Open Journal of Organic Polymer Materials, 2016, 6, 99-111 “:‘ Scientific
Published Online July 2016 in SciRes. http://www.scirp.org/journal/ojopm ":g’ 53@%2[32
http://dx.doi.org/10.4236/0jopm.2016.63010 ¢ g

Influence of Diisocyanate on Polyurethane
Elastomers Which Crosslinked by
[-Cyclodextrin

An Xiel, Ming Zhang?, Shin-Ichi Inoue!

1Department of Applied Chemistry, Aichi Institute of Technology, Toyota, Japan
’School of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou, China
Email: w13871ww@aitech.ac.jp

Received 4 June 2016; accepted 15 July 2016; published 18 July 2016

Copyright © 2016 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Open Access

Abstract

A series of polyurethane elastomers (PUEs) were synthesized by using f-cyclodextrin (f-CD) as
cross-linker from aliphatic, alicyclic, aromatic diisocyanates, and polyol. The PUEs were characte-
rized by Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM),
Differential Scanning Calorimetry (DSC), Dynamic Mechanical Analysis (DMA), swelling test,
hardness test and tensile test. The influence of diisocyanate on microphase separation and prop-
erties of PUEs was evaluated.
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1. Introduction

Polyurethane elastomers (PUES) are an important kind of elastic materials that are widely used in our daily lives.
PUEs are normally achieved by combination of a diisocyanate, a long-chain polyol, and a low-molecular-weight
diol/diamine called chain extender [1]-[3]. The compounds with higher functionality are called cross-linker. It is
believed that chain-extender/cross-linker will result stronger intermolecular association and hydrogen bonds
within the polymer, thus physical properties of PUEs are affected by the degree of phase separation [2] [4]. In-
fluence of chain-extender/cross-linker on polyurethanes has been studied by many researchers [5]-[8]. However,
those compounds of a large molecular weight which have higher functionality draw little attention. Cyclodex-
trins, a family of cyclic oligosaccharides of a glucopyranose, are such compounds. The truncated cone shaped
structure of cyclodextrin draws lots of researchers’ attention because the hydrophobic internal can catch small
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molecule to form host-guest complexes [9]-[12]. Cyclodextrin based PUEs are also researched by some groups
[13]-[17]. In our former study, the addition effect of g-cyclodextrin (8-CD) on 4,4’-Diphenylmethane diisocya-
nate (MDI) based PUE is investigated and it is concluded that a dynamic balance is achieved between physical
crosslinks (hydrogen bonding) and chemical crosslinks (structure of cyclodextrin) due to the steric hindrance
effect of 5-CD molecules.

In this study, a series of PUEs with different kinds of diisocyanates, such as aliphatic (hexamethylene diiso-
cyanate (HDI)), alicyclic (isophorone diisocyanate (IPDI)), and aromatic (4,4’-Diphenylmethane diisocyanate
(MDI)) diisocyanate, are synthesized by using polyol (Polytetramethylene ether glycol (molecular weight =
1000) (PTMG1000)) and p-cyclodextrin as cross-linker. To clarify the crosslink effect of cyclodextrin on
PUEs which are used different kinds of diisocyanates, no chain-extender is used to avoid the synergy effect.
The morphology, mechanical property, and structure-property of the obtained PUEs are studied by Fourier
Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), Differential Scanning Calo-
rimetry (DSC), Dynamic Mechanical Analysis (DMA), swellingtest, hardness test, and tensile test. The cros-
slink effect of S-CD which had comparatively high molecular weight to different kinds of diisocyanate is es-
timated.

2. Experimental
2.1. Materials

4,4’-Diphenylmethane diisocyanate (MDI), hexamethylene diisocyanate (HDI), and isophorone diisocyanate
(IPDI) were supplied by Tosoh Industry, Tokyo, Japan and were purified by distillation under reduced pressure
(267 - 400 Pa) at 100°C before use. Polytetramethylene ether glycol (molecular weight = 1000) (PTMG1000)
was supplied by Invista Industry, Texas, USA. S-cyclodextrin (8-CD) was purchased from Nacalai Tesque, Inc.,
Kyoto, Japan (Nacalai) and was dried for 24 h under a condition of 267 - 400 Pa/80°C before use. Tetrahydrofu-
ran (THF) was purchased from Nacalai and distilled over calcium hydride under an Ar atmosphere. N,N-Dime-
thylformamide (DMF) was purchased from Nacalai and stored over 4 A molecular sieves before use. Dibutyl-
tindilaurate (DBTDL) was purchased from Nacalai and initially dissolved in toluene to form 10 wt% solution.
The following compounds were purchased from commercial suppliers and used as received: hexane (Nacalai),
and acetone (Nacalai).

2.2. Synthesis

A series of PUEs with -CD are synthesized from different kinds of diisocyanates (HDI, IPDI, and MDI),
PTMG1000, and -CD via prepolymer method, named X-PUEx (X = kind of diisocyanate, x = weight percent
(wt%) of p-CD).

The synthesis is performed as follows: 5-CD was initially dissolved in DMF (10 mL) at 80°C for 20 min un-
der an Ar atmosphere to reach a solution.

Scheme 1 shows the preparation procedure for PUEs with 5-CD. In a 100-mL four-necked separable reaction
flask equipped with a mechanical stirrer, a gas inlet tube, and a reflux condenser are placed diisocyanats (MDlI,
IPDI, and HDI) (0.020 mol) and PTMG1000 (10 g, 0.010 mol). Catalyst (DBTDL) is also needed when HDI and
IPDI use. The mixtures are reacted at 80°C for 1 h for MDI-based, at 80°C for 2 h for IPDI-based, and at 100°C
for 2 h for HDI-based polymer under an Ar atmosphere with a stirring. Then 4-CD solution was added into se-
parable flask followed by a further stirring (15 min for MDI-based polymer, 1 h for IPDI-based polymer, and 2 h
for HDI-based polymer). A small amount of bubbles in the system are removed by addition of THF (20 mL) and
then a stirring for 5 minvigorously.

The thin PUE sheets are obtained by casting the resulting PUE solution at room temperature (23°C £ 2°C) for
24 h, at 50°C for 24 h, and at 100°C for 24 h. The DMF residue in sheet is removed at 80°C for 6 h in vacuo.

2.3. Characterization

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectra of PUE sheets were recorded on a JASCO (Tokyo, Japan) FTIR-5300 spectrometer equipped with
an attenuated total reflection (ATR) system, which used an ATR500/M with an ATR prism KRS-5.
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2.3.2. Scanning Electron Microscopy (SEM)
SEM was used to observe the surface morphology of PUESs by using S-4800 (Hitachi High-Technologies Cor-
poration, Japan), all micrographs were taken at magnification of 30 kx.

2.3.3. Differential Scanning Calorimetry (DSC)

The thermal phase behavior of these PUEs was investigated using a Rigaku (Tokyo, Japan) Thermo-Plus
DSC-8230 differential scanning calorimeter, operated at a heating rate of 10°C/min under Ar atmosphere. Sam-
ples were heated from —100°C to 250°C.

2.3.4. Dynamic Mechanical Analysis (DMA)
DMA was performed on a dynamic mechanical analyzer (Seiko Instruments (Chiba, Japan) DMS 6100) at fre-
quency of 20 Hz under an N, atmosphere. The heating rate was 5°C/min and heat from —100 to 200°C.

2.3.5. Swelling Test

Swelling tests were carried out in THF. PUE sheets were cut into 10 x 20 mm samples. After testing their
weight, they were put into THF solution in test tube to keep 24 h. Removed the THF on the surface, the weight
of samples would be tested again. The degree of swelling (Rs) was calculated using the formula Rs (%) = W’ —
W/W x 100, where W, W’ are the weight of samples before and after swelling.

2.3.6. Hardness
Hardness was tested by using a Asker Durometer (Kobunshi Keiki Corporation, Japan) with the A scale, which
is used for rubbers in the normal hardness range. The test procedure follows JIS K 6253.

2.3.7. Tensile Test

Tensile test was measured by RTC-1225A Universal Tensile Testing Instruments (ORIENTEC Corporation,
Tokyo, Japan) equipped with a U-4300 extensometer. Samples were cut into dumbbell strip followed JIS K
6251-3 standard. Tensile test was performed at a crosshead speed of 100 mm/min at room temperature (23°C £
2°C).

3. Results and Discussion
3.1. FTIR Spectroscopy

FTIR measurements were utilized to investigate the micro-phase separation of PUEs. Carbonyl C = O group
absorptions were shown as Figure 1. Two peaks were observed clearly at around 1700 and 1720 cm *, which
respond to hydrogen-bonded carbonyl stretching v(C = Opgnged) and free one v(C = Ogee), respectively. In addi-
tion, in HDI-PUESs, one more peaks were also observed at around 1680 cm™, which could be assigned to or-
dered carbonyl stretching v(C = Oggereq) in urethane linkage. No peak around 1680 cm * appeared for MDI- and
IPDI-PUEs. It is considered as the symmetry of diisocyanates used. [18]-[20] Symmetrical HDI results in or-
dered hard segments, which may cause agglomerate and crystallization of hard segments and thus lead to better
microphase separation. On the other hand, axisymmetrical MDI and unsymmetrical IPDI will result in no or on-
ly a few well-ordered hard segments. The PUEs have weaker intermolecular hydrogen bonding and small sized
hard domains, which may lead to weak microphase separation or no phase separation.

It is also observed clearly that the ratio of V(C = Oggered) t0 V(C = Oponged(disordered)) for HDI-PUE, was much
greater than the crosslinked ones caused by £-CD. It may results from the disordering of hard segments caused
by -CD molecules because of the truncated cone shape. It will also disable parts of the formation of hydrogen
bonding, which will reduce the size of hard domains and thus lead to weaker microphase separation.

3.2. Thermal Properties

Figure 2 shows the DSC curves for HDI-PUEs, MDI-PUEs, and IPDI-PUEs. Glass transition temperature (Tg)
of soft segment were observed around —70°C for HDI-PUEs, —50°C for MDI-PUEs, and —60°C for IPDI-PUEs.
Peaks of crystallization of hard segments were observed at 167.5°C and 159.4°C in HDI-PUE, and HDI-PUE;.
In HDI-PUE; and HDI-PUE; only peaks of melting of hard segments were observed at 182.4°C and 178.8°C



A. Xie et al.

— HDI-PUE, — MDI-PUE, — IPDI-PUE,
— HDI-PUE, — MDI-PUE, — IPDI-PUE,
— HDI-PUE, N\ — MDI-PUE, — IPDI-PUE,
HDI-PUE; MDI-PUE, IPDI-PUE,
HDI-PUE; MDI-PUE; IPDI-PUE;

U (C=0O¥ree) v (C=O,gerea)

v (C:Obonded)

|

v (C:Ofree)

Absorbance
Absorbance

v (C:Obonded)

b

Absorbance

/\

1760 1740 1720 1700 1680 1660 1760 1740 1720 1700 1680 1660 1760 1740 1720 1700 1680 1660
Wavenumber(cm) Wavenumber(cm-1) Wavenumber(cm-t)
@ ®) ©

Figure 1. FTIR (ATR method) spectra of C = O region of PUEs. (a) HDI-PUEs; (b) MDI-PUEs; (c) IPDI-PUEs 4-CD con-
tent: black, 0 wt%; blue, 1 wt%); red, 2 wt%; green, 3 wt%; orange, 5 wt%.
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Figure 2. DSC thermographs of PUEs. (a) HDI-PUEs; (b) MDI-PUEs; (c) IPDI-PUEs S-CD content: black, 0 wt%; blue, 1
wit%; red, 2 wt%; green, 3 wt%; orange, 5 wt%.

and HDI-PUEs exhibit no clear thermal transitions in this area. It can be easily found that addition of f-CD has
destroyed the regularity of hard segments. Similarly, peak of melting of hard segments could be found in
MDI-PUE, at 170.7°C which could not be found in other MDI-PUEs. In addition, peaks of melting of soft seg-
ments were also observed in HDI-PUE,, MDI-PUE,, and MDI-PUE; at 50.1°C, 70.8°C, and 52.8°C, respectively,
which could not be found in PUEs with higher -CD content. In these PUEswith higher 5-CD content, regularity
of soft segments was also destroyed. However, IPDI-PUEs exhibit quite different thermal behaviors. As -CD
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content increase, peak of melting of hard segments disappeared and crystallization of soft segments appeared at
around 20°C. Thermal behaviors of these PUEs crosslinked by s-CD have a high correlation with the symmetry
of diisocyanates used.

The viscoelastic behaviors of PUEs through the Storage Modulus (E’) and tan J(tan 6 = E”/E’) are shown as
Figure 3. All PUEs display a sharp glass transition of PTMG soft segments. The Tg of soft segments of each
PUE with g-CD are higher than that of PUEys due to the crosslink structure. In HDI-PUEs, HDI-PUE, has a
much higher Storage Modulus until a sharp around about 150°C, which corresponds to the melting of crystalline
that also proved by DSC. The other HDI-PUESs with 5-CD are less thermal sensitive because of the crosslink in-
troduced. All MDI-PUEs display a long rubbery plateau up to about 150°C and MDI-PUE, has higher module
value. No rubbery plateau is found in IPDI-PUE,. However, the addition of g-CD increased both the thermal
stability and mechanical property of PUEs.

3.3. Morphology

The SEM micrographs of each PUE films were taken. Figures 4-6 shows the surface features of HDI-PUEs,
MDI-PUEs, and IPDI-PUEs, respectively. In HDI-PUEs, phase separation is quite clear that the brighter parts
response to hard domains while darker parts response to soft domains. The morphology of HDI-PUE; is unique
that the brighter parts are so ordered. It may result from the crystallization of hard segments. The other HDI-
PUEs do not show any ordered structure as the big sized -CD molecule have destroyed it. In HDI-PUEs, to
compare with other HDI-PUEs, much smaller hard domains with a particle size of about 200 nm were observed.
These hard domains are considered to form with absolutely different structure. On the contrary, micro-phase se-
paration phenomenon was not clear in MDI-PUE, and IPDI-PUE,. However, the degree of phase separation in-
creased as the f-CD content increase and the hard domains are quite different from the ones observed in HDI-
PUEs. Schematic representation of structure of IPDI-PUES is shown as Figure 7. It is obvious that f-CD con-
tribute to the microphase separation of PUES especially in those ones with unsymmetrical diisocyanates.

3.4. Chemical Properties

Table 1 shows the hardness and swelling rate of PUEs. Highest hardness of 87A appeared on HDI-PUE, and
hardness of HDI-PUEs reduced as the -CD content increase. On the contrary, lowest hardness of 62A appeared
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Figure 3. Storage modules-temperature and tand-temperature curves of PUEs. (a) HDI-PUEs; (b) MDI-PUEs; (c) IPDI-
PUEs. $-CD content: black = 0 wt%; blue = 1 wt%; red = 2 wt%; green = 3 wt%; orange = 5 wt%.
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Figure 4. SEM micrographs of polyurethane elastomers with g-CD. £-CD content: (a): HDI-PUE,: 0 wt%; (b): HDI-PUE;: 1
wit%; (c): HDI-PUE;: 2 wt%; (d): HDI-PUE;: 3 wt%; (e): HDI-PUEs: 5 wt %.

on IPDI-PUE, and hardness of IPDI-PUEs increased as the -CD content increase. It may attribute to the regu-
larity of molecule chains. In HDI-PUE,, the symmetrical HDI lead to the crystallization of parts of hard segment
in PUEs and thus increase the hardness. However, although new chemical crosslinks was introduced by addition
of S-CD, the regularity of main-chain of PUE is broken by s-CD and this damage is in advantage here. Unlike
this, the situation in IPDI-PUEs is exactly opposite. Hardness of IPDI-PUE, is low as the irregularity of mole-
cule chains caused by unsymmetrical IPDI. Moreover, crosslinks caused by -CD resulted in the increase of
hardness of PUEs. The situation of MDI-PUEs is between the HDI- and IPDI-PUES due to the axisymmetrical

structure of MDI.
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Figure 5. SEM micrographs of polyurethane elastomers with -CD. -CD content: (a): MDI-PUE,: 0 wt%,; (b): MDI-PUE;:
1 wit%; (c): MDI-PUE,: 2 wt%; (d): MDI-PUEz3: 3 wt%; (e): MDI-PUEs: 5 wt%.

The results of swelling tests indicated the packing state of molecular chains because the small solvent mole-
cules can enter the space between the molecular chains of PUEs. HDI-PUEs are little swelled and the swelling
rate increased from 110% to 159% as S-CD content increases. IPDI-PUE, is soluble for the reason that few or-
dered structure and chemical crosslink exist in these PUEs. The swelling rate decreased from 243% to 211% as
S-CD content increase because the crosslink density increased. The results are quite agreed with the IR and
hardness results mentioned above. However, remarkable results appeared in MDI-PUEs. MDI-PUE; is nearly
soluble and swelling rate increased as 5-CD content increases while hardness also increased as -CD content in-
creases. It is reason that the small amount of ordered structure in MDI-PUEs and the damage of ordered structure
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Figure 6. SEM micrographs of polyurethane elastomers with -CD. g-CD content: (a): IPDI-PUE: 0 wt%; (b): IPDI-
PUE;: 1 wt%; (c): IPDI-PUE,: 2 wt%,; (d): IPDI-PUE;: 3 wt%); (e): IPDI-PUEs: 5 wt%.

caused by B-CD are stronger than the crosslink introduced. Moreover, steric hindranceis also considered to be
one factor to influence hardness. Aromatic ring and cyclodextrin ring will reduce the flexibility of molecular
chains and hardness.

3.5. Mechanical Properties

Tensile tests are also undertaken to study microphase separation-mechanical properties relationship. Stress-Strain
(S-S) curves are shown as Figure 8. Elongation at break (EB) and tensile strength are shown as Table 2. Although
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Table 1. Hardness and swelling rate of PUEs.

Sample
HDI-PUE,
HDI-PUE;
HDI-PUE,
HDI-PUE;
HDI-PUEs
MDI-PUE,
MDI-PUE;
MDI-PUE,
MDI-PUE;
MDI-PUEs
IPDI-PUE,
IPDI-PUE;
IPDI-PUE;
IPDI-PUE;

IPDI-PUEs

Hardness (JIS A)
87
82
83
82
78
80
78
83
83
89
62
66
66
67

67

Swelling rate (%)
110
111
127
143
159
nearly soluble
283
312
407
417
soluble
243
230
216

211

Table 2. EB and tensile strength of PUEs.

sample 5100% (Mpa) 200% (Mpa) 6300% (Mpa) ¥ (Mpa) EB (%)
HDI-PUE, 8.05 9.99 12.96 74.14 616
HDI-PUE; 8.36 11.41 18.59 30.86 370
HDI-PUE, 7.22 11.81 12.40 21.84 297
HDI-PUE; 6.82 11.42 - 15.72 263
HDI-PUEs 5.62 - - 7.60 156
MDI-PUE, 7.69 9.46 14.62 50.55 449
MDI-PUE; 5.30 8.40 25.81 49.80 359
MDI-PUE; 6.17 8.40 13.73 36.50 389
MDI-PUE; 6.37 8.76 14.13 38.08 395
MDI-PUEs 6.82 9.58 16.12 31.32 358
IPDI-PUE, 1.49 1.63 1.80 11.55 662
IPDI-PUE; 2.45 3.63 7.14 23.17 370
IPDI-PUE, 2.59 4.00 8.87 23.34 354
IPDI-PUE; 2.69 4.26 10.30 26.83 348
IPDI-PUEs 2.30 3.23 5.59 27.92 402
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Figure 8. Stress-Strain curves of PUEs. (a) HDI-PUEs; (b) MDI-PUEs; (c) IPDI-PUEs. 5-CD content: black = 0 wt%; blue =
1 wit%; red = 2 wt%; green = 3 wt%; orange = 5 wt%.

the HDI-, MDI-, and IPDI-PUEs were synthesized with the same mole ratio, S-S curves are quite different. In
HDI-PUEs, HDI-PUE, has superior appearance both at EB of 616% and extreme tensile strength of 74.14 Mpa.
As S-CD content increases, both EB and tensile strength decreased. It is worth mentioning that HDI-PUE; and
HDI-PUE; even lose elasticity. It can be concluded that the ordered structure is main factor to influence the me-
chanical properties of PUEs when symmetrical diisocyanate is used. In IPDI-PUEs, EB decreased and tensile
strength increased as S-CD content increases. The crosslink effect of g-CD is similar to normal cross-linker. In
MDI-PUEs, comparatively optimum property appeared in MDI-PUE;. It was considered as a balance between
damage of ordered structure and formation of chemical crosslinks which agreed with the other tests proved
above.

4. Conclusions

The effects of diisocyanateon PUEs which synthesized by using 5-CD as cross-linker were evaluated. Differ
from common low-molecular weight cross-linkers, the size of -CD influenced the crosslink effect. f-CD mole-
cules enlarged the distance between molecular chains of PUES in some areas which would destroy the ordered
structure. Thus, on symmetrical diisocyanate based PUEs, the crosslink effect would be blocked. In addition,
high 5-CD content would lead to the disappearing of elasticity of PUEs.

On the contrary, crosslink effect is well reflected in unsymmetrical diisocyanate, such as IPDI, based PUEs.
As same as normal chemical crosslinks, the crosslinks caused by $-CD increase the strength and hardness of
these PUEs. Moreover, S-CD contributes to the microphase separation of PUEs and form different hard do-
mains.
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