantane containing dendritic hard segments 
were carried out based on the dual-functional 4-isocyanate-4′-(3,3- 
dimethyl-2,4-dioxo-azetidine)diphenyl methane (IDD) compound, 
bearing the highly reactive isocyanate group active toward hydrogen 
such as hydroxyl- or amino-group, and the selectively reactive azetidine- 
2,4-dione unit active toward only aliphatic primary amine (such as 
diethylenetramine, DETA) (Scheme 2). The adamantane containing poly 
(urea/malonamide) dendrons of generation 0.5 to 2.5 are denoted as 
[G0.5]-ada, [G1.0]-ada, [G1.5]-ada, [G2.0]-ada, and [G2.5]-ada. Sub-
sequently, [G0.5]-ada, [G1.5]-ada, and [G2.5]-ada were respectively 
modified with 6-amino-1-hexanol to obtain a series of end-capping 
agents with primary alcohol functional groups, which are denoted as 
E− [G0.5]-ada, E− [G1.5]-ada, and E− [G2.5]-ada). Likewise, the den-
drons were respectively modified with N-(3-amino-propyl)diethanol-
amine (APDEA) to form the dendritic chain extenders with diol 
functional groups, which are denoted as A-[G0.5]-ada, A-[G1.5]-ada, 
and A-[G2.5]-ada. 

For the preparation of dendrons, the first step is peripheral func-
tionalization of IDD (Scheme 2). This reaction involves reacting iso-
cyanates to various nucleophiles with facileness due to the positive 
charge on the carbon atom polarized by the high electronegativity of 
nitrogen and oxygen atoms of –N––C––O group. In spite of that, various 
nucleophilic reagents would exhibit different reactivities toward iso-
cyanates depending on the nature of nucleophilic centers. In one 
example, the isocyanate group is reactive toward primary alcohols or 
primary amino functional groups. Yet, the isocyanate is 1000 times more 
reactive toward the primary amine groups than the primary alcohols 
[40]. This is further corroborated by our previous studies [27–32]. 
Nevertheless, an extremely low reactivity between isocyanate functional 
group and the primary alcohol on the adamantyl moieties was observed 
in the peripheral functionalization. The isocyanate exhibited virtually 
no reactivity toward 1-adamantanol after heating at 60 ◦C for 3 h as 
shown in the model reaction by using 1H NMR titration (Figure S1). In 
fact, the adamantyl characteristic chemical shifts of 1-adamantanol 

Scheme 1. Illustration of typical and size-dependent thermoplastic 
polyurethanes. 
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(1.65 and 2.08 ppm) remained intact after reacting with phenyl isocy-
anate. This is due to the fact that the existence of steric hindrance effect 
plays a major role in reducing the reactivity of isocyanate toward the 
active hydrogen closely attached to the bulky adamantyl moiety [41]. 
Based on this consideration, compound 1-adamantanamine with much 
better reactivity toward isocyanate was chosen to be the reagent for the 
peripheral functionalization. The reaction between 1-adamantanamine 
and phenyl isocyanate was monitored by 1H NMR titration 
(Figure S2). The adamantyl characteristic chemical shifts of 1-adaman-
tanamine (1.56, 1.60–1.75, and 2.02 ppm) were shifted to 1.75 and 
2.05 ppm, indicating the completion of the functionalization. 

Indeed, the peripheral functionalization required a highly reactive 
nucleophile, i.e. 1-adamantanamine, to overcome the steric hindrance 

effect from the adamantyl moiety. However, the compounds with 
aliphatic primary amine groups are reactive toward both the isocyanate 
and azetidine-2,4-dione functional group on the dual-functional IDD 
compound [27,29]. This implies that the possible end-capping reactions 
of IDD with adamantyl moieties would occur through isocyanate and 
azetidine-2,4-dione during peripheral functionalization. Nevertheless, 
the steric hindrance effect turned out to be a boon to circumvent this 
issue. Due to the presence of the steric hindrance effect, the aliphatic 
primary amine of 1-adamantanamine was not reactive toward 
azetidine-2,4-dione. Instead, the aliphatic primary amine only reacted to 
the isocyanate group. For the synthesis of [G-0.5]-ada, the reaction was 
monitored by 1H NMR. The adamantyl characteristic peaks were shifted 
to 1.57, 1.86, and 1.96 ppm after the reaction. The newly formed peaks 

Scheme 2. Preparation of (a) adamantane containing poly (urea/malonamide)s, (b) end-capping agents, and (c) chain extenders.  
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were appeared at 5.75 and 8.15 ppm of the urea group for the purified 
[G-0.5]-ada product (Figure S3). A high yield of 90% was achieved. 
Subsequently, [G-0.5]-ada was reacted with diethyltriamine (DETA) for 
the preparation of [G-1.0]-ada. It is important to note that the virtually 
linear generation 1.0 poly (urea/malonamide)s with dense polar sites 
usually leads to poor solubility unfit for the 1H NMR measurement [27, 
29–31]. Fortunately, by the following addition of the IDD to prepare a 
branched generation 1.5 poly (urea/malonamide)s, the [G-1.5]-ada 
product exhibited good solubility in solvents such as THF and DMSO 
for the 1H NMR measurement. As shown in Figure S4, two methylene 
peaks were split at 3.72 and 3.79 ppm with an integral ratio of 4 to 2. 
The [G-1.5]-ada sample was further reacted with DETA and IDD in 
sequence to obtained [G-2.0]-ada and [G-2.5]-ada, respectively. For 
[G-2.0]-ada, only one methylene peak was observed at 3.71 ppm 
(Figure S5), whereas two methylene peaks were split at 3.72 and 3.79 
ppm with an integral ratio of 12 to 2 for [G-2.5]-ada (Figure S6). 1H 
NMR, EA, Mass and GPC results are shown in Table S1. 

2.2. Synthesis and characterization of dendritic polyurethanes 

In order to incorporate the adamantane containing poly (urea/ 
malonamide)s into the polyurethanes, the dendrons were modified with 
either primary alcohol moieties as end-capping agents (denoted as E−
[G0.5]-ada, E− [G1.5]-ada, and E− [G2.5]-ada for generation 0.5, 1.5, 
and 2.5, respectively), or diol moieties as chain extenders (denoted as A- 
[G0.5]-ada, A-[G1.5]-ada, and A-[G2.5]-ada for generation 0.5, 1.5, and 
2.5, respectively; Scheme 2). For the end-capping agents, the reactions 
were carried out by the addition of 6-amino-1-hexanol, the reagent with 
a primary amine and a primary alcohol, to [G0.5]-ada, [G1.5]-ada, or 

[G2.5]-ada. As shown in 1H NMR spectra (Figure S7-S9), E− [G0.5]-ada, 
E− [G1.5]-ada, and E− [G2.5]-ada were achieved as evidenced by the 
disappearance of two splitting peaks at 3.72 and 3.79 ppm, and the 
newly shifted methylene peak at 3.72 ppm. Similarly, for dendritic chain 
extenders, the reactions were carried out by the respective addition of 
APDEA to [G0.5]-ada, [G1.5]-ada, and [G2.5]-ada. Through the reac-
tion between the azetidine-2,4-dione and the primary amine, the den-
dritic chain extenders with diol functional groups (A-[G0.5]-ada, A- 
[G1.5]-ada, and A-[G2.5]-ada) were obtained as indicated by the 
disappearance of two splitting peaks at 3.71 and 3.78 ppm, and the 
newly shifted methylene peak at 3.72 ppm (Figure S10-S12). These re-
actions were also monitored by using FT-IR spectra (Figure S13). During 
the preparation of dendrons, the absorption peaks at 1742 cm− 1 and 
1856 cm− 1 indicates the formation of azetidine-2,4-dione functional 
groups for the compounds of [G0.5]-ada, [G1.5]-ada, and [G2.5]-ada 
(Figure S13(a)). In addition, the successful ring opening reaction of 
azetidine-2,4-dione moiety by the primary amine group was evidenced 
by the disappearance of absorption peaks at 1742 cm− 1 and 1856 cm− 1 

and the emergence of a malonamide absorption peak at 1656 cm− 1. For 
the preparation of chain extenders and end-capping agents such as E−
[G2.5]-ada and A-[G2.5]-ada, the disappeared azetidine-2,4-dione ab-
sorption peaks at 1742 cm− 1 and 1856 cm− 1 indicates the completed 
reaction of [G-2.5]-ada to 6-amino-1-hexanol or APDEA, while the 
newly emerge malonamide and hydroxyl peaks at 1656 cm− 1 and 3350 
± 50 cm− 1, respectively, indicates the presence of the target compounds 
(Figure S13(b)). EA, Mass and GPC results are shown in Table S1. 

The introduction of bulky side-groups or end-capping agents 
composed of adamantane containing poly (urea/malonamide)s to TPUs 
was accomplished by a typical two-step polymerization (Scheme 3). For 

Scheme 3. Polymerization of linear, end-capped, and dendritic PUs.  
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the PU prepolymer preparation, the polyester based polyol of poly-
caprolactone with a molecular weight of 3000 g/mol was reacted with 
MDI at 60 ◦C for 0.5 h in the presence of tin catalyst. Subsequently, the 
PU prepolymers were further reacted with dendritic end-capping agents 
(E− [G0.5]-ada, E− [G1.5]-ada, and E− [G2.5]-ada) or chain extenders 
(A-[G0.5]-ada, A-[G1.5]-ada, and A-[G2.5]-ada). As a result, a series of 
dendritic TPUs were obtained, including the ones with dendritic end- 
capping dendritic structures (EPU), and side-chained structures (SPU), 
The EPUs end-capped by E− [G0.5]-ada, E− [G1.5]-ada, or E− [G2.5]- 
ada would be denoted as EPU-[G0.5]s, EPU-[G1.5]s, or EPU-[G2.5], 
respectively. On the other hand, SPUs chain-extended by A-[G0.5]- 
ada, A-[G1.5]-ada, or A-[G2.5]-ada would be denoted as SPU-[G0.5], 
SPU-[G1.5], or SPU-[G2.5], respectively. For the sake of reference, a 
TPU with a linear structure (LPU) was also prepared. The compositions 
between HS/SS were studied and designated as LPUxx for LPUs, SPUxx- 
[G0.5] for SPU-[G0.5]s, SPUxx-[G1.5] for SPU-[G1.5]s, SPUxx-[G2.5] 
for SPU-[G2.5]s, and EPUxx-[G0.5] for EPU-[G0.5]s, EPUxx-[G1.5] for 
EPU-[G1.5]s, and EPUxx-[G2.5] for EPU-[G2.5]s, and SPUxx-[G0.5] for 
SPU-[G0.5]s, SPUxx-[G1.5] for SPU-[G1.5]s, SPUxx-[G2.5] for SPU- 
[G2.5]s; where the numbers are the weight ratio of hard segment (HS 
%) contents calculated by HS%= (MDI (g)+chain extenders(g))/(overall 
PU(g)). 

In general, GPC measurement provides relative molecular weight 
and the polydispersity (Đ) calibrated by using monodisperse linear 
polymers such as polystyrene as standard. However, comparing to 
typical linear polymers with random-coil conformation in polymer so-
lution, the repetitively branched tree-like molecules exhibited higher 
density in the increased molecular weight from GPC measurements [42, 

43]. Due to the fact that the GPC analysis is based on various hydro-
dynamic volumes, depending on the type of functional group or the 
selection of solvents. Consequently, GPC appears to be less sensitive in 
terms of detecting structural differences for highly branched polymer 
structure such as dendrimer in the literature [44,45]. As a result, the 
conventional molecular weight determination method by using cali-
bration curve cannot be used in such cases. 

Nevertheless, GPC measurement is a facile method to evaluate the 
molecular weight distribution (Đ) in the development of dendritic 
structures [46,47]. As shown on page 10, Table S1 of Supporting In-
formation, the low values of molecular weight distribution (Đ <1.05) 
indicate the purity and monodispersity for dendrons and dendritic chain 
extenders. Mass spectroscopy such as ESI (electrospray ionization) or 
MALDI (matrix-assisted laser desorption ionization) in combination 
with a time of flight mass spectrometer (TOF MS) were also utilized to 
determine the empirical molecular weights, along with the results of 
elemental analysis (EA) providing the evidence to the weight percent of 
each element from calculated number. The structures of target com-
pounds could thus be established [42–47]. 

The synthesis of TPUs was characterized by using FT-IR. For LPU50, 
the presence of the absorption peaks at 1727 cm− 1 and 1702 cm− 1 for 
free carbonyl group and hydrogen-bonded carbonyl group, respectively, 
confirmed the formation of urethane linkages (Figure S13(b)) [48,49]. 
Furthermore, the dendron containing EPU50-[G2.5] and SPU50-[G2.5] 
exhibited urethane carbonyl absorption peaks at 1723 cm− 1 and 1726 
cm− 1, respectively. The absorption peaks at about 1650 cm− 1 were 
attributed to the presence of malonamide linkages of the dendritic E−
[G2.5]-ada and A-[G2.5]-ada. The molecular weights were measured by 

Table 1 
Formulations, compositions and properties of TPUs.  

Samplea MDIb (mol) Polyolc (mol) Chain extenders (mol) Ada%g (wt%) Mw
h (g/mol × 104) Đh XC1,SS

i (%) XC2,SS
i (%) 

DEGd Dendritic diolse End-capping agentsf 

LPU35 1.26 0.26 1 0 0 0.0 8.5 4.10 60.3 23.7 
LPU40 1.20 0.20 1 0 0 0.0 9.8 3.43 45.4 0.0 
LPU45 1.16 0.16 1 0 0 0.0 7.5 3.18 36.5 0.0 
LPU50 1.13 0.13 1 0 0 0.0 10.7 3.29 0.0 0.0 
LPU55 1.10 0.10 1 0 0 0.0 12.1 3.60 0.0 0.0 
EPU45-[G0.5] 1.65 0.65 0 0 2 3.8 2.1 1.71 12.1 0.0 
EPU55-[G0.5] 1.42 0.26 0 0 2 6.0 1.3 1.58 74.5 0.0 
EPU45-[G1.5] 2.46 1.46 0 0 2 3.4 1.8 2.02 79.7 69.8 
EPU55-[G1.5] 1.94 0.94 0 0 2 4.3 1.2 1.73 82.6 5.6 
EPU45-[G2.5] 4.08 3.08 0 0 2 3.2 1.9 1.89 38.5 71.5 
EPU55-[G2.5] 2.99 1.99 0 0 2 4.1 1.6 1.50 51.4 71.3 
SPU45-[G0.5] 1.40 0.40 0 1 0 6.2 8.2 3.55 86.5 0.0 
SPU50-[G0.5] 1.32 0.32 0 1 0 7.1 7.3 2.90 83.1 0.0 
SPU55-[G0.5] 1.26 0.26 0 1 0 7.9 6.8 3.67 81.2 0.0 
SPU35-[G1.5] 2.30 1.30 0 1 0 4.5 7.4 2.89 94.1 52.7 
SPU40-[G1.5] 2.02 1.02 0 1 0 5.3 9.1 3.70 91.6 40.2 
SPU45-[G1.5] 1.81 0.81 0 1 0 6.2 8.9 2.81 78.8 29.5 
SPU50-[G1.5] 1.66 0.66 0 1 0 6.9 7.3 2.94 36.6 8.2 
SPU55-[G1.5] 1.52 0.52 0 1 0 7.8 8.6 3.50 23.7 0.0 
SPU35-[G2.5] 3.61 2.62 0 1 0 4.5 8.2 2.77 66.3 51.4 
SPU40-[G2.5] 3.04 2.04 0 1 0 5.3 9.0 3.20 77.7 50.8 
SPU45-[G2.5] 2.62 1.62 0 1 0 6.2 8.7 3.09 54.6 50.4 
SPU50-[G2.5] 2.30 1.30 0 1 0 7.0 8.1 3.41 32.2 53.5 
SPU55-[G2.5] 2.04 1.04 0 1 0 7.8 7.0 2.65 0.0 33.4  

a The hard segment contents (HS%) are calculated according to the following formula: HS%= (MDI (g)+chain extenders(g))/(overall PU(g)). 
b The molecular weight of MDI is 250.25 (g/mol). 
c The molecular weight of polycaprolactone polyol (PCL3000) is 3000 (g/mol). 
d The molecular weight of diethylene glycol (DEG) is 106.12 (g/mol). 
e The molecular weights of dendritic chain extenders are 633.4 (g/mol), 1527.9 (g/mol), and 3316.8 (g/mol) for A-[G0.5]-ada, A-[G1.5]-ada, and A-[G2.5]-ada, 

respectively. 
f The molecular weights of dendritic end-cappers are 588.4 (g/mol), 1482.9 (g/mol), and 3271.8 (g/mol) for E− [G0.5]-ada, E− [G1.5]-ada, and E− [G2.5]-ada, 

respectively. 
g The weight ratios (wt%) of adamantly moieties in PUs. 
h Weight average molecular weight (Mw) and polydispersity (Đ) were measured by using the GPC. 
i The crystallinity of PCL based soft segments for TPUs (XC1,SS and XC2,SS) were investigated by measuring melting enthalpy during the first and second heating run in 

DSC, respectively; and calculated according to the formula (△Hm, SS/△Hm, PCL,100 %) × 100 %, where △Hm, PCL is the melting enthalpy of PCL (82.9 J/g). 
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gel permeation chromatography (GPC) in DMF as eluent and calibrated 
by using polystyrene as standards (Table 1). The weight average mo-
lecular weights (Mws) ranged from 75,000 to 120,000 g/mol, with 
polydispersities (Đ) between 3.2 and 4.1 for LPUs; Mws ranged from 13, 
000 to 21,000 g/mol with Đ in the range of 1.5–2.1 for EPUs; Mws ranged 
from 68,000 to 91,000 g/mol with polydispersities in the range of 
2.6–3.7 for SPUs. Relatively low molecular weights for EPUs are because 
EPUs were derived from the end-capping reactions of the PU prepol-
ymers, i.e. the PU prepolymers were not chain-extended in this case. The 
formulations, compositions and molecular weight are listed in Table 1. 

2.3. Thermal properties and phase separation 

Thermal properties of adamantane containing poly (urea/malona-
mide)s were studied using thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) as shown in Figure S14. For the 

TGA analysis, the samples were equilibrated at 105 ◦C for 30 min in the 
furnace to remove moisture first, and temperature was ramped from 105 
to 800 ◦C at a heating rate of 10 ◦C/min under nitrogen. All the dendrons 
exhibited a 5% weight loss temperature higher than 185 ◦C. For the DSC 
analysis, the thermal phase transitions were investigated with the sec-
ond heating scans at a rate of 10 ◦C/min under nitrogen (Figure S14). No 
apparent transition was found for [G0.5]-ada below 200 ◦C. This is 
different from the dendrons of generations 0.5 bearing peripheral linear 
alkyl chains or phenyl groups that exhibited melting points (Tms) in our 
previous studies [19,33]. Moreover, we had found that the dendritic 
poly (urea/malonamide)s with higher generations only showed distinct 
glass transition Tg which increased as the dendron increased in size [28]. 
In this work, due to the presence of the rigid adamantane moieties in the 
periphery that would restrict the molecular motion, the Tg of [G2.5]-ada 
reached to 178 ◦C, much higher than those of the counterparts with 
peripheral alkyl chains or phenyl groups [19]. All the dendritic poly 

Fig. 1. DSC thermograms from the first heating run for (a) LPUs, (c) SPU-[G1.5]s, and (e) SPU-[G2.5]s; and the second heating run for (b) LPUs, (d) SPU-[G1.5]s, and 
(f) SPU-[G2.5]s. 
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(urea/malonamide)s exhibited only amorphous phase without any sign 
of crystallinity. This is possibly due to the fact that the bulky ada-
mantanes would disrupt the molecular packing. 

DSC thermograms of LPUs with linear architecture for the first and 
the second heating runs at a rate of 10 ◦C/min are shown in Figure S15. 
LPU35, LPU44, and LPU45 exhibited typical semi-crystalline TPU 
properties. The first heating runs in Figure S15(a) showed sharp endo-
thermic melting peaks at ~ 50 ◦C (Tm,SS) that are assigned to the crys-
talline PCL-based SS [50] and the broad transitions at temperatures 
above 150 ◦C were the melting of HS (Tm,HS) [51]. When the ratio of HS 
content increased, the degree of SS crystallinity calculated from the 
melting transition of the first heating run (Xc1,SS) decreased 60.3%, 
45.4%, 36.5%, 0.0% and 0.0% for LPU35, LPU40, LPU45, LPU50, and 
LPU55, respectively. Tm,HS increased with increasing HS content from 
about 150 ◦C to 185 ◦C. This result implies that the SS and HS in LPUs 
crystallized separately and were microphase-separated. For LPU50 and 
LPU55 with higher HS fractions, the dominant crystallization of HS 
might fix the LPU chains in an arrangement that favored HS packing but 
sacrificed the SS packing. This explains why the SS crystallization was 
absent. In the second heating runs (Figure S15(b)), only LPU35 exhibi-
ted a recrystallization and a melting transition of the SS domain (Xc2,SS 
~ 23.7%). The melting of the HS domain became obscure as well. This 
indicates that the crystallization of LPUs was suppressed and slow under 
a 10 

◦

C/min cooling. The glass transition temperature (Tg,SS) of the SS 
domain could be therefore clearly observed at ~ − 40 ◦C due to the high 

fraction of the amorphous phase in these samples. 
The introduction of adamantane containing dendrons into the TPUs 

causes unusual thermal transitions. Different from the previous litera-
ture in which the SS crystallization was limited by the introduction of 
the dendritic poly (urea/malonamide)s with peripheral alkyl chains [19, 
30,31], the first heating runs of SPUs with side-chain dendritic poly 
(urea/malonamide)s with peripheral adamantyl moieties exhibited 
sharper SS melting peaks at ~ 55 ◦C and higher SS crystallinity in 
comparison to the LPU counterparts (Fig. 1). In contrast, the melting 
peak above 150 ◦C disappeared due to the presence of the bulky 
side-chain dendrons that retarded the HS crystallization. The SS crys-
tallinity decreased slightly with increasing HS contents and the degrees 
of crystallinity of SPU-[G0.5] series were over 80% even for the samples 
with high HS contents such as SPU50-[G0.5] and SPU55-[G0.5] (Fig. 1 
(a)). This is due to the fact that the bulky branching units would hinder 
the HS packing. This in turn gives more freedom to SS for close packing, 
which becomes dominant so as to lower the free energy [19,30]. For the 
second heating runs, the crystallization of SPU-[G0.5] series was fully 
suppressed under a 10 

◦

C/min cooling and Tg,SS at ~ − 30 ◦C could be 
observed due to low crystallinity (Fig. 1(b)). 

For the side-chain TPUs with the dendrons of higher generations, 
SPU-[G1.5] and SPU-[G2.5] series were able to crystallize under cooling 
(Figure S16) and recrystallize upon heating (Fig. 1), except SPU55- 
[G1.5]. We suggest two reasons for the higher crystallization rates of 
SPU-[G1.5] and SPU-[G2.5] series. First, the bulkier side-chain 

Fig. 2. Small-angle X-ray scattering (SAXS) of (a) 2-D patterns of TPU with 40 wt% HS at RT and 70 ◦C, and the corresponding 1-D profiles at (b) RT and (c)70 ◦C, 
respectively. 
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dendrons would prevent the HS from close packing, i.e. leading to lower 
free energy, and therefore the free energy of the system is dominated by 
the SS crystallization. Second, the dendron of higher generation in-
creases the incompatibility between SS and HS and thus promotes the 
microphase separation between SS and HS in SPUs at elevated temper-
atures where the chains can freely move. This would facilitate the SS 
packing in purer soft domains under cooling as evidenced by the 
observation of the SPU55-[G2.5] crystallization shown in the second 
heating after a thermal cycle (Fig. 1(f)) in contrast to the amorphous 
characteristics observed in the first heating. The EPUs exhibited similar 
thermal properties to those of SPUs as revealed in Figure S17 even 
though the dendrons were in the end-capped positions instead of 
pendant ones. The Tg,HS values could be observed at 120 and 140 ◦C for 
EPU55-[G1.5] and EPU55-[G2.5], respectively. In summary, the 
adamantane-containing dendrons on TPUs would certainly suppress the 
HS packing while favoring the SS packing. 

The structures of the TPUs samples were investigated by X-ray 
diffraction (WXRD) as shown in Figure S18. In Figure S18(a), the 
diffraction peaks of LPUs at 21.3◦ and 23.5◦ were produced by (110) and 
(200) planes of the PCL-based SS crystals, respectively [52], and the 
diffraction peaks at 9.6◦ and 18.8◦ corresponded to the characteristic 
peaks of MDI-based HS crystalline domains [51], indicating both SS and 
HS form crystals. This is in agreement with the DSC results. Comparing 
to the LPU samples, more distinct peaks with narrower width at 21.3◦

and 23.5◦ were found for the branched SPU-[G1.5]s and SPU-[G2.5]s, in 
the absence of the HS crystal diffraction (Figure S18(b) and (c)). This 
result suggests that the branched SPUs exhibited only the crystalline SS 
domains with a higher crystallinity and a more ordered packing over 
LPUs, also consistent with the DSC results. 

The phase-separated morphology of the TPU samples were further 
investigated by small angle X-ray scattering (SAXS) at room temperature 
and 70 ◦C. The 2-D patterns and the corresponding 1-D profiles of the 
samples with 40 wt% HS are shown in Fig. 2. At room temperature, 
LPU40 exhibited a circular scattering ring at q = 0.32 nm− 1 (d-spacing 
= 19.6 nm), a feature of the microphase-separated morphology between 
SS and HS with random orientation. For the SPUs with dendritic pen-
dants, the d-spacings were 17.0, and 21.7 nm for SPU40-[G1.5] and 
SPU40-[G2.5], respectively. The d-spacings increased when the SPUs 
comprised the dendrons of higher generation. At 70 ◦C, which was over 
the SS melting temperature, the polymer chains could move freely to 
reorganize. The diffraction peak of LPU40 became sharper and slightly 
shifted to a lower q. In the cases of SPU40-[G1.5] and SPU40-[G2.5], the 
diffraction peaks at 70 ◦C became much sharper and moved to lower q 
territory as well, especially for SPU40-[G2.5]. The results imply that 
more distinct microphase-separated domains composed of pure HS and 
SS were formed. This is caused by the increasing incompatibility be-
tween HS and SS as the SPUs comprised dendrons of higher generation. 
The purer soft domains allowed SS to pack easily so that the crystalli-
zation rate was increased, as evidenced by the DSC results in Fig. 1. It is 
important to note that the size-dependent behavior of TPU microphase 
separation was also observed in the nearly disappeared diffraction peak 
at 70 ◦C for SPU45-[G0.5], indicating a well mixing of HS and SS after 
the melting (Figure S19). 

At room temperature, TPUs exhibited typical microphase separation 
for LPUs with 60 wt% or 55 wt% of SS based on the morphology study 
from DSC and X-ray diffractions. The crystallized SS would phase- 
separate from the domains comprising the mixing phase of amorphous 
SS and semi-crystallized HS as shown in Fig. 3(a). At 70 ◦C, the melted SS 

Fig. 3. Size-dependent phase separation morphology of TPU samples at room temperature (a)–(d), and (e)–(h) 70 ◦C.  
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could freely organize into larger amorphous domains, while the above- 
mentioned domains were frozen by the crystallized HS (Fig. 3(e)). 
Moreover, the suppressed SS crystallization of second heating runs in 
DSC study implies the existence of amorphous HS as impurity in this 
amorphous SS-rich domain for LPUs. In Fig. 3(b)–(d), when the linear HS 
were replaced by branching units such as [G0.5]-ada, [G1.5]-ada, or 
[G2.5]-ada, the disappearance of melting transition indicates that the 
HS became amorphous at room temperature for SPU-[G0.5]s, SPU- 
[G1.5]s, and SPU-[G2.5]s. Due to the existence of amorphous HS, the 
growth of SS crystallinity grain sizes was observed as evidenced by the 
increased degree of crystallinity along with similar d-spacing between 
SPUs and typical TPUs (Fig. 3(b), (c), (d)). At 70 ◦C, various microphase 
separation morphologies were observed depending on the sizes of 
branching units. In Fig. 3(f), the nearly disappeared diffraction peak 
investigated by SAXS revealed a well mixing of HS and SS after the 
melting of SS for SPU-[G0.5]s. As the size of branching units increased 
(Fig. 3(g) and (h)), sharper peaks were observed and shifted to lower q 
territory in SAXS diffractions. This indicates that more distinct phase 
separation was created for SPU-[G1.5]s and SPU-[G2.5]s. With the 
further increased size of branching units, SPU-[G2.5]s exhibited purer 
microphase-separated domains in Fig. 3(h). 

2.4. Mechanical properties 

The temperature-dependent mechanical performance of the TPUs 
was studied by DMA (Fig. 4). In Fig. 4(a), the LPU samples exhibited a 
typical behavior of thermoplastic elastomeric polyurethanes. The sharp 
decrease in the storage modulus (E′) around − 35 ◦C with increasing 
temperature was attributed to the glass transition of the amorphous PCL- 
based SS. At about 60 ◦C, another sharp decrease in E′ was due to the 

melting of SS crystals, especially for LPU40 and LPU45 with high SS 
crystallinity (Figure S15(a)). At temperature higher than 125 ◦C, the 
drop of E′ was related to the melting of the HS domains. 

When the pendant units were introduced into the TPU samples, SPU- 
[G0.5]s with weak intermolecular interactions were too fragile to be 
measured by DMA. The DMA results of SPU-[G1.5] and SPU-[G2.5] are 
shown in Fig. 4(b) and (c). In Fig. 4(b), SPU35-[G1.5], SPU40-[G1.5], 
and SPU45-[G1.5] with the higher SS crystallinity exhibited higher 
storage moduli than those of SPU50-[G1.5] and SPU55-[G1.5] below the 
SS melting temperature at about 60 ◦C. The drop of E′ around − 30 ◦C for 
SPU50-[G1.5] and SPU55-[G1.5] with lower SS crystallinity resulted 
from the glass transition of the amorphous SS. A sudden decrease in E′

caused by the melting of SS was observed for the SPU-[G1.5]s around 
60 ◦C, except the low-crystallinity SPU55-[G1.5] with a slow declining 
trend. In fact, SPU35-[G1.5] and SPU40-[G1.5] quickly softened at 
temperatures above 60 ◦C due to the low fraction of HS while E′s of 
SPU45-[G1.5] and SPU50-[G1.5] reached a plateau above 60 ◦C, thanks 
to the physical crosslinking formed by the HS domains, and rapidly 
dropped at around 100 ◦C as the HS domains disintegrate [19,27,29]. 
Apart from that, SPU55-[G1.5] exhibited the lowest E′ that dramatically 
decayed around 90 ◦C due to lack of both the SS crystallinity, and strong 
HS-SS incompatibility that would lead to distinct HS domains as cross-
linking points. In Fig. 4(c), SPU35-[G2.5], SPU40-[G2.5], and 
SPU45-[G2.5] exhibited similar dynamic mechanical behaviors. Typi-
cally, the storage modulus, E′ sharply decreased around 55 ◦C due to the 
melting of SS and then reached a plateau due to the HS physical cross-
linking, followed by a liquification above 100 ◦C due to the disintegra-
tion of the HS domains. The storage modulus increased with increasing 
HS content. SPU50-[G2.5] and SPU55-[G2.5] with less SS crystallinity 
and high HS fractions exhibited a slight drop of E′ around − 50 ◦C, and 

Fig. 4. Temperature dependence of the storage modulus at 1 Hz for (a) LPUs, (b) SPU-[G1.5]s and (c) SPU-[G2.5]s.  
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then the storage modulus E′ slowly decreased but remained higher than 
the rubbery plateau moduli of other SPU-[G2.5]s until a sharp drop 
above 100 ◦C. All SPU-[G2.5]s exhibited rubbery plateau regions be-
tween 50 and 100 ◦C, indicating that the dendron pendants of higher 
generations could effectively bring about the formation of stable HS 
domains that worked as the physical crosslinking points. 

Fig. 5 shows the stress-strain curves for LPUs and SPUs. LPUs 
exhibited a typical elastomeric performance with over 300% elongation 
at break in the absence of the yield stress (Fig. 5(a)). The elongation at 
break increased with increasing SS content. As shown in Fig. 5(b) and 
(c), both SPU-[G1.5]s and SPU-[G2.5]s exhibited plastic-like behaviors 
with distinct yield stress and strain-hardening properties, which could 
be attributed to the existence of the high SS crystallinity. This yielding 
was mainly controlled by deformation within the crystals where a slip in 
crystal lamellae occurred. In addition, the stresses at breaks were 
improved with the growth of the pendant sizes because HS would form 
more robust physical crosslinking points. Among all the PUs, SPU35- 
[G2.5] exhibited the best performance, with a stress at break over 40 
MPa and elongation at break over 750% (Fig. 5(c)). 

2.5. Shape memory behavior 

As mentioned in previous section, the EPU samples with low mo-
lecular weights and poor mechanical properties are not fit for shape 
memory test. Nevertheless, the LPUs and SPUs with robust mechanical 
properties were put to the tests. Shape memory performance was 

evaluated quantitatively by DMA in a force-controlled mode in the 
temperature range between 0 and 65 ◦C (Figure S20 and Table 2). The 
representative testing processes of TPUs with 40%HS are shown in 
Figure S21. In the first step, the specimens were equilibrated at 65 ◦C for 

Fig. 5. Stress-strain curves for (a) LPUs, (b) SPU-[G1.5]s and (c) SPU-[G2.5]s.  

Table 2 
Shape memory performance.  

Samplea Shape retentionb (%) Shape recoveryc (%) 

1st 2nd 3rd 1st 2nd 3rd 

LPU35 83.1 82.3 84.6 77.5 66.8 62.3 
LPU40 83.0 81.7 83.2 77.4 72.7 70.2 
LPU45 82.3 82.0 82.2 76.9 70.4 70.3 
LPU50 76.8 79.2 81.0 74.8 74.4 72.8 
LPU55 75.9 73.2 76.0 73.6 73.5 72.8 
SPU35-[G1.5] 98.6 98.7 98.9 94.2 88.1 78.8 
SPU40-[G1.5] 98.8 98.7 98.7 94.8 89.9 84.5 
SPU45-[G1.5] 97.8 97.8 97.8 95.2 90.9 86.0 
SPU50-[G1.5] 90.1 90.6 89.2 91.8 86.6 83.0 
SPU55-[G1.5] 90.9 92.1 89.5 90.9 84.9 81.9 
SPU35-[G2.5] 98.7 99.0 98.3 96.8 94.2 94.1 
SPU40-[G2.5] 98.0 98.4 98.6 98.4 97.5 97.2 
SPU45-[G2.5] 97.9 97.7 97.8 96.2 95.9 95.4 
SPU50-[G2.5] 93.6 94.4 91.2 95.7 93.3 92.3 
SPU55-[G2.5] 88.2 82.6 82.0 91.1 86.2 85.1  

a 100% deformation at 65 ◦C. 
b Temporary shape retention at 0 ◦C. 
c Shape recovery at 65 ◦C. 

C.-H. Wu et al.                                                                                                                                                                                                                                  



Polymer 210 (2020) 123075

11

20 min without loading, which is above the melting temperature of SS 
but below the disintegration temperature of HS domains. Subsequently, 
the samples were stretched to a strain of 100% (εm = 100%) under a 
force of 0.05 N/min. After the stretching, the specimens were cooled 
down to 0 ◦C at a rate of 5 

◦

C/min. In the third step, the force was 
released, and the specimens were loaded with a minimal tensile force of 
0.001 N and held isothermally at 0 ◦C for 10 min, which is considered as 
a stress-free condition where the equilibrium strain (εu) was recorded. In 
the final stage, the specimens were heated to 65 ◦C at 5 

◦

C/min to 
complete one cycle of shape memory test and the strain (εp) after re-
covery was obtained [53–55]. The parameters of the shape memory 
performance are defined as follows:  

Shape retention ratio (%) = εu / εm × 100.                                                  

Shape recovery ratio (%) = (εm – εp) /εm × 100.                                         

For the LPU40 sample with elastomeric properties (Figure S21), the 
strain abruptly shrank after the force was released at 0 ◦C, indicating the 
SS crystallinity is not high enough to freeze the chain mobility and to 
maintain the strain. When the sample was heated up back to 65 ◦C, the 
recovery of strain stopped at 20–40% due to the weak HS physical 
crosslinks. The shape retention ratio ~70–85% and the shape recovery 
ratio ~60–80% shown in Table 2 indicate a poor shape memory per-
formance for LPUs. The fixity of the strain after cooling and the recovery 
of the strain after reheating for SPU40-[G1.5] and SPU40-[G2.5] with 
high SS crystallinity and strong HS domains were greatly improved. The 
shape retention ratio and the shape recovery ratio of SPU40-[G2.5] were 
over 98% and stably maintained after three cycles of the shape memory 
test. SPU40-[G1.5] exhibited a relatively low shape recovery due to the 
somewhat weaker HS physical crosslinks. All in all, the shape memory 
performances of SPUs listed in Table 2 are much superior to those of 
LPUs, manifesting the significant role of the adamantyl dendrons in 
TPUs. 

3. Conclusion 

In this study, a unique approach to render the phase separation 
resulting in the unique structure-properties relationship for the versatile 
thermoplastic polyurethanes. Surprisingly, the reaction between 1-ada-
mantanamine and azetidine-2,4-dione was restricted due to steric hin-
drance. Through our painstaking effort, this resulted in an isolated yield 
over 90% for a series of the adamantane containing poly (urea/malo-
namides) with well-defined structures. Unlike the typical thermal plastic 
polyurethanes with co-existence of crystallinity in both SS and HS do-
mains, the introduction of the dendritic adamantane containing poly 
(urea/malonamides) provided an amorphous HS with high degree of SS 
crystallinity in the evidence of DSC and WXRD investigations. Depend-
ing on the sizes of branching architectures, which were determined by 
the use of different dendritic chain extenders of generation 0.5 to 2.5, 
distinguished microphase separation revealed that the highly branching 
HS would be able to create more physical crosslinking junctions at 
temperatures higher than the melting of SS as investigated by the 
temperature-dependent SAXs measurements. This phase separation 
characteristic created unique structure-properties relationship with 
sharp melting transitions and lengthy rubbery plateaus for the samples 
with larger branched HS components. As a result, thermoplastic poly-
urethanes of SPU40-[G2.5] exhibited a shape retention over 98%, and a 
shape recovery of 98% after three runs of the shape memory evaluations. 
This work demonstrates that the molecular engineering can significantly 
tailor the microstructures and properties on thermal plastic polymer. 
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