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Abstract
Hard segments of polyurethanes (PUs) are generally formed from diisocyanate and diol. Diol can be replaced with triol and thiol.
These chemical structures of hard segments strongly affect not only a microphase separated structure but mechanical properties of
resultant PUs. In this review, we focus on the relationship between chemical structure like symmetry and bulkiness of
diisocyanate and mechanical properties of PU. Then, influence of hard segment content, incorporation of 1,1,1-trimethylol
propane with trifunctional groups, and alkyldithiol was reviewed mainly on trans-1,4-bis(isocyanatomethyl) cyclohexane-
poly(oxytetramethylene) glycol-based PU.
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Introduction

Elastomeric materials have important roles for our life, for
instance, tires, elastic fibers, hoses, and so on. Without tires,
we cannot use both airplanes and vehicles. There are many
types of elastomers such as natural rubber, styrenic triblock
copolymers, polyurethane (PU), and polyamide elastomers.
PU is one of the representative elastomers which can be ap-
plied for various applications due to an ease to tune various
mechanical properties [1–6]. For instance, Young’s modulus
and elongation at break can be varied from MPa to GPa and
from 0.1 to 10, respectively. In case of segmented s, they
generally consist of flexible soft segment and rigid hard seg-
ment. There are many types of rubbery chains, which is an
indispensable component to exhibit elastic property of poly-
mers, ether polymer glycols [5–11], ester polymer glycols [5,

6, 12–14], carbonate polymer glycols [15–23], and aliphatic
polymer glycols [5, 6, 24]. To optimize demanded properties,
appropriate polyol needs to be chosen in terms of mechanical
property, resistances for hydrolysis and environment, temper-
ature characteristics, and so on. Another component is a hard
segment, which works as cross-linking points to connect rub-
bery chains together. The hard segment is comprised of iso-
cyanate and chain extender. There are tremendous numbers of
diisocyanate and chain extender, such as aromatic [5, 6, 25,
26], aliphatic [10, 27–29] and cycloaliphatic ones [10, 13,
30–40]. A chemical structure of these ingredients strongly
affects the states of hydrogen bonding and crystallization of
hard segments. Needless to say, these states are closely related
to not only a microphase-separated structure but various prop-
erties of PUs. Thus, it is quite important to control them.
Relationship between types of soft and hard segments and
various properties of elastomer in literature will be described
in the later section in detail.

Application of PU to elastomer is one of the most popular
ways. Another application of PU is coating, adhesive, sealant,
fibers, and so on. Many researchers are still working on to
improve and create new property. Non-isocyanate-based
PUs [41–47], (PU/crystalline polymer) blends [48], (PU/inor-
ganic filler) composites [49, 50], PUs with dynamic covalent
bonds [51, 52], self-healing PU [53, 54], PU incorporating
rotaxane [55, 56], waterborne PU [57–63], thin and ultrathin
PU films [11, 64–67], comb-shaped PU [68], can be given as
examples. Concerning about non-isocyanate-based PUs,
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Endo et al. reported synthesis of poly(hydroxyurethane)s from
five-membered cyclic carbonate and diamine and their various
properties [41–43]. Torkelson et al. investigated that molecu-
lar aggregation structure and mechanical properties of seg-
mented poly(hydroxyurethane)s synthesized with various
bis-carbonate molecules, diamine and polyether glycol
[44–46]. In many cases of applications, mechanical strength,
like tensile strength and scratch resistance of PUs, is always
the point, which should be considered.

There are some factors to control mechanical properties of
PU. (1) The degree of microphase separation, (2) aggregation
force of hard segment chains (hydrogen bond and crystalliza-
tion), (3) density of physical and chemical cross-linking net-
work, (4) inhomogeneity of the network, (5) ability of orien-
tation and crystallization of soft segment, (6) entanglement
density, and (7) ability of hopping of hard segment during
deformation can be given as examples. These states men-
tioned above have been investigated by Fourier-transform in-
frared spectroscopy (FT-IR) [69–72], small-angle X-ray scat-
tering (SAXS) [19, 33–36, 38, 73–80], wide-angle X-ray dif-
fraction (WAXD) [81–85], and atomic force microscopy
(AFM) [11, 67, 86–89], and so on. As the results, combination
of MDI, BD, and PTMO can be given as one of the represen-
tative PU with high mechanical properties [90, 91]. This is
because MDI and BD-based hard segment domains can crys-
tallize with the formation of hydrogen bonds [5, 82, 85].

In this review, the effect of chemical structure of
diisocyanate on physical properties of elastomer will be intro-
duced in the first part. Isophorone diisocyanate (IPDI),
norbornene diisocyanate (NBDI), 1,3-phenylene diisocyanate
(MPDI), trans-1,3-bis(isocyanatomethyl) cyclohexane (1,3-
H6XDI), bicyclohexylmethane-4,4′-diisocyanate (HMDI),
4,4′-diphenylmethane diisocyanate (MDI), trans-1,3-
bis(isocyanatomethyl) cyclohexane (1,4-H6XDI), 1,4-
cyclohexyl diisocyanate (CHDI), and 1,4-phenylene
diisocyanate (PPDI) were used as diisocyanate for synthesis
of PU. In the second, third and fourth parts, effects of hard
segment content, chemical cross-linking points, and chain ex-
tender of thiols on the PU were briefly introduced from liter-
ature in each section and discussed using our results of 1,4-
H6XDI-PTMG-based PUs. In the final part, mechanical defor-
mation behavior was summarized using our results of 1,4-
H6XDI-PTMG-thiol-based PU as an example.

Chemical structure of diisocyanate

Figure 1 shows chemical structure of aromatic, aliphatic and
cycloaliphatic diisocyanates shown in this review. Symmetry,
steric hindrance, and periodic distance between isocyanate
groups affect not only the aggregation structure of hard seg-
ment chains but the microphase-separated structure.

Hepburn et al. [13] used HMDI, TDI, MDI, PPDI and
CHDI as diisocyanate and polycaprolactone as polyol and
conducted temperature dependence of dynamic viscoelastic
properties measurement. The magnitude of dynamic storage
modulus (E’) at the rubbery plateau region was following
order: CHDI > PPDI > MDI > TDI > HMDI. Furthermore,
terminal flow of CHDI-based PU showed 20 °C higher than
for others. It is inferred that these trends can be ascribed to the
degree of microphase separation of CHDI-based PU is higher
than others. Yilgor et al. reported direct evidence for PPDI-
and MPDI-based PU with PTMG using dynamic viscoelastic
measurement [38, 92, 93] and atomic force microscopy and
PPDI-, CHDI-, MDI-, and HMDI-based PU with PTMG by
infrared spectroscopy [37, 38]. The relationship between sym-
metry of chemical structure of diisocyanate and mechanical
properties is strongly related each other. Kinked, and asym-
metric diisocyanate exhibited higher glass transition tempera-
ture of PTMG chain, the lower E’ value at the rubbery plateau
region and lower heat resistance, which were confirmed by
low hydrogen bonds phase separation by infrared spectrosco-
py. In contrast, symmetric diisocyanate showed self-
organization and formation of well-ordered hard segments,
resulting in higher magnitude of E’ at the rubbery plateau
region and higher heat resistance.

On the other hand, the authors have investigated thermal
behavior of the hard segment chains of four types of
diisocyanates including aliphatic and cycloaliphatic ones.
Hard segment models were synthesized from diisocyanates
and BD [10]. Figure 2 (a) shows DSC thermograms of
NBDI-, IPDI-, HMDI- and HDI-based hard segment models.
NBDI- and IPDI-based HSs model did not show characteristic
changes, whereas HMDI- and HDI-based HS models showed
exothermic peaks at around 160 and 180 °C, respectively.
These can be ascribed to melting of crystallized molecules.
Therefore, it seems reasonable to conclude that the NBDI-
and IPDI-based HS model can not crystallize, while HMDI-
and HDI-based HS models can crystallize. Furthermore, the
crystal state of the hard segment models was evaluated by
WAXD measurement. As one can see in Fig. 2, HMDI- and
HDI-based HS models exhibited crystalline peaks which are
from interchain distances. Intensity of crystalline peaks of
HMDI-based HS is quite weak, indicating that this model
includes a lot of amorphous component. This would be related
to existence of various types of isomers in case of HMDI.
Figure 3 (a) and (b) shows stress-strain curves and temperature
dependence of dynamic viscoelastic functions (dynamic stor-
age modulus (E’), dynamic loss modulus (E”) and loss tan-
gent (tan δ)) of NBDI-, IPDI-, HMDI- and HDI-based PUs.
Note that the samples shown in Fig. 3 are not HS models but
elastomers. Poly(oxytetramethylene) glycol (PTMG) and BD
were used as a soft segment component and chain extender,
respectively, for these elastomers. NBDI- and IPDI-based PU
showed lower Young’s modulus and tensile strength in
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comparison with HMDI- and HDI-based PU. This trend cor-
responds to the E’ at the rubbery plateau regionas shown in
Fig. 3 (b). Lower aggregation force of NBDI- and IPDI-based
PU induces low degree of microphase separation, resulting in
absence of physical cross-linking domains, which can keep
applied force during mechanical deformation. The E’ value
of all PUs gradually decreased at around −70 °C, which may
be due to glass transition of purer PTMG chains. For NBDI-,
IPDI-, and HMDI-based PUs, the E’ value decreased at 50 °C,
which is associated with the glass transition of a mixed phase
with soft and hard segment chains. Further, the HDI-based PU
showed larger E’ value at the rubbery plateau region and the
temperature at which terminal flow stated was the highest of
the four. This implies that the degree of microphase separation
is the strongest and the hard segment chains crystallized with
the formation of hydrogen bonds.

Cyclohexane diisocyanate-based PU: effect
of hard segment content (HSC)

Most PUs are commercially made from aromatic
diisocyanates, MDI and TDI, since these isocyanates are re-
active and low cost and can give better mechanical property. A
problem of these aromatic diisocyanate-based PUs is low

color stability. On the contrary, cycloroaliphatic diisocyanate
is expected to produce low-color change PU because it does
not have benzene rings, which can be changed to quinone
structure with yellow color. However, most of the cycloali-
phatic isocyanates has an asymmetric structure, resultant
PUs generally have poor mechanical properties due to weaker
microphase separation on account of lower aggregation force
of hard segment chains. Lin et al. [31, 32] reported hydrogen
bonding states of 1,3-H6XDI based liquid crystalline elasto-
mer using FT-IR. Xie et al. [94] synthesized 1,3- and 1,4-
H6XDI- and IPDI- and HMDI- based PU using
polycaprolactone and 1,4-BD and investigated the degree of
microphase separation and mechanical properties by temper-
ature dependence of dynamic viscoelastic property measure-
ment and tensile testing. The 1,3- and 1,4-H6XDI-PU showed
lower and narrower glass transition of soft segment at around
−40 °C, indicating that the PU possesses stronger degree of
microphase separation and better mechanical properties in
comparison with IPDI- and HMDI-based PU. This may be
due to small, compact, and symmetric structure of 1,3- and
1,4-H6XDI.

Yamasaki et al. produced new commercial diisocyanate to
solve these open questions [39]. Yamasaki and Kojio et al.
reported relationship between molecular aggregation structure
and mechanical property of resultant PU using SAXS,
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Fig. 2 a DSC curves and b
WAXD profiles of NBDI-, IPDI-,
HMDI and HDI-based had seg-
ment (HS) models. “-(XX-BD)n-”
denotes hard segment models
consisting diisocyanate (XX) and
1,4-butanediol (BD) [10]

Fig. 1 Chemical structure and
symmetry of diiscocyanates
shown in the review

Page 3 of 13     140J Polym Res (2020) 27: 140



WAXD, FT-IR, DSC, X-ray adsorption fine structure (XAFS),
dynamic viscoelastic property, and tensile test [33, 35, 36, 40,
95]. PTMG and BD were used as raw materials for synthesis
of PUs. Hard segment content (HSC) was controlled by
changing molar ratio of three components. The last two digit
of sample name corresponds to HSC. Figure 4 (a) shows DSC
thermograms of 1,4-H6XDI- and MDI-based PUs with vari-
ous hard segment contents and hard segment models. MDI
was used as a control sample. Abbreviation denotes a type
of diisocyanate and hard segment content. HX and MD cor-
respond to 1,4-H6XDI- and MDI. The Tg of the soft segment
chains (Tg,S) were observed at around −70 °C. 1,4-H6XDI-

based PUs were lower than for MDI-based PUs. The Tg,S
decreased with an increase in the HSC. Moreover, exothermic
peaks observed at 0 °C and 170–210 °C can be assigned to
melting of crystallized soft and hard segments (Tm,S and Tm,H),
respectively. These Tm,S and Tm,H decreased and increased
with an increase in HSC, indicating that hard segment rich
phase was formed at higher HSC. Therefore, it seems reason-
able to considered that 1,4-H6XDI-PTMG-BD-based PU is a
strong segregation system. Figure 4 (b) showsWAXD profiles
of 1,4-H6XDI- and MDI-based PUs with various hard seg-
ment contents and hard segment models. For the hard segment
models of 1,4-H6XDI and MDI (-(1,4-H6XDI-BD)n- and

Fig. 3 a Stress-strain curves at
room temperature and b tempera-
ture dependence of dynamic stor-
age modulus (E’), dynamic loss
modulus (E”) and loss tangent
(tan δ) of NBDI-, IPDI-, HMDI
and HDI-based PUs measured at
10 Hz. PTMG and BD were used
for synthesis and hard segment
content (HSC) was 50 wt%. Last
two digits correspond to HSC
[10].

Fig. 4 a DSC curves and b)
WAXD profiles of 1,4-H6XDI-
and MDI-based PUs with various
hard segment contents (last two
digits) and hard segment models.
HX and MD correspond to 1,4-
H6XDI- and MDI [33]
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-(MDI-BD)n-), crystalline peaks were clearly observed. The
peaks were observed at q = 12.0, 13.9, 15.2 and 17.0 nm−1 for
1,4-H6XDI-based model. Based on Rietvelt analysis, the crys-
tal lattice was triclinic, of P1 symmetry, a = 0.759 nm, b =
0.836 nm, c = 1.576 nm, α = 139.3°, β = 139.7°, γ =36.7°
[33]. On the other hand, crystalline peaks were observed at
q = 13.1, 13.7, 15.4, 16.8 and 18.0 nm−1 for MDI-based mod-
el. These peak positions correspond to the results for type II
crystal reported by Thomas et al. [81], Pompe, et al. [84],
Cooper et al. [83], and Kojio et al. [85]. As can be easily seen,
crystallinity of 1,4-H6XDI HS model must have had larger
value because it is quite hard to recognize amorphous halo
for 1,4-H6XDI HS model, in contrast, amorphous halo was
clearly detected for MDI-based PU. For both 1,4-H6XDI- and
MDI-PU, crystalline peaks were observed at same positions of
HS model, indicating that same crystal structure of hard seg-
ment domains were formed in the PUs. Even in PU, 1,4-
H6XDI-PU-30 exhibited obvious crystalline peaks in compar-
ison with MDI-based PU-34. This result implies that cohesive
force of 1,4-H6XDI-BD chains is quite strong, resulting in the
formation of well-crystallized hard segment domains.

Next, mechanical properties of the PUs will be given.
Figure 5 shows (a) stress-strain curves and (b) dependence
of E’, E” and tan δ on temperature of 1,4-H6XDI- and MDI-
based PUs. Young’s modulus and the E’ value at rubbery
plateau region of HX-20 andMD-34 were almost comparable,
and HX-30 was much larger, even the HSC of HX-30 is lower
than for MD-34. This result strongly indicates that the hard
segment domains possess well-ordered hard segment domain
structure. The HS domains might have been connected each
other such as networked structure not like isolated HS do-
mains. Tensile strength of HX-30 was almost comparable with
MD-34, though HSC of HX-30 is lower than for MD-34. This
result again indicates that the cohesive force of hard segment

chains of HX-30 is quite high compared with MD-34. For the
1,4-H6XDI-PU, Young’s modulus and tensile strength in-
creased, and elongation at break decreased with an increase
in strain. This corresponds to increase in well-developed hard
segment domains were formed with an increase in HSC be-
cause the 1,4-H6XDI-PU is strong segregation system. In the
temperature-E’, E” and tan δ relationship of 1,4-H6XDI- and
MDI-based PU, glassy, glass-rubber transition, rubbery pla-
teau, and terminal regions were clearly observed in the tem-
perature range from −150 to 200 °C. Between glass-rubber
transition and rubbery plateau region, shoulder was observed
at −20 °C. This is associated with recrystallization of the soft
segment chains with an increase in temperature. Terminal tem-
perature, which corresponds to heat resistance, was higher for
HX-30 andMD-34. These trends were consistent withmelting
temperature of crystallized hard segment domains obtained by
DSC. Cyclic tensile test was conducted for 1,4-H6XDI- and
MDI-based PUs as well [33]. Residual strain decreased with
an increase in the HSC for 1,4-H6XDI-based PUs. And resid-
ual strain of HX-30 was smaller than for MD-34. Therefore, it
seems reasonable to conclude that 1,4-H6XDI-based PU
showed superior properties compared with MDI-based PUs.

Cyclohexane diisocyanate-based PU: effect
of chemical cross-links

Since segmented PUs do not have any chemical cross-linking
points but physical cross-linking points, they can show envi-
ronmental friendly and good recyclable property. However,
their mechanical properties are not occasionally sufficient
for applications, for example, stress values at various strains,
elongation at break, and permanent set. In order to compensate
for these requirements, chemical cross-linking points are

Fig. 5 a Stress-strain curves at
room temperature and b tempera-
ture dependence of E’, E” and tan
δ of 1,4-H6XDI- and MDI-based
PUs with various hard segment
contents [33]
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positively incorporated [8, 9, 77, 85, 96–99]. There are two
main ways to incorporate chemical cross-linking points to PU.
One is the using triol, such as poly(oxypropylene) triol, in-
stead of diol. The other one is low molecular weight triol, like
1,1,1-trimehylol propane (TMP), incorporating into hard seg-
ment moiety. Petrovic et al. [96] reported that effect of cross-
linking points on mechanical properties of PU using
poly(oxypropylene) (PPO) and poly(oxypropylene/
oxyethylene) triol, MDI, and BD at a constant concentration
of hard segments equal 50 wt%. All PU exhibited the two-
phase microphase-separated structure. Tensile strength and
strain at break increased, while tear strength, hardness, and
Tg of soft segment did not change with an increase in the
density of chemical cross-linking. Furthermore, the rate of
stress relaxation depends on both elongation and the density
of chemical cross-linking. Petrovic et al. [97] also reported
that mechanical properties of PU elastomers containing chem-
ical cross-links in the hard segment, for PPO withMn = 2000,
MDI, BD/TMP-based PUs. The density of chemical cross-
linking of the PUs was varied by BD/TMP ratio in the cross-
linking agent. With an increase in the density of chemical
cross-linking, tensile strength, elongation at break permanent
set decreased and breadth of Tg for the soft segment increased.

The authors also clarified effect of incorporation of TMP
into hard segment on crystallization behavior of soft segment
chains, changes in the structure of hard segment domains, and
mechanical properties during the elongation process for
PTMG withMn = 2000, MDI, BD/TMP-based PUs. The ratio
of BD/TMP was varied from 100/0 to 75/25 [9, 18, 77, 99,
100]. Strain-induced crystallization of PTMG was clearly ob-
served in the ratio range. Incorporation of TMP induced de-
crease in crystallinity of PTMG soft segment chains and large
change in spacing of hard segment domains during the elon-
gation process. Chemical cross-links seemed to reduce the
arrangement and ordering of the soft segment chains and to
progress application of stress to the whole network structure.

We reported the effect of incorporation of TMP into
PTMG-1,4-H6XDI-BD-based PUs. Figure 6 (a) shows DSC
thermograms of 1,4-H6XDI-based PUs with various 1,4-BD/
TMP ratios and HSCs. As one can see, Tg,S, Tm,S, and Tm,H

were clearly observed at around −70, 0, and 170 °C, respec-
tively. As stated in previous section, Tg,S and Tm,S decreased
and Tm,H increase with increasing HSC. On the other hand, all
Tg,S and Tm,S, and Tm,H increased with an increase in the TMP
ratio. These results indicate that the purities of the soft seg-
ment phase and the crystallized hard segment domains slightly
decreased and increased, respectively. The incorporation of
TMP might have progressed crystallization of the hard seg-
ment chains because 1,4-H6XDI-BD-based hard segment
chains with strong cohesive force among them were properly
disconnected [9, 100]. This phenomenon is similar to the
change in melting temperature for controlled length of MDI-
BD crystal [101, 102]. Figure 6 (b) shows WAXD profiles of

1,4-H6XDI-based PUs with various 1,4-BD/TMP ratios and
HSCs. The peaks of crystallized hard segment domains were
observed for all PUs. Incorporation of TMP decreased the
peak intensity. This is reasonable because the TMP molecules
are directly connected to isocyanate end groups of prepolymer
molecules.

Figure 7 shows (a) stress-strain curves and (b) dependence
of E’, E” and tan δ on temperature of 1,4-H6XDI-based PU
with various BD/TMP ratio and HSCs. Young’s modulus of
HX-30-10/0, HX30–8/2, HX-20-10/0, and HX20–8/2 were
19.1, 11.4, 8.0, and 6.1 MPa, respectively. Since the incorpo-
ration of TMP induces restriction of aggregation of the hard
segment chains as clarified DSC and WAXD results, decreas-
ing Young’s modulus seems to be valid. On the contrary, ten-
sile strength and strain at break of HX-30-10/0, HX30–8/2,
HX-20-10/0, HX20–8/2 were 36.3, 37.4, 18.5, 20.7 MPa, and
8.8, 5.0, 14.5, 6.1, respectively. As shown in stress-strain
curves, slope at the high strain region for HX30–8/2 and
HX-20-8/2 were quite large in comparison with HX30–10/0,
HX-20-10/0, in other words, obvious upturn was observed.
This is simply associated with increasing density of cross-
linking points. The reason that tensile strength and strain at
break decrease with incorporation of TMP might be due to
decrease in hard segment domains, which can work as a filler,
and increase in inhomogeneity of network structure. As
shown in Fig. 7 (b), the temperature, at which glass transition
of the soft segment chains occurs, shoulders right after the
glass transition, and the E’ magnitude at rubbery plateau re-
gion, correspond well to data obtained by DSC and tensile
testing. The terminal temperature of HX30–8/2 and HX-20-
8/2 were obviously higher than for HX30–10/0 and HX-20-
10/0. Furthermore, above terminal temperature, the E’magni-
tude of HX30–10/0 and HX-20-10/0 simply decreased, in
contrast, that for HX30–8/2 and HX-20-8/2 showed shoulders
above the temperature. This must be related to chemical cross-
linking points formed by TMP.

Cyclohexane diisocyanate-based
thiourethane

Thiourethane can be obtained by a reaction between isocya-
nate and thiol groups. Thiourethane has different properties
with urethane groups, some researches have been performed.
Li et al. [103] synthesized regular urethane, thiourethane, and
dithiourethane compounds as a hard segment model and then
investigated their hydrogen bond strengths. The strengths for
urethane groups and thiourethane groups are similar, in con-
trast, that for dithiourethane is lower than the other two.
Furthermore, they suggest that the hydrogen bond strength
and the structure of diisocyanate influence the mechanical
properties of, polythiourethane, and polydithiourethane. Shin
et al. [104] reported the effect of the molecular weight of hard
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and soft segments and their ratio, and the chemical structure of
hard segment on phase separation and mechanical properties
of polythiourethanes (PTUs). They clarified that factors men-
tioned above influenced on Young’s modulus, elongation at
break and tensile strength.

We have recently reported the influence of chain extender,
dithiol and diol, on the molecular aggregation structure and
mechanical properties [35]. Figure 8 shows (a) DSC thermo-
grams of 1,4-H6XDI-PTMG-based TPUs synthesized with
1,4-butanediol (BD), 1,5-pentanediol (PD), 1,4-butanedithiol
(BDT), 1,5-pentanedithiol (PDT). Shifts of baseline and
exthothermic and two endothermic peaks were observed at
around −72, −30, 0, and 160 °C, respectively. They are
assigned to glass transition, recrystallization, melting of soft
segment chains and melting of the crystallized hard segment
domains, respectively. The Tg,Ss of PTUs were lower than for

PUs. And Tgs of the C4 chain extender, BD and BDT-based
elastomers showed lower than C5 chain extender-based elas-
tomer. (Tm, H) of C4 and diol chain extender-based elastomers
showed higher temperature. Figure 8 (b) shows WAXD pro-
files of 1,4-H6XDI-PTMG-based TPUs synthesized with BD,
PD, BDT, or PDT. C4 and diol chain extender-based HSmod-
el exhibited sharper crystalline peaks. This trend corresponds
well to Tm, H shown in DSC curves of Fig. 8 (a). Therefore, it
seems reasonable from DSC measurements to conclude that
the degree of microphase separation in C4 chain extender-
based elastomers (PTU-B and PU-B) is stronger than for C5
one (PTU-P and PU-P), and degree of microphase separation
of thiol-based elastomer (PTU-B and PTU-P) is stronger than
for diol-based elastomers (PU-B and PU-P). In other words,
PTU-B possesses the strongest degree of microphase separa-
tion of the four.
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Fig. 6 a DSC curves and b
WAXD profiles of 1,4-H6XDI-
based PUs with various hard
segment contents and TMP
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Generally speaking, PU elastomers with the strong degree
of microphase separation exhibit superior mechanical proper-
ty. This is because each pure phase can show the best required
properties, for example, low Tg of the soft segment chains, and
high Tm of hard segment chains. The high Tm of hard segment
chains gives high heat resistance, Young’s modulus and ten-
sile strength on account of robust connectivity between hard
segment domains. Mechanical property was investigated for
PTU and PU elastomers by tensile testing and dynamic visco-
elastic property measurement. Figure 9 shows (a) stress-strain
curves and (b) temperature dependence of E’, E” and tan δ of
1,4-H6XDI-PTMG-based TPUs synthesized with BD, PD,
BDT, or PDT. Young’s modulus obtained by an initial slope
of stress-strain curves for four elastomers was following order:
PU-B > PTU-B > PU-P > PTU-P. Moreover, tensile strength
was following order: PU-B > PTU-B ≒ PU-P ≒ PTU-P.
Thus, mechanical properties did not follow the degree of mi-
crophase separation in these PU and PTU systems. The reason
that the PU-B showed the largest mechanical property is that

the formation of robust hard segment domains by strong co-
hesive force among the hard segment chains. On the other
hand, though PTU-B has the strongest microphase separation,
robustness of the hard segment domains seems not to be high
enough. This can be inferred from broad and weak crystalline
peaks as shown in WAXD profile (Fig. 8 (b)). PTU-P exhib-
ited the lowest mechanical property due to the lowest degree
of microphase separation and low cohesive force among hard
segment chains. PU-P also showed lower mechanical property
in comparison with PU-B, indicating that 1,4-H6XDI and
PDTor PD is not good combination in terms of cohesive force
of the hard segment chains. In the temperature dependence of
E’, E” and tan δ of 1,4-H6XDI-PTMG-based TPUs, the order-
ing of the E’ values at the rubbery plateau region followed
those of Young’s modulus. In the terminal flow region,
PTU-B exhibited gradual decrease at 130 °C, which is lower
than for PU-B, although the Tm,H of PTU-B is higher than for
PU-B. This implies that low cohesive force of the hard seg-
ment chains of PTU-B.

Fig. 9 a Stress-strain curves at
room temperature and b tempera-
ture dependence of E’, E” and tan
δ of 1,4-H6XDI-PTMG-based
TPUs synthesized with BD, PD,
BDT, or PDT

Fig. 8 a DSC curves and b
WAXD profiles of 1,4-H6XDI-
PTMG-based TPUs synthesized
with BD, PD, BDT, or PDT
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In situ investigation of structure
during mechanical deformation

In situ molecular aggregation structure analysis of the mate-
rials is quite important. Especially, in the case of the polymeric
materials, deformation behavior is quite sensitive to time be-
cause of relaxation behavior, in situ analysis is indispensable
to understand the relationship between molecular aggregation
structure and mechanical properties. X-ray analysis [74, 76,
105], Fourier transformed infrared spectroscopy [69, 70], bi-
refringence measurements [106–108] can be given as the ex-
perimental methods of in situ molecular aggregation structure
analysis. Figure 10 (a) shows 2D-SAXS patterns of PTU-B at
various strains, (b) 1D-SAXS profiles along meridional and
equatorial directions, and (c) azimuthal profiles of 2D-SAXS
patterns at q = 0.26–0.33 nm−1. Isotropic ring pattern corre-
sponding to spacing among hard segment domains was ob-
served at the initial state (ε = 0, A peak shown in Fig. 10 (b)).
With increasing strain, four-point patterns were observed at
strain of 0.3~0.5. This change is associated with the formation
of zig-zag structure of hard segment domains. With further
increase in strain, triangle scattering was observed upper and
lower sides of the beam stopper. These correspond to com-
pressed and stepped aligned hard segment domains perpen-
dicular to the stretching direction. The streak observed at the
equatorial line implies that the formation of bundles along the
stretching direction. As shown in Fig. 10 (b), the peak from
domain spacing shifted to low and high q region along parallel
and perpendicular direction to stretching direction. To discuss
these results more quantitatively, strain obtained from domain
spacing was plotted for PTU-B and PTU-P. Figure 11 shows
relationship between film strain and strain obtained from

spacing of hard segment domains (Δd/d) for PTU-B and
PTU-P obtained from 1D-SAXS profiles in the strain range
from 0 to 4. Domain spacing was calculated using three-
dimensional correlations functions. Both PTU-B and PTU-P
showed smaller Δd/d magnitude in comparison with film
strain. In the larger strain region of 1.5, the Δd/d magnitude
of PTU-B was constant, in contrast,Δd/dmagnitude of PTU-
P showed maximum at around strain of 1.5, and recovered
almost to initial value. These results clearly indicate that the
cohesive force of thiourethane groups are quite weak. Even if
domain spacing returned to initial value at strain of 3.5, the
large stress was observed in the stress-strain curves as shown
in Fig. 9 (a), indicating that recombination between hard seg-
ment chains may have occurred during the elongation process.

Fig. 10 a 2D-SAXS patterns of PTU-B at various strains. b 1D-SAXS profiles along meridional and equatorial directions, and c azimuthal profiles of
2D-SAXS patterns at q = 0.26–0.33 nm−1
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Conclusions

In this review, structure-property relation of cycloaliphatic
diisocyanate-based PUs were introduced. IPDI, NBDI, TDI,
1,3-H6XDI, MPDI, HMDI, MDI, 1,4-H6XDI, CHDI, and
PPDI based PU were synthesized with PTMG and BD and
their molecular aggregation structures and properties were in-
vestigated. Bulky and asymmetric isocyanate, NBDI, IPDI,
and TDI-based PUs showed lower degree of microphase sep-
aration and mechanical properties. With increase in symmetry
of diisocyanate, both degree of microphase separation and
mechanical properties became better. This is because symmet-
ric structure induces formation of hydrogen bond and crystal-
lization. Controls of hard segment content and chemical cross-
linking density work well to change mechanical properties of
PUs. Concrete results of these controls were explained using
PTMG-1,4-H6XDI-BD/TMP-based PU. Polythiourethane
showed stronger microphase separation but weaker mechani-
cal properties in comparison with polyreuthane. This is be-
cause weak cohesive force of the thiourethane segments
chains in the elastomers. In situ SAXS/WAXD measurement
revealed that formation of a zig-zag structure of hard segment
domains and bundle structure at high strain. Strain obtained
from SAXS results for PTU-P was much smaller than for
PTU-B due to weak cohesive force of C5 chains.
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