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Abstract

Polythiourethane (PTU) and polyurethane (PU) elastomers were prepared from poly(oxytetramethylene) glycol, 1,4-bis
(isocyanatomethyl) cyclohexane and a dithiol or diol chain extender with two methylene numbers (tetramethylene (C4) and
pentamethylene (C5)). The effect of dithiol and diol and the methylene length of the chain extenders on the microphase-
separated structure and mechanical properties of PTU and PU were evaluated. Differential scanning calorimetry (DSC) and
wide-angle X-ray diffraction measurements revealed that the degree of ordering of hard segment chains in PTUs is lower
than that for PU elastomers. However, it was revealed from the DSC, small-angle X-ray scattering and temperature
dependent dynamic viscoelasticity measurements that the degree of microphase separation in the PTUs became stronger than
that for the PUs. As a result, the mechanical property of PTUs is comparable with PUs. Furthermore, the glass transition
temperature for the soft segment of PTU became lower than that for PU. PTU and PU exhibited a larger degree of
microphase separation and mechanical property when the chain extender was composed of a tetramethylene (C4) chain

compared to a pentamethylene (C5) chain.

Introduction

Polyurethane (PU) has been fascinating for more than 60
years. Recently, different types of polyurethane, such as,
hydroxyl PU [1-4], phenolic PU [5], sulfur-containing PU
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[6, 7], and inorganic filler—another polymer-containing PU
[8], have been synthesized to improve PU properties.
Polythiourethanes (PTUs) are members of the PU family,
which can be obtained by the reaction between isocyanate
and dithiol—instead of diol—as the chain extender. When
polymer materials include sulfur atoms, the refractive index
will be generally increased, resulting in materials with
potential for optical application. Another expected and
attainable property of sulfur-including materials is an
adhesive property. Sulfur atoms can form strong bonds with
a metal surface, and sometimes exhibit a good adhesive
property. Therefore, there is an expectation that PTUs may
possess some properties that PUs do not possess. Some
researchers have reported on the physical properties of
thiourethane [9-14]. Li et al. investigated a series of hard
segment models for urethane, thiourethane, and dithiour-
ethane compounds. They found that the hydrogen bond
strength of urethane is somewhat similar to thiourethane,
while dithiourethane shows a lower propensity for hydrogen
bonding compared to the urethane and thiourethane. Their
findings suggest that the hydrogen bond strength and frac-
tion, and the structure of diisocyanate makes a contribution
to the physical and mechanical properties of polyurethane,
polythiourethane, and polydithiourethane [11]. In addition,
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Shin et al. studied the impact of phase separation on the
mechanical properties of PTUs in terms of the hard and soft
segment molecular weight and ratio, and the hard segment
chemical structure. They found that the aforementioned
factors have a strong influence on the Young’s modulus,
and elongation at break and tensile strength [12]. However,
there are no reports on the effect of the dithiol and diol
chain extender on the microphase-separated structure and
mechanical properties.

The purpose of this study is to investigate the effect of
dithiol and diol, and the methylene length of the chain
extender on the microphase-separated structure and
mechanical properties of PTU and PU elastomers using
differential scanning calorimetry (DSC), small-angle X-ray
scattering (SAXS), wide-angle X-ray diffraction (WAXD),
dynamic viscoelastic property measurement, and tensile
testing. To evaluate the effect of dithiol and diol, and the
methylene length of the chain extender on the microphase-
separated structure, dithiol and diol with two types of
methylene length for the chain extender were used, which
polymerized with poly(oxytetramethylene) glycol (PTMG)
and 1,4-bis(isocyanatomethyl)cyclohexane (1,4-HgXDI).
Since the dithiol group has a different character compared to
the diol group, there is the expectation that the elastomers
obtained from this chain extender exhibit various properties
that have not been obtained before.

Experimental section
Raw materials for PTUs and PUs

1,4-bis(isocyanatomethyl)cyclohexane (FORTIMO™ 1 4-
HegXDI, produced by Mitsui Chemicals Inc.) and Poly
(oxytetramethylene) glycol (PTMG: M, = 1800, Asahi
Kasei Chemicals Co., Ltd., Japan) were employed as the
diisocyanate and polyol, respectively. 1,4-butanedithiol
(BDT), 1,5-pentanedithiol (PDT), 1,4-butanediol (BD), and
1,5-pentanediol (PD) (FUJIFILM Wako Pure Chemicals
Co., Ltd., Japan) were used as chain extenders, with a hard
segment weight fraction of ~16%. All chain extenders were
purified by distillation, whereas 1,4-H¢XDI was used
without further purification.

Synthesis of polythiourethanes

The four segmented polythiourethane and polyurethane
were prepared by a prepolymer method in bulk using
PTMG, 1,4-H¢XDI and the chain extender. Figure 1 shows
the synthetic scheme for PTU and PU.

The fractions of hard segment were ca. 16 wt%. PTMG
was dried under reduced pressure with dry nitrogen. Pre-
polymers were synthesized from 1,4-H¢XDI and PTMG
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with the ratio of K = [NCOl;so/[OH]prmg = 1.40, at 80 °C
for 3h under N, atmosphere. As a catalyst, dibutyltin
dilaurate (DBTL, FUJIFILM Wako Pure Chemical Co.,
Ltd. Japan) was added. The extent of the prepolymer
reaction was observed by using an amine equivalent
method, and, then, stopped when the reaction ratio for the
NCO groups reached over 90%. To remove the air inside,
the obtained prepolymer was degassed in vacuum. The
chain extender was added to the prepolymer with a ratio of
[NCO],/[SH] = 1.02, where [NCO],, is the number of
moles of NCO groups in the prepolymer and [SH] is the
number of moles of SH groups. After agitating, the product
was poured into a mold consisting of two aluminum plates
with a 2-mm-thick spacer and heated at 110 °C for 24 h to
perform polymerization.

Characterization

To investigate the network structure of PTU and PU, the gel
fraction and the degree of swelling were evaluated. N,N-
dimethylacetamide (DMAc) and toluene were used as polar
and non-polar solvent, respectively. The gel fraction, G,
was defined as G = Wy/W, where W is the initial weight, and
W, is the dried weight after swelling with a solvent. The
degree of swelling, Q, was defined as Q =1 + [(W, — W,,)/
dJ(Wyp/d,,)], where W,, d, and d,, is the weight of the sam-
ples swollen to an equilibrium state, density of the solvent
and density of the elastomers, respectively.

A Fourier transform infrared (FT-IR) spectroscopic mea-
surement was conducted to evaluate the hydrogen bond state
for the hard segment. A Spectrum One FT-IR spectrometer
(PerkinElmer), Mercury cadmium telluride (MCT) detector,
and attenuated total reflectance (ATR) accessory (Ge crystal,
45°) were employed for measurements. All FT-IR spectra
were acquired at a resolution of 4 cm ™! with 32 scans.

Differential scanning calorimetric (DSC) thermograms
were obtained using a DSC (DSC6220, SII EXSTAR 6000,
Seiko Instruments) from —140 to 240 °C with a heating rate
of 10 °C min~! under a N, atmosphere.

The molecular aggregation structure was evaluated by
synchrotron radiation X-ray analyses at the Frontier Soft-
material Beamline (FSBL, BLO3XU) in the SPring-8 facility
in Japan [15, 16]. Simultaneous wide-angle X-ray diffraction
(WAXD) and small-angle X-ray scattering (SAXS) mea-
surements can be conducted in this beamline. The wavelength
and size of the X-ray beam was 0.1 nm and 150 um x 150 pm.
A PILATUS IM (DECTRIS, Ltd., pixel size of 172 pm) was
used to obtain scattering in the small-angle region with a
camera length of ca. 4 m. A flat panel detector was employed
for WAXD measurements with a camera length of 74 mm.
Scattering patterns were measured with an exposure time of
200-500 ms. The data were processed using the FIT-2D (Ver.
12.077, Andy Hammersley/ ESRF, Grenoble, France).
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Temperature dependence of dynamic viscoelastic func-
tions were obtained with a dynamic viscoelastometer
(RHEOVIBRON DDV-01FP, ORIENTEC). Measurements
were performed from —145 to 240 °C with a heating rate of
1°Cmin~' under N, atmosphere. The dimension of the
specimens used was 30 mm x 5 mm x 0.3 mm. The applied
frequency was 11 Hz.

Tensile testing was carried out with EZ-Graph (Shi-
madzu, Japan) at room temperature. The dimension of the
samples was 100 mm x 5mm x 2 mm. The initial length
and elongation rate were 30 mm and 10 mmmin~},
respectively.

Results and discussion

Abbreviation denotes the type of polymer and chain
extender. Table 1 shows the basic properties including
degree of swelling, density, and gel fraction of the PTU and
PU elastomers. All samples were soluble in dimethylace-
tamide (DMAc), indicating the existence of only physical
crosslinks that undergo dissociation in the polar solvent.
The gel fraction of elastomers prepared using a BD-based

Table 1 Basic properties of the PTU and PU elastomers

Sample Density Gel fraction, G (%) Degree of swelling, O

(gem™)
Toluene DMAc Toluene DMAc
PTU-B 1.02 98.5+0.3 Soluble 2.23+0.05 Soluble
PTU-P 1.02 71.7+0.5 Soluble 2.82+0.04 Soluble
PU-B 1.02 99.3+0.4 Soluble 2.16+0.03 Soluble
PU-P 1.02 79.4+0.3 Soluble 2.81+0.04 Soluble

chain extender swollen by toluene were ~99%, implying
that the physical crosslinking network is well-developed.
Moreover, the degree of swelling in toluene for elastomers
with PD-based chain extenders is larger than that for BD-
based chain extenders, suggesting less ordered hard seg-
ment chains. The influence of the methylene length of the
chain extender on the degree of swelling for PU is stronger
than that for PTU.

The hydrogen bonding state for the PTU and PU elas-
tomers was assessed by ATR-FTIR analysis (Figure S1).
The stretching vibrations of the NH groups and carbonyl
bands indicate the presence of thiourethane and urethane
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moieties. The NCO stretching band at 2260 cm™' was not
observed in all spectra, indicating that the reaction occurred
properly. Absorption bands at ~1722, 1705, and 1688 cm ™"
correspond to urethane carbonyl free (V(C = O)y.free), dis-
ordered and ordered hydrogen-bonded carbonyl groups of
urethane (V(C = O)y.g.pong) Stretching vibrations, respec-
tively [17]. Whereas thiourethane carbonyl free (W(C = O)yy.
free) and hydrogen-bonded carbonyl groups of thiourethane
(W(C =O0)ry.Hbona) Stretching  vibrations appear at
~1670-1640 cm™" [18-20]. The NH stretching regions at
~3450, 3290-3310, and 3300-3350cm™! are assigned to
urethanes NH free (v(NH)g.), hydrogen-bonded NH groups
with ether oxygen (V(NH)epe,) of PTMG and urethane car-
bonyl groups (V(NH)y.carbonyl) Stretching vibrations, respec-
tively [21, 22]. In addition, the bands at approximately
3301-3332cm ™! arise from the hydrogen-bonded NH
moiety of the thiourethane group (V(NH)ty.H.pong) [11, 18].

Figure 2 shows DSC thermograms for the PTU and PU
elastomers. For all samples, a baseline shift was observed at
approximately —72 °C. This can be assigned to the glass
transition temperatures of the soft segment chains (7} s) for
the PTUs and PUs. The T, 5 value for the PTUs is slightly
lower than that for PUs, indicating that the PTUs possess a
stronger degree of microphase separation. It is well-known
that an increasing T, s for PU elastomers is a consequence
of increasing phase mixing. An exothermic peak corre-
sponding to reorganized crystallization of activated PTMG
chains and an endothermic peak being assignable to the
melting of crystallized PTMG chains (T}, s) were measured
at approximately —36 to —27 and —4 to 10 °C, respectively.

Exothermic peaks for the PTUs were larger than those
for the PUs because of the difficulty of reorganized crys-
tallization of the soft segments during the heating process
[23-25]. In contrast, the soft segment in the PUs can easily

Endotherm

(—

-100 -50 0 50 100 150 200 250
Temperature / °C

Fig. 2 DSC thermograms for the PTU and PU elastomers
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crystallize with the cooling process. Furthermore, PTUs
showed a lower melting temperature (7}, 1) compared to the
PUs, indicating that the ordering and lamella thickness of
the hard segment of the PTUs are lower and smaller than for
PUs, respectively. In addition, elastomers with a PD-based
chain extender show a lower T,y in comparison with
elastomers with the BD-based chain extender. This is due to
the lack of molecular symmetry, curved molecules, and
relatively large distances of the hydrogen bond in elasto-
mers with a PD-based chain extender [26].

WAXD measurements were conducted to examine
the hard segment crystal structures of the PTUs and PUs.
Figure 3 exhibits WAXD profiles for the PTUs, PUs toge-
ther with the related hard-segment models for comparison.
The PTU-B showed a weak peak and shoulders at ¢ = 12.1,
13.7, and 16.1 nm’l, which correspond well to the —(1,4-
HgXDI-BDT),— model. A weak peak and shoulders were
also observed for PU-B at ¢ =12.1, 13.0, 13.8, 15.0, and
16.4 nm~!, which correspond well to peaks of the —(1,4-
HgXDI-BD),— model. These results suggest that there exist
crystalline hard segment domains, consistent with the rela-
ted hard segment model in PU-B. In contrast, the WAXD
profile for PTU-P and PU-P only exhibited an amorphous
halo at ~13.8nm !, The crystalline peaks cannot be
observed due to overlap with an amorphous halo of the soft
segment [27, 28]. This result implies that the elastomers
with a PD-based chain extender possess less ordered crys-
talline hard segment chains [29].

PTU-B

-(1,4-H5XDW
& |prur
o
~ —(1,4-HEXDW
> 1
2 g ; \
= )-B

PU-P

5 10 15 20

q/nm?

Fig. 3 WAXD profiles for the PTUs, PUs, and the related hard-
segment models
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To obtain particular insight for the microphase-separated
structure of PTU and PU elastomers, a SAXS measurement
was conducted. Figure 4 shows the SAXS profiles and
calculated three-dimensional correlation functions for the
PTU and PU elastomers. Scattering peaks with a broad
shape are observed in the ¢ range 0.1-1.0 nm ™~ '. The peak is
assigned to the spacing between hard segment domains in
the microphase-separated system.

The spacing between hard segment domains was defined
from analysis of three-dimensional correlations functions, y3
(r), from the following equation:

n =5 [ :Oq%(q)

sin(gr)
qr

dg (1)

The diffuse boundary thickness was obtained from Por-
od’s law, with the quantitative analysis for the microphase
separation evaluation determined by the calculation method
proposed by Vonk [30], Bonart and Muller [31], and
Koberstein and Stein [32].

The overall degree of phase separation for a complete
phase separated two-phase system is defined as the ratio of
the experimental electron density variance to the theoretical
variance

A /A 2)

with the theoretical electron density variance assuming
complete phase separation is defined as

(3)

T’IE = @Hs@ss(’ms - ﬂss)2

where @ys and nys are the volume fractions and electron
densities of the hard segment, respectively.

(a)
I 1 OPTU-B
6 2 @PTU-P
5 3 APU-B
~ ‘c’\ 4 APU-P
E e
\ 5 i
= 4 12
£
wv
c
[J]
-
£
2

q/nm?

Fig. 4 a SAXS profiles and b calculated three-dimensional correlation functions for the PTU and PU elastomers

The experimental electron density variance can be
calculated from the background corrected intensities
for one-dimensional scattering data using Porod’s invar-
iant Q

Anz':cQ:c/

with the effects of diffuse phase boundaries calculated from

T, >[1(q) — Ir(q)l¢*
a7 =cf g

o0

) I(q) — Iy(q)lq*dq

(4)

(5)

where

1

¢=-——= 176 x 10" **mol’* /em’
27%i.N3

(6)

Ny is Avogadro’s number, and i, is Thompson’s constant
for the scattering from one electron. H(g) is the function
characterizing the shape and size of the interfacial boundary
between two phases and [(g) is the background intensity
due to thermal density fluctuation. For a sigmoidal-shaped
interface

(7)

and for a linear-gradient model

E =276 (8)

with E =0 and H(q) = 1 for a sharp interface. c is the width
of the boundary layer whose value is obtained from the

(b)

2 @ PTU-P
< 0.03 | 5 A PU-B
- 4 APU-P
o o0 Lol

r/nm
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Table 2 The domain spacing, boundary thickness, and degree of microphase separation in the PTU and PU elastomers

Sample Domain spacing Domain spacing obtained Overall phase

Diffuse boundary Phase mixing Thickness of diffuse

obtained from  from three-dimensional  separation mixing (A% 1A )-1  within domains  microphase boundary/nm
Bragg’s law/nm correlation function/nm (An2 /Ar]cz) (AnCZ/AnZ' )-1 - - -
Sigmoidal Linear
PTU-B 18.6 20.2 0.35 0.02 1.76 0.19 0.46
PTU-P 235 252 0.26 0.03 2.67 0.21 0.52
PU-B  20.2 21.9 0.25 0.02 2.94 0.17 0.42
PU-P 15.1 15.7 0.17 0.03 4.85 0.17 0.43

The hard segment densities were obtained by modeling the crystal structure of hard segment models (Table S1, Figure S2, and S3).

The definition of phase boundary thickness is provided in the Supporting information (Figure S4).

scattering intensity calculated using Porod’s law
1(g) = X exp(—o??) + 1
(9)="4 exp(—0’q’) + In(q) ©)

where K, o, and 1, are estimated by fitting the scattering
curves at large g values.

The obtained results can be seen in Table 2. PTUs exhibit a
greater value of overall degree of microphase separation
compared to PUs, which is influenced by both diffuse
boundary mixing (Ay*/Ay*) — 1 and phase mixing within
domains (An?/An*) — 1. Although the diffuse boundary
mixing is about the same, the contribution of phase mixing
within domains leads to an obviously different value for the
overall phase separation. In addition, PTUs possess a broader
diffuse microphase boundary thickness compared to PUs.
This can be due to the difference in the length distribution of
the hard segment or soft segment and hard-soft segment
compatibility [27, 32, 33]. Moreover, the phase mixing within
domains for PTUs was smaller than for PUs, suggesting that a
lower amount of hard segments (excess isocyanate blocks) are
dissolved in the matrix or soft segments included in the hard
segment domains [31]. Thus, we can state that the phase
mixing within domains has a strong influence on the overall
phase separation in PTU and PU elastomers.

Figure 5 shows the temperature dispersion of dynamic
viscoelastic functions (dynamic storage modulus (E'),
dynamic loss modulus (E”), and loss tangent (tan 6)) of the
PTUs and PUs. The E’ and tan ¢ inflection point were
detected at approximately —70 °C due to « relaxation of the
soft segment [34-36], which for PTUs is slightly lower than
for PUs, indicating a stronger degree of microphase
separation. This result corresponds well with the value
obtained by DSC measurement. At approximately —20 °C,
a shoulder assigned to recrystallization of the soft segments
was clearly observed for PTUs, which is consistent with a
large exothermic peak in DSC. On the other hand, a
shoulder that appears in PUs was smaller than in PTUs. As
heating continues, a rubbery plateau was observed from 5 to
145 °C. The magnitude of E’ at the rubbery plateau region
for PTUs was slightly lower than for PUs. This is because
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Fig. 5 E’, E”, and tandé-temperature relationship for the PTUs and PUs
measured at 11 Hz

the ordering of the hard segment chains in PTUs is lower
than in PUs. Therefore, the hard segment did not work well
as physical crosslinking points in PTUs.

A decrease in the rubbery plateau was observed for PU
with a PD-based chain extender, suggesting that the hard
segment chains were not stable with increasing temperature.
Thus, it seems reasonable to conclude that the effect of the
chain extender on the mechanical properties for PU is
stronger than for PTUs. Moreover, the terminal temperature
of PTUs is lower than that of PUs with the same type of chain
extender, with an additional weak plateau observed for PTUs,
indicating a thermally less stable hard segment because of the
lower ordering of the hard segment chains. This is very
consistent with the T}, y obtained by DSC.
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The physical properties of PTU and PU elastomers were
evaluated with tensile testing. Figure 6 represents the
stress—strain curves for PTUs and PUs, and Table 3 sum-
marizes their mechanical properties. The Young’s modulus
for PTUs was slightly lower than for PUs. This trend cor-
responds well to the E’ at the rubbery plateau region. This is
because the hard segment chains ordering in PTUs is lower
than in PUs, as was already mentioned above. The tensile

20
1 OPTU-B

2 @PTU-P

I PU-B

15 | 4 apu-p

Stress / MPa
e

Strain

Fig. 6 Stress—strain curves for the PTU and PU elastomers measured at
25°C

Table 3 Mechanical properties for the PTU and PU elastomers
obtained from the stress—strain relations shown in Fig. 6

Elastomers Young’s modulus/  Tensile strength/ Strain at
MPa MPa break
PTU-B 54.8+5.7 11.6+0.3 47x03
PTU-P 28.1+3.0 10.7+0.4 52+0.2
PU-B 61.4+69 14.8+0.6 7.1x04
PU-P 41.7+3.8 12.7+£0.5 6.7+0.3
(a) PTU-B (b) PTU-P

W & @
B 9
0 LR
m\@)&} %%‘2 %&?

strength difference for both PUs is greater than that for
PTUs, indicating that the influence of the chain extender on
the mechanical properties for PU is stronger than that for
PTU.

Figure 7 shows a schematic representation of the
microdomain structure of PTU and PU elastomers. The
PTUs possess a stronger degree of overall phase separation,
less phase mixing within domains, and a wider
boundary thickness in comparison with PUs. On the other
hand, the ordering and lamella thickness of the hard seg-
ment of PTUs is lower and smaller than for PUs. In addi-
tion, the effect of the chain extender on the microdomain
structure and mechanical properties in PU is stronger than in
PTU.

Conclusions

The microphase-separated structure and mechanical properties
of 1,4-HgXDI-based PTU elastomers were investigated. PTU
and PU elastomers were prepared from PTMG, 1,4-HgXDI
and BDT, PDT, BD and PD. By using the dithiol chain
extender instead of the diol, elastomers with a stronger degree
of microphase separation and less domain mixing were pro-
duced. As a result, the PTU showed a better low temperature
property, ie., low T, for the soft segment chain. However,
since the ordering of the hard segment domains in the PTUs is
lower than that for the PUs, they did not work well as phy-
sical crosslinking points, resulting in a mechanical property
for PTUs that is comparable with PUs. Elastomers with a PD-
based chain extender exhibited a lower degree of microphase-
separated structure and mechanical property in comparison
with elastomers with a BD-based chain extender. The influ-
ence of the methylene length of the chain extender on the
microphase-separated structure and mechanical properties for
PU is much stronger than that for PTU. PTU shows a weaker
influence of the methylene length due to the stronger degree

(c) PU-B (d)

Fig. 7 Schematic representation of the microphase-separated structure for a PTU-B, b PTU-P, ¢ PU-B, and d PU-P elastomers
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of microphase separation and lower domain mixing compared
to PU. It is expected that improvement of the mechanical
properties of PTU can be achieved by fine-tuning the thermal
history and hard segment content. The knowledge obtained in
this study is useful for molecular structure design of PTUs for
various applications.
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