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Abstract 
In recent years, sugar-derived polymer materials have been actively investigated. In research of 
polyurethane (PU), sugar has been used as a raw material because it has properties similar to po-
lyol. However, the elastic property of the obtained PU is substantially lost. Hence, the introduction 
of a sugar unit to PU while maintaining the elastic property remains a challenge in polymer che-
mistry. Here, we report the synthesis of a polyurethane elastomer (PUE) with a trehalose unit us-
ing raw materials such as an aromatic diisocyanate (4,4’-diphenylmethane diisocyanate), polyols 
including a polyether polyol (polytetramethylene glycol), two polyester polyols (polycaprolactone 
and polycarbonate diol), and trehalose. Novel PUEs with trehalose units are synthesized by a 
one-shot method. Trehalose, which has non-reducing properties, is used as sugar. The use of tre-
halose, which has been scarcely applied to PUE, is essential to obtain the desired PUEs with sugar 
units.  
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1. Introduction 
Polymer materials derived from sugar have been actively investigated in recent years in the field of polyurethane 
(PU) [1]-[20], because polymer materials using sugar are expected to replace materials derived from petroleum 
and because they are biodegradable. However, most investigations have used sugar as a raw material as it has 
similar properties to polyol. PUs are used in a surprising array of commercial applications, which, for conveni-
ence, are classified into seven major product types [21]-[27]: 1) flexible slab; 2) flexible molded foam; 3) rigid 
foam; 4) solid elastomers; 5) reaction injection molded materials; 6) carpet backing; and 7) one- and two-com- 
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ponent formulations for coatings, adhesives, and sealants. Building on this background, we are interested in sol-
id elastomers widely used for commercial products. Therefore, we are attempting to develop polymer materials 
with new functionalities [28]. Polyurethane elastomers (PUEs) containing sugar may be used for many applica-
tions such as heat insulation, tremor insulation, or as protective cases for commercial or industrial instruments. 
Typically, sugar is reduced in organic solutions, producing aldehyde and ketone groups. Thus, non-reducing 
sugar, which retains hydroxyl groups in solution, is ideal to introduce sugar units in the main chain. We select 
trehalose, which is scarcely reported on studies of PUEs containing trehalose units [29], as a representative 
non-reducing sugar which is similar to sucrose. Trehalose has two primary and six secondary hydroxyl groups. 
Hence, we studied the synthesis of PUEs containing trehalose units and expected that trehalose acted as a cros-
slinker. Trehalose was a rare sugar naturally found in crustaceans, insects, and mushrooms. However, a synthet-
ic method of producing trehalose was developed by Hayashibara Co., Ltd. in 1994 [30]. Thus, mass production 
of trehalose was now possible. Presently, trehalose was used as a raw material for food adjunct, cosmetics, and 
medical drugs in industrial applications. Here, we reported the synthesis of PUEs containing trehalose units us-
ing raw materials such as aromatic diisocyanate (4,4’-diphenylmethane diisocyanate (MDI)), polyols including a 
polyether polyol (polytetramethylene glycol (PTMG)) and two polyester polyols (polycaprolactone (PCL) and 
polycarbonate diol (PCD)), and trehalose by a one-shot method to form the corresponding PUEs containing tre-
halose units in the main chain. 

2. Experimental 
2.1. Materials 
PTMG (molecular weight = 2000) (PTMG2000) (TERATHANE 2000) was supplied by Invista Industry, Texas, 
USA. PCL (molecular weight = 2000) (PCL2000) (PLACCEL 2000) was supplied by Daicel Industry, Osaka, 
Japan. MDI (MILLIONATE MT) and PCD (molecular weight = 2000) (PCD2000) (NIPPOLLAN 980N) were 
supplied by Tosoh Industry, Tokyo, Japan (Tosoh). MDI was purified by distillation under reduced pressure 
(267 - 400 Pa) at 100˚C before use. Trehalose was purchased from NacalaiTesque, Inc., Kyoto, Japan (Nacalai) 
and used without further purification. Tetrahydrofuran (THF) and benzene were purchased from Nacalai and 
distilled over calcium hydride under an Ar atmosphere. N,N-Dimethylformamide (DMF) and dimethyl sulfoxide 
(DMSO) were purchased from Nacalai and stored over 4 Å molecular sieves before use. The following com-
pounds were purchased from commercial suppliers and used as received: DMSO (Euriso Top, Saint-Aubin, 
France), hexane (Nacalai), and acetone (Nacalai). 

2.2. Synthesis of Polyurethane Elastomers Containing Sucrose 
PUEs with trehalose units were prepared from MDI, one of the three polyols (PTMG2000, PCL2000, and/or 
PCD2000)), and trehalose by a one-shot method (Scheme 1). The recipe and trehalose content for each of the 
PUEs are listed in Table 1. The NCO/OH molar ratio was 2 for all PUEs containing trehalose units. 

For example, the synthesis of PUE-PTMG-T1 was performed as follows. A trehalose/DMF solution was pre-
pared from trehalose (0.34 g, 0.10 × 10−3 mol) and DMF (10 mL) at 100˚C for 15 min under an Ar atmosphere.  

 
Table 1. Recipe and appearance of the polyurethane elastomers containing a trehalose unit.                               

Sample MDI (mol × 10−2) Polyola (mol × 10−2) Trehalose (mol × 10−3) Trehalose Content (wt%) 

PUE-Polyol-T1 2.0 0.90 0.10 1.4 

PUE-Polyol-T2 2.0 0.80 0.20 3.1 

PUE-Polyol-T3 2.0 0.70 0.30 5.0 

PUE-Polyol-T4 2.0 0.60 0.40 7.6 

PUE-Polyol-T5 2.0 0.50 0.50 10 

PUE-Polyol 2.0 1.0 - - 

aPolyols: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone diol (molecular weight = 2000; PCL2000), and 
polycarbonate diol (molecular weight = 2000; PCD2000). 
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Scheme 1. Synthesis of polyurethane elastomers containing trehalose via the one-shot method.      

 
MDI (5.0 g, 2.0 × 10−2 mol), PTMG2000 (18 g, 0.90 × 10−2 mol), THF (20 mL), and trehalose/DMF solution (10 
mL) were added to a 100 mL four-necked separable reaction flask equipped with a mechanical stirrer, a gas inlet 
tube, and a reflux condenser. This mixture was stirred at 80˚C for 20 min under an Ar atmosphere. The thin po-
lymer sheets (~0.5 mm) were obtained by casting the resulting solution (20 g) using a disposable container at 
room temperature (23 ± 2˚C) for 15 h. The obtained sheet was cured at 80˚C for 6 h in vacuo. 

2.3. Characterization 
All analyses and tests were performed at room temperature (23 ± 2˚C) unless otherwise indicated. 

2.3.1. Nuclear Magnetic Resonance (NMR) Spectroscopy 
NMR spectra were recorded on a Varian (California, USA) Unity Plus-300 (1H, 300 MHz; 13C, 75.4 MHz) 
NMR spectrometer. Chemical shift values for protons were referenced to the resonance of tetramethylsilane as 
the internal standard and values of carbon were referenced to the carbon resonance of DMSO-d6 (δ49.5).  

2.3.2. Fourier Transform Infrared (FTIR) Spectroscopy 
Fourier transform infrared (FTIR) spectra 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. 

2.3.3. Gel Permeation Chromatography (GPC) 
The average molecular weight and molecular distributions were investigated using a Tosoh (Tokyo, Japan) gel 
permeation chromatograph (GPC) equipped with SD-8022, CCPD, CO-8020, and RI-8020. The measurement 
conditions for GPC were as follows: sample, 0.1 wt% (DMF/DMSO = 1/1 solution); solvent, DMF; column, 
TSK gels α-M and TSK GUARDCOLUMNα; flow rate, 500 µL/min at 40˚C; quantum, polystyrene transforma-
tion method. 

2.3.4. Chemical Properties 
Solubility tests were performed using 15 × 15 mm test pieces. Each test piece was soaked in a solvent (benzene, 
hexane, acetone, THF, DMF, or DMSO; 8.0 mL) at room temperature or 100˚C (for DMF and DMSO) for 24 h. 

Swelling tests were performed using 15 × 15 mm test pieces. The degree of swelling (Rs) was calculated us-
ing the formula Rs(%) = W’/W × 100, where W’ is the weight of the test piece soaked in benzene for 24 h, and 
W is the weight of the test piece after drying at 30˚C for 24 h in vacuo. 

2.3.5. Mechanical Properties 
Hardness tests were performed using a Kobunshi Keiki (Kyoto, Japan) Asker Durometer (JIS A type) with test 
pieces stacked to achieve a thickness of 6 mm. 

Tensile tests were performed on an Orientec (Tokyo, Japan) RTC-1225A with a model-U-4300 using a JIS 
3-dumbbell as the standard sample and a crosshead speed of 100 mm/min. 

2.3.6. Thermal Properties 
Dynamic mechanical analyses (DMA) were performed on a Seiko Instruments (Chiba, Japan) DMS 6100 at 
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5˚C/min over −100˚C to 300˚C at 20 Hz under N2 atmosphere. 
Differential scanning calorimetry (DSC) measurements were performed on a Rigaku (Tokyo, Japan) Ther-

mo-Plus DSC-8230 at 10˚C/min from −120˚C to 200˚C under an Ar atmosphere. Approximately 9.5 mg of each 
PUE was weighed and sealed in an aluminum pan. The samples were rapidly cooled to −120˚C and then heated 
to 200˚C at 10˚C/min. 

Thermogravimetric analyses (TGA) were performed on a Seiko Instruments (Chiba, Japan) TG/DTA6200 at 
10˚C/min from 30˚C to 500˚C under N2 atmosphere. 

2.3.7. Surface Analysis 
Atomic force microscopy (AFM) analyses were performed on dried sheets at room temperature (23˚C ± 2˚C) in 
air using an Olympus NV2000. Most of the images were obtained in tapping mode (ACAFM) with a silicon ni-
tride cantilever (OMMCL-AC 240TS-C2, Olympus optical) using a spring constant of 15 N/m and a resonating 
frequency of 20 KHz. The scanning rates were varied from 1 to 2 Hz. All the images presented here were re-
produced from images obtained from at least three points on each sample surface. 

3. Results and Discussion 
3.1. NMR Spectroscopy 
Analyses by 1H NMR (Figure 1) and 13C NMR (Figure 2) spectroscopy revealed that the polymers obtained 
were undoubtedly PUEs containing trehalose and that these polymers were composed from a urethane segment 
and trehalose. The NMR analyses indicated that trehalose was attached to the main PU chain as a cross-linker. 
For example, 1H NMR (DMSO-d6, 300 MHz) of PUE-PTMG-T1; δ8.54 (1H, CO-NH), 7.31 and 7.08 (1H, 
-C6H4-), 5.10 - 4.27 (1H, CH(OH)), 4.05 and 3.27 (2H, O-CH2), 3.78 (2H, -C6H4-CH2-C6H4-), and 1.49 (2H, 
-CH2-CH2-, -CH(R)-) and 13C NMR (DMSO-d6, 75.4 MHz) of PUE-PTMG-T1; δ154 - 147 (Urethane: C=O), 
δ138 - 135 (Urea: C=O), 129 (C=C), 118(C=C), 115(C=C), 70 (O-CH2), and 26 (CH2) (Figure 1). 

 

 
Figure 1. 1H NMR spectra of PUE-PTMG-T1.                                                                 
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Figure 2. 13C NMR spectra of PUE-PTMG-T1.                                                               

3.2. FTIR Spectroscopy 
The representative IR spectra of PUE-PTMG-T1-5 are shown in Figure 3. The IR spectroscopy analyses of 
PUE-PTMG-T1-5 were used to check the end of polyaddition reaction. The absence of the characteristic NCO 
band at 2265 cm−1, appearance of N-H stretching band at 3307 cm−1, N-H bending band and C-N stretching 
band of amide II at 1597 and 1535cm−1, and C=O stretching band at 1709 cm−1 confirmed the end of the po-
lyaddition reaction and formation of PU linkages. The characteristic absorption bands at 2940 - 2850 cm−1 indi-
cated that the -CH2- asymmetric stretching mode is available in the synthesized PUE-PTMG-T1. The band at 
1647 cm−1 was attributed to the amide II stretching mode of PU. The band at 1093 cm−1 is due to the asymmetric 
stretching of C-O-C linkage. 

Infrared (ATR, cm−1) ν3307 (N-H), 2937, 2851, and 2795 (C-H), 1709 (C=O), 1597 and 1535 (N-H). 

3.3. GPC 
The GPC of PUEs containing trehalose units is reported in Table 2. For example, PUE-PTMG-T1; Mw 340000; 
Mw/Mn 7.4. 

3.4. Chemical Properties 
PUEs with trehalose units yielded quantitatively in 10 - 25 min, and the actual trehalose contents in each synthe-
sized PUE agreed with the theoretical values. Interestingly, the reaction solutions showed different inherent vis-
cosities, and the viscosities of PUEs increased with the trehalose contents. In addition, all PUEs containing tre-
halose units were transparent. The solvent resistances of PUEs containing trehalose units were tested by im-
mersing each PUE sheet in various solvents including hexane, benzene, toluene, acetone, THF, DMF, and 
DMSO. The results are presented in Table 3. All PUEs containing trehalose units were resistant to hexane and 
acetone and swelled in benzene, THF, DMF, and DMSO at room temperature (23 ± 2˚C). Notably, the corres-
ponding PUEs without trehalose dissolved completely in DMSO and DMF at 100˚C, whereas the PUEs con-
taining trehalose contents dissolved only slightly. In general, the PUEs with trehalose units exhibited good sol-
vent resistance. These results suggested that the PUEs containing trehalose units form interpenetrating polymer 
networks [29]. 
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Figure 3. FTIR (ATR method) spectra of PUE-PTMG-T1-5.                                                      

 
Table 2. Physical Properties of the polyurethane elastomers with trehalose unit.                                          

Sample Hardnessa (JIS A) Swelling Rateb (%) Tgc (˚C) T10
d (˚C) Mwe (×104) Mw/Mne 

PUE-PTMG-T1 61 340 −78.1 352 34 7.4 
PUE-PTMG-T2 63 315 −77.1 345 14 18 
PUE-PTMG-T3 66 308 −76.7 340 11 9.1 
PUE-PTMG-T4 73 290 −76.2 335 11 15 
PUE-PTMG-T5 83 275 −76.0 331 3.3 3.9 

PUE-PTMG 77 229 −67.0 351 38 4.8 
PUE-PCL-T1 60 250 −44.4 347 10 18 
PUE-PCL-T2 67 230 −41.0 346 7.0 18 
PUE-PCL-T3 76 210 −39.1 338 2.6 17 
PUE-PCL-T4 81 196 −36.5 346 2.8 15 
PUE-PCL-T5 92 173 −34.2 328 2.2 11 

PUE-PCL 79 204 −45.0 338 16 3.5 
PUE-PCD-T1 67 265 −65.5 335 13 9.5 
PUE-PCD-T2 70 250 −60.9 333 15 12 
PUE-PCD-T3 86 239 −57.6 330 12 14 
PUE-PCD-T4 91 223 −53.2 327 7.5 12 
PUE-PCD-T5 95 208 −51.6 325 2.2 4.9 

PUE-PCD 73 199 −54.0 331 21 3.6 
aMeasurement conditions: JIS A type, total thickness = 6 mm, room temperature (23˚C ± 2˚C). bMeasurement conditions: benzene solvent at room 
temperature (23˚C ± 2˚C) for 24 h. cDifferential scanning calorimetry was performed at a heating rate of 10˚C/min from −120˚C to 200˚C under an Ar 
atmosphere. dThermogravimetric analysis was performed at a heating rate of 10˚C/min from 30˚C to 500˚C under an N2 atmosphere. eMeasurements 
conditions: solvent = N,N-dimethylformamide, sample = 0.1 wt% (N,N-dimethylformamide/dimethyl sulfoxide = 1/1 solution), flow rate 500 L/min, 
measurement temperature = 40˚C. 
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Table 3. Solubility test of the polyurethane elastomers with trehalose unit.                                             

Samplea Benzeneb Hexaneb Acetoneb THFb 
DMFc DMSOc 

23˚C 100˚C 23˚C 100˚C 

PUE-Polyol-T1 Δ × × Δ Δ Δ Δ Δ 

PUE-Polyol-T2 Δ × × Δ Δ Δ Δ Δ 

PUE-Polyol-T3 Δ × × Δ Δ Δ Δ Δ 

PUE-Polyol-T4 Δ × × Δ Δ Δ Δ Δ 

PUE-Polyol-T5 Δ × × Δ Δ Δ Δ Δ 

PUE-Polyol Δ × Δ Δ Δ ○ Δ ○ 

○: dissolved, Δ: swelled, ×: undissolved; aMeasurement conditions: benzene, hexane, acetone, THF, DMF, or DMSO as the solvent at room tempera-
ture (23 ± 2˚C) or 100˚C (for DMF and DMSO) for 24 h. bRoom temperature (23˚C ± 2˚C); cRoom temperature (23˚C ± 2˚C) and 100˚C. 

3.5. Mechanical Properties 
The mechanical behavior of the crosslinked PUEs is dependent on the structural differences between PUEs con-
taining trehalose units which were caused by changing the hard segment content, crosslinking density and in-
termolecular interactions between their hard segments. The stress versus strain curves for the trehalose-con- 
taining PUE sheets with different hard segment molar ratios are illustrated in Figure 4, and the tensile strengths 
and elongation at breaking points of the PUEs with trehalose units are shown in Figure 5. The mixture of the 
trehalose and polyurethane chain in the soft amorphous phases reduced the mobility of macromolecular chains, 
thereby generating stiff PUEs when trehalose was in the matrix phase. Trehalose is a rigid, whereas polyure-
thane is a ductile elastomer. The tensile strength and elongation at breaking points for PUE-(PTMG/PCD)-T1 
were same as that for PUE-(PTMG/PCD), and the elongation at breaking point of PUE-PCL-T1 was lower than 
that for PUE-PCL However, the tensile strength and elongation at breaking points of PUE-(PTMG/PCD)-T2–T5 
for polymers decreased with the trehalose contents. The tensile strengths of PUE-PCL-T2–T5 were same as that 
for PUE-PCL, and the elongation at breaking points of PUE-PCL-T2–T5 decreased with the trehalose contents. 
As a result, PUE-(PTMG/PCL/PCD)-T1 exhibited the best elastic behavior. These results suggested that the ef-
fect of trehalose on the higher order conformation expanded to the overall structure as the trehalose contents in-
creased.  

The effect of the various polyurethane microstructures on their macroscopic behavior was reflected in their 
hardness. Table 2 shows hardness of the trehalose-containig PUE sheets with different amount of hard segment 
content. Hardness of PUE-PTMG-T1-T4 were lower than that for PUE-PTMG, hardness of PUE-PCL-T1-T3 
were lower than that for PUE-PCL, and hardness of PUE-PCD-T1-T2 were lower than that for PUE-PCD, re-
spectively. These results show that hydrogen bonding, phase segregation, crosslink density and the plasticizer 
effect of trehalose dangling chains affect the hardness. A higher number of crosslinked hard segments leads to 
an increase in the hardness of the polyurethane materials.  

3.6. Thermal Properties 
DSC analyses of the PUEs containing trehalose units were performed from −120˚C to 200˚C under an Ar at-
mosphere. From Table 2, it is evident that one main transition occurred for the PUEs containing trehalose units. 
The values for the glass transition temperatures (Tg) of the corresponding PUEs without the trehalose content 
were −67.0˚C, −45.0˚C, and −54.0˚C for PUE-PTMG, PUE-PCL, and PUE-PCD, respectively. The Tg values of 
PUE-PTMG-T1-T5 were lower than that for PUE-PTMG and the Tg values of PUE-PCL-T1-T5 were higher 
than that for PUE-PCL. For PUE-PCD-T1-T5, The Tg values of T1-T3 were lower than that for PUE-PCD and 
theTg values of T4 and T5 were higher than that for PUE-PCD. Tg of PUEs with trehalose units increases with 
the concentration of hard segments and with of the number of crosslinks added. The increase in Tg of PUEs with 
trehalose units is due to the hindrance local motion of the polymer segments throughout the formation of physi-
cal and chemical crosslinks between molecular chains. Thus, the glass transition temperature of the PUEs with 
trehalose units is influenced by its crosslinking density and chemical structure. The difference in Tg values arise  
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(a)                                       (b)                             (c) 

Figure 4. Tensile properties of the polyurethane elastomers containing a various amounts of trehalose. (a) PUEs using MDI, 
PTMG2000, and trehalose; (b) PUEs using MDI, PCL2000, and trehalose; (c) PUEs using MDI, PCD2000, and trehalose. 
Red: 1.4 wt% trehalose content, deep blue: 3.1 wt% trehalose content, green: 5.0 wt% trehalose content, orange: 7.6 wt% 
trehalose content, light blue: 10wt% trehalose content, black: PUEs without trehalose content.                             

 

 
Figure 5. Tensile strengths and elongation at the breaking points for PUEs with containing of the trehalose. Red: PUEs using 
MDI, PTMG2000, and trehalose; deep blue: PUEs using MDI, PCL2000, and trehalose; green: PUEs using MDI, PCD2000, 
and trehalose.                                                                                            

 
from several factors including the crosslinking density of the trehalose-based network and higher content of 
MDI in crosslinked polyurethane.  

The thermal stabilities of the PUEs containing trehalose units were examined via TGA under an N2 atmos-
phere. The TG curves of the PUEs without trehalose and the PUEs with different trehalose component ratios are 
displayed in Figure 6 to analyze the effect of trehalose on stabilization further. Degradation temperature (T10) 
decreased evidently for the PUEs with trehalose. This result is attributed to the complicated process of PUE de-
composition given that PUE is a copolymer composed of microphase-separated hard and soft segments.  



K. Kizuka, S.-I. Inoue 
 

 
71 

 
Figure 6. Thermo gravimetric analyses of the polyurethane elastomers containing a various amounts of trehalose. (a) PUEs 
using MDI, PTMG2000, and trehalose; (b) PUEs using MDI, PCL2000, and trehalose; (c) PUEs using MDI, PCD2000, and 
trehalose. Red: 1.4 wt% trehalose content, deep blue: 3.1 wt% trehalose content, green: 5.0 wt% trehalose content, orange: 
7.6 wt% trehalose content, light blue: 10 wt% trehalose content, black: PUEs without trehalose content.                     

 
DMA measurements of the PUEs with trehalose units were performed from −100˚C to 300˚C. The results are 

displayed (Figure 7). Rubbery flat regions were not observed in PUE-(PTMG/PCL/PCD)-T3–T5 but in PUE- 
(PTMG/PCL/PCD)-T1 and T2 at approximately 50˚C - 180˚C. In addition, the rubbery flat regions for PUE- 
(PTMG/PCL/PCD)-T1 and T2 declined significantly in comparison with those observed for PUE-(PTMG/PCL/ 
PCD). These results suggested that the molecular chain lengths between crosslinked polymers were reduced 
upon addition of a small amount of trehalose. Regarding PUE-(PTMG/PCL/PCD)-T3-T5, the characteristic S- 
shaped curves were not observed and the E’ values increased. These results suggested that the trehalose-con- 
taining PUEs calcified as the trehalose contents increased. The tanδ values additionally shifted to the high-tem- 
perature area as the trehalose contents and values of the peak top simultaneously increased. Furthermore, the 
two different peaks were present as small broad peaks in PUE-(PTMG/PCL/PCD)-T4 and T5. The peak in the 
low-temperature area may be attributed to the hard segment, whereas that on the high-temperature area may be 
attributed to the PU chains. 

3.7. Morphology Evolution 
The surface topography of the PUEs containing trehalose units was examined by AFM (Figure 8). AFM was  
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Figure 7. Dynamic mechanical analyses of the polyurethane elastomers containing a various amounts of trehalose. (a) PUEs 
using MDI, PTMG2000, and trehalose; (b) PUEs using MDI, PCL2000, and trehalose; (c) PUEs using MDI, PCD2000, and 
trehalose. Red: 1.4 wt% trehalose content, deep blue: 3.1 wt% trehalose content, green: 5.0 wt% trehalose content, orange: 
7.6 wt% trehalose content, light blue: 10 wt% trehalose content, black: PUEs without trehalose content.                      

 

 
(a)                                                    (b) 
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(c)                                                    (d) 

Figure 8. Atomic force microscopy images of the polyurethane elastomer without a trehalose unit (PUE-PTMG) and the po-
lyurethane elastomer with a trehalose unit (PUE-PTMG-T5). (a) and (b): two dimensions; (c) and (d): three dimensions.        

 
utilized to study the phase-segregated morphology ofPUEs with trehalose units. AFM investigations were con-
ducted on the surface of the polymer, with a scanning area of 1000 × 1000 nm. Topographical heterogeneity is 
observed in the images of PUE containing trehalose units, which may reflect the existence of ordering tenden-
cies in the polymer structure. In these images, by convention, the hard and soft microphases appear as bright and 
dark regions, respectively. By increasing the hard segment concentration, changes were observed in the surface 
morphology. The presence of bright and dark regions indicates the presence of microphase morphology. AFM 
images of the trehalose-containig PUE sheets have an extended smoother surface area compared to the AFM 
image observed in the polyurethane sheet without trehalose. The light-colored spots represent hard domains. 
These are dispersed all over the matrix which is formed by the soft domains while in the case of polyurethane 
without trehalose and appear as thick regions. Inclusions of hard segments can been in some limited areas. This 
could be explained by the possibility that those areas benefitted from a better ordering. 

3.8. Discussion for Structure of Polyurethane Elastomers with Trehalose Unit 
3D structures of the PUEs containing trehalose units were predicted using the characteristic structural and 
chemical features of trehalose as a reference. Specifically, the trehalose composed of two glucoses has two pri-
mary alcohols that are of the highest reactivity and six secondary alcohols which are of high reactivity [31]. 
Their alcohols should preferentially react with isocyanate, and the resulting materials form a sequential interpe-
netrating polymer network [32]. In addition, the initial chain polymerization reaction is expected to proceed 
gradually to form a simultaneous interpenetrating polymer network [32]. Hence, both networks are mixed in the 
PUE structure. Three types of interpenetrating polymer networks are networks I, II, and III (Figure 9). The 
network I is molecular model which react with isocyanate by six alcohols of high reactivity. The network II is 
molecular model which react with isocyanate by four alcohols of higher reactivity. The network III is molecular 
model which react with isocyanate by two primary alcohols that are of the highest reactivity. The network III 
partially generate in PUE containing many trehalose units. Therefore, the main networks in PUE-(PTMG/PCL/ 
PCD)-T1-T5 are networks I and II. These networks are mixed at random in each PUE. Consequently, as the tre-
halose contents in the PUEs increases, the molecular densities of the PUEs with trehalose units increase. 

4. Conclusion 
In summary, we achieved the synthesis of PUs that maintained the elastic property using the one-shot method. The 
use of trehalose for additive compound was essential to obtain the desired PUEs. This study demonstrated the  
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Figure 9. Interpenetrating polymer network in the PUE containing trehalose.                                   

 
synthesis of PUEs by introducing trehalose units, which acted as a crosslinker in the main chain. The properties 
of PUE sheets were mainly governed by the stoichiometric balance of the components in the reaction and the 
degree of crosslinking. 
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