
Chapter 1 Introduction 

1.1 Background 

日astomeris a kind of polymer materials that can be stretch巴dmany times their original dimensions 

and will recover to th巳廿 initialshape when released. This unique feature is highly relat巴 to the 

unusual structure which consists of long chain mol巴culesthat tak巳 onthe conformation of a large 

random coil， while interconnect巴dor crosslinked pa巾 a110wthem to return to th出.original shape 

once the deforming force is removed.[l凶 5]Lots of polymers eオ1ibitth巳elasticitydue to the similar 

S加 C加re m巴ntioned above， such 回 natural rubber (NR)， polybutadiene rubb巴1・ (BR)ラ

Styrene幽butadienerubber(SBR)ヲ Ethyl巴nePropylene Rubber (EPM).etc. Polyurethan巴 elastomer

(PUE) is also a comparatively new elastomer and most applied in footwear areas becaus巴ofthe 

excellent abrasiv巴resistanceto compare with other巴lastomericmaterials. 

Nowadays， more and more resources， especially fossil fuels are used as modern industry dev巴lops.

In addition， fossil fuel are non-renewable that made it a problem to solve the巴xhaustionof resources. 

One ofthe counter measures is to seek for renewable materials to replace the non-renewable ones. It 

is in good agreement with the 3R (ReduceラReuse，Recycl巴)concept. 

In biology and chemistry ar巴as，lots of researches have been undertaken that use plant components to 

synthesize new materials.[6-1 0] 

In polyurethane (PU) area， th巴mostimpo巾 ntraw materials are isocyanat巴sand polyols. The use of 

veg巴tableoils and their derivatives in pol)'l汀ethaneand specialty chemicals is w巴11known. [11-15] 

Plant components are expected to be replacements of polyols in synthesis of PUEs. Howev巳r，we 

have noticed that they may also have the possibility to be used as a chain extender or cross-linker. 

Our groups have been aimed at synthesizing polyurethanes (PU) with plant components and relative 

work for y巴ars.In this study， we are仕yingto synth巴sizea kind of PUEs that use s-cyclodextrin as 

cross-linker. 
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Cyclodextrin民resultfrom the cyclomaltod巴xtringlucanotransferase catalyzed degradation of starch， 

have three common kinds with 6ラ 70r・ 8 a-D幽 glucopyranosideunits (α圃ラ s-and トcyclodextrinラ

respectively) linked by αー(1ラ 4)glycosidic bonds.[lふ18]The multi-hydroxyl stlUcture allows s-CD 

to 印刷出 across-link巴r.Howeverラ s-CDmolecule is quite di能 rentfrom normal cross-linker 

巴sp巴ciallyin size and molecular w巴ight.Th巴succ巴ssof synthesis of PUEs that use s心yclodextrinas 

cross-linker is of great significance in green chemistry. 

1.2 Purpose of this work 

1. To clari命thestructure of PUEs which crosslinked with s-CD 

2. To巴valuatethe crosslink effect of s-CD on PUEs. 

3. To study the influenc巴factorson crosslink巴ffectof十CD

4. To investigate the phase separation剛propertiesrelationship in PUEs crosslinked with s-CD. 

1.3 The thesis outline 

Chapter 1 gives the background ofPUE and PU with plant components in brief. The purpos巴ofthis

work is also clarified. 

Chapter 2 is literature revi巴W

Chapter 3 ensur巴sthe crosslink caused by s-CD in PUEs and discuss the influ巴nceof s-CD content 

on properti巴sofPUEs. 

ln chapt巴r4ラ keyword is th巴structure-prop巴rtiesr巴lationshipof PUEs which crosslink巴dby 十CD，

as well as the relationship between symmetry of diisocyanate and crosslink effects ofトCD.

Chapter 5 gives the comparちonof crosslink巴ffectsof トCDon PUEs from different polyols. 

Chapter・ 6is contact mechanics of PUEs which crosslinked by トCDラ whichinvestigat巴 th巴
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m巴chanicalproperties ofPUEs more d廿ectly

Chapter 7 mainly provides conclusions and the fu印rework envisag巴d.
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Chapter 2 Literature review 

2.1 Polyurethanes 

PO恥lrethane(PU) is a type of polymer formed by polyadditon reaction between diisocyanate and 

diols. Since discov巴redin the late 1930s by Otto Bay巴r，PU quickly attracted the eyeball of many 

countries.[1・4]However， PU chemistry didn't d巴veloprapidly due to the limited und巴rstandingof 

this kind of materials. After the nomenclature adopt巴d，the development of PU materials took a big 

jump. The industrial scale production of PU started in 1940 and subsequent market growth rate of 

these materials was s巴riouslyimpacted in this decade.[2] Owing to the renewing processing methods， 

PU industrγhave achieved a great developm巴ntduring the past cent山y.Now， PUs have been 

d巴velopedto foams， elastomers， coatings， fibers and adhesives etc. PU materials are ev巴rywherein 

our daily lives， especially in automotive，白rniture，construction， thermal insulation and footwear 

areas.[5・6]Figure2.1 shows the polyurethane market by t巴chnologyfor 2000. 

PU Market(2000): 9.3 million tonnes 

聞rigidand semi-regid foams 

• flexible foams 

• elastomers 

• coatings 

• adhesives 

Figure 2.1 Split ofpolyurethane market by technology for 2000[1] 
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2.l.l Types ofPU 

Flexible Polyurethane Foam 

Fl巴xiblepolyurethane foam is one ofthe most versatile mat巴rialsever created.[7]It is usually used as 

cushioning for a variety of consumer and commercial products， including beddingラ fumi旬r巴，

automotive interiors， carpet underlay and packaging. Fl巴xiblefoam can be created in almost any 

variety of shapes and frrmness. 1t is light， durable， supportive and comfortable.[8] 

Rigid Polyure血aneFoam 

Rigid polyurethane foam民mostused type of PU， have betier thermal properties than thermoplastic 

foams or other common insulation materials. Their low thermal conductivity is due to a unique 

combination ofblowing agent prop巳rtleSラ cellsize， and closed cell morphology.[4] These foams ar巴

effective insulation materials that can be used in roof and wall insulation， insulated windows， doors 

and air barrier sealants.[9] 

Coatings， Adhesivesラ S巳alantsand Elastomers 

The uses of polyurethanes in the coatingsヲ adhesives，s巳alantsand elastomers market offi巴ra broad 

and growing spec仕umof applications and ben巴fits.Polyur巴thanecoatings can enhanc巴 aproductうS

appearance and lengthen its lifespan. Polyurethane adhesiv巴scan provide s仕ongbonding advantages， 

while polyurethane sealants provide tight巴rseals. Polyurethan巴 elastomersare can be mold巴dinto 

almost any shapeラ arelighter than metalラ offersuperior stress recovery and can b巴resistantto many 

environmental factors. [10] 

Therrnoplastic polyurethan巴(TPU)

TPU is a kind of polyurethanes that only contain physical crosslinks and without chemical ones. 

Like a11 th巴rrnoplasticelastomers (TPE)， TPU is elastic and melt-processable. In addition，江 canbe 

processed on ex飢lsionラ injection，blow and compression molding equipment. It can be 

vacuum司 formedor solution-coated and is w巴11suited for a wide variety of fabrication m巴thodologies
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TPU can provid巳 aconsiderabl巴numberof physical property combinationsラ makingit an extr巴m巴ly

flexible material adaptable to dozens ofuses such as construction， automotive and footwear.[1l-13] 

Waterbome Polyurethane Dispersions (PUDs) 

As the environment problems ar巴 ge抗inggreat巴rand greater， volatile organic compounds (VOCs) 

became an Index that should be conc巴medand controll巴d.Waterbome polyurethane dispersions are 

coatings and adhesives that use water as the primary solvent. No use of organic solv巴ntreduced 

hazardous air pollutants (HAPs)ラ thusPUDs are environmentaJ合iendlyand enlarg巴 theindustrial 

and commercial application areas.[14開 16]

2.2 Polyurethane elastomers (PUEs) 

Although possess only about 16% PU market share [1]， poJyurethane elastom巴r(PUE) plays an 

important role in PU products. Their abrasion and chemical resistanceラ goodm巴chanicalbehavior， 

blood and tissue compatibility attract巴dpeopJesう attentionand alJow them to be r巳placementto 

rubber in some cases. Polyurethane elastomers are formed typically by reacting together three 

chemical constituents: a diisocyanat巴， a Jong-chain diol， and a small molecule c出hain同 xt臼ende釘r(CE町) 

dio叶10町rdiamine. The resulting polymer may be considered a copolymer of the polyol and 

diisocyanate-chain extender sequences: termed the so武田gm倒 (SS)and hard segm巴nt(HS)ラ

respectively.[3， 17-20] The urethan巴groupslink the HS and SS by means ofboth covalent bonds and 

hydrogen bonds (Figure 2.2). These aJtemating HS and SS are the key feature that distinguishes 

PUEs企omother eJastomers and is the r巴asonthat giv巴spol戸lr巴thanesan elastic nature. 
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hard domaiD - JII"" 

Figure 2.2 HS-SS s廿uctureof PUEs 

2.2.1 Synthesis of PUEs 

As mentioned in former， PUEs are achi巴vedby the urethane linl正ag巴s(-NHCOO帽)which combine 

the HS with SS. The synthesis method can affect the PUE s廿uc旬reand properties greatly. The two 

main methods are one-shot method and prepolymer method. In one-shot method， diisocyante， polyol 

and chain extender are added at the same time. The process is easier， faster and mor巴reproducible

and widely used in industry. On the other hand， in prepolymer method， polyol is initially reacted 

with excess of diisocyanate to form a NCO terminat巴dpr巴polymer.(Figure2.3) Then， prepolymer is 

converted into polyurethane by reacting with diol or diamine. Because of the low巴rr巴activityof 

isocyanate group， catalysts are also needed when aliphatic diisocyanates are used. 

As the prepolymer method is more controlled， the obtained PUE structure is more regular than it 

一=ー-N=ー+叶…士H

ー O==C==N-t.-~--Ú-O←-oJ-R 了一一。
prepolymer 

HO・-R-ー圃OH

.. PUE 

Figure 2.3 Route for prepolymer method 
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obtain巴dvia one-shot step 

2.2.1.1 Isocyanates 

Obviouslyラ highlyreactive isocyanate group is the unique feature of polyurethane technology. 

Isocyanates are reactive because ofthe low elec廿ond巴nsityofthe central carbonラ asFigure 2.4 

+ 
R-園田N--C=O ----通量』

『唱咽~圃 R-ー圃N=C=O --圃圃4圃--

『司町一一一

Figure 2.4 Resonant structur巴sof isocyanates 

+ .. 
R-N=C園田園0-

Isocyanates are the raw materials for addition polymers such as polyurethanesラ polyureasand 

polyisocyanurates. In PU fieldsフ themost common forms and widely used of isocyanates are toluene 

diisocyanate (TDI) and methylene diphenyl diisocyanate (MDI) because of the moderate cost and 

巴xcell巴ntproperties of resulted PU. Howeveζthe carcinogenic reported for TDI[21] lead to the 

r巴ductionof its application. Other isocyanates were also needed for special usage， such as aliphatic 

isocyanate HDI and lPDI. Aliphatic isocyanates are believed to avoid PUs from UV degradation. 

2.2.1.2 Polyols 

Typical polyols contain 1¥万oto eight r巴activ巴hydroxylgroups and have average molecular weight 

from 400 to 5000 Daltons.[22] The nature of polyols can largely affi巴ctthe properties at low 

temperature and lowest usable t巴mperatureof PUEs， becaus巴thepolyols are the only contributor to 

the soft domains ofPUEs. Theれ町omain kinds ofpolyols are poly巴thersand poly巴st巴rs.

2.2.1.3 Chain extenders 

Typical chain extenders (CE) are diols or diamines with a molecular-w巳ightunder 400ラ while

mol巴culeswith higher functionality are considered to be cross-link巴rs.The function of CE is 

b巴liev巴dto increase chain length of hard segments of PU and increase the molecular weight of 

PU.[2人23-25]
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Typicallyラ bothof CE and Polyol are compounds involve t¥可oactive hydrogens. Actuallyヲ the

differences betwe巴nthe natur巴ofCEand Polyol do lead to the uniqu巴propertiesofPUEs. 

2.2.1.4 Side reactions 

During the copolym巴rizationof diisocyanate and polyol， side reactions also exist. Reaction of 

isocyanate with the active hydrogen on a urethane group resulted in allophanate linkage. The 

allophanate cross-links are not as stable as the conventional cross-links form巴dfrom polyfunctional 

polyols and polyisocyanates. They are thermally labile and open quite easily at high 

temperature.[3，26] Tsocyanates can also react to fonn dimer and trimer ofthems巴lves.Dimerization 

only occurs with aromatic isocyanates. However， trimerization occurs with both aliphatic and 

aromatic isocyanates. The reactions mentioned are shown as Figure 2.5 

I 11 
R田一NCO + 

2 (Ar-N=C=O) 

+ 

』

『‘

R-由欄NCO

ー匝

dimer 

trimerization 

ー-catalyst 

0 

. 11 
R'-N醐田園C園田・O国間圃R'

C-N-ー圃R

11 I 
o H 

trimer 

Figure 2.5 Reaction of allophanate， aromatic isocyanate dimer and isocyanurate 
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2.2.1.5 Applications of PUEs 

PUEs have uniqu巴 properti巴sof abrasion resistanceラcut and tear resistanc巴ラ higherload bearing 

abilityラ Ozoneresistanceラ microbialresistanceラ oiland p巴troleumresistance. Thusラ PUEsare 

expected to replace rubbers in many areas. In additionラ propertiesof PUEs can be easily controlled 

only by changing the hard segment concentration (HSC). NowadaysラPUEsare widely applied in our 

daily lives， such as concrete mould linersラ autosuspension components， membranesラ PUspray 

coated marine fendersラ m巴dical廿ainingmodelヲ aggregateseparation screensラ pipelinecleaning pigs， 

footw巴arsラplpeラhoseand tubes.[2] 

2.3 Bio-based polyurethane elastomers 

Since firstly reported in 1960s[27]， bio司basedPUEs have caught researchersラ attentionmainly due to 

the biocompatibi1ity and biodegradability. A wide variety of biomaterials are now commonly 

implanted in the human body for the treatment of various diseases. They are also used to augment 

tissueラ bone，muscleラ skinand breast either after trauma or for cosm巴ticr巴asons.[28-29] 

Biodegradable PUEs are friendly to environment and contribute to th巴 conceptof green chemistry. 

These materials are of great significance in modem society. 

2.4 Cyclodextrin 

Cyc10dextrins (CDs)ラ whichare produced by enzymatic degradation of starch， are truncated cone 

shaped mol巴culescomposed of D-glucopyranosid巴 unitsli止巴dthrough必(1ラ 4)glycosidic bonds. 

Typical CDs are constituted by 6ラ7ラ8glucopyranoside unitsラnamedα闘う戸、 y-CD.[30-31]十CDsar巴

most commonly used species b巴causeofth巴lowcosts. The chemical structure of トCDis shown as 

Figure 2.6. 
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OH 

OH 

HO 

OH 

OH 

4
『

b 

Dimension(nm) 

a 

0.61 

h 

0.78 

』

Fd 

Figure 2.6 Cherr山alstructure and dimensions of s圃 CD

Sinc巴discoveredby Villiers in 1891ラ CDshav巴drawnlots of researchers' att巴ntionbecaus巴oftheir

special structure and properties.[32]The position of th巴 hydroxylsin CD gives the exterior a 

hydrophilic characterラ whilethe interior is hydrophobic. Thusラ avariety of molecules can fit into the 

hydrophobic hole to form inclusion compl巴xes，which also call巴dhost-guest complexes. This feature 

allows CD to removing som巴organiccontaminants from water.[33-34] In additionラ somemolecules 

only pa口iallyreside within the cavityラ thusto form supramolecule. CDs play an important role in 

supramolecular ch巴mis汀y.
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2.5 Cyclodextrin幽 basedpolyurethanes 

It can b巴 easilyconclude from structure of cyclodextrin that the direct reaction of isocyanat巴sand 

cyclodextrins wiU result in a highly crosslinked and rigid reactant. Most reported Cyclodextrin田based

polyurethanes[3 5 -38]ラ untilnowラ weresynthesized by direct reaction of cyclodex仕ins and 

isocyanates. In another word， the properties of polyurethanes th巴mselv巴swere not the most 

important on巴sto be focused. Cyclodextrin四basedpolyur巴thaneswere research巴dmainly on 

scavenging properties produced by cyclodextrin ring. Actuallyラ sincefirstly reported in 1981[39]ラPU

synthesis incorporating CD mol巴culesgain巴dmore and more attention. lt was reported that 

s-CD-containing PU polymer had b巴巴nsuccessfully prepared coated Fe304 magnetic nanoparticle as 

a novel c]ass of hybrid organic/inorganic molecular catalyst and the polymer was evaluated as 

solid-liquid phase田transfercatalyst and molecular host system for nucleophilic substitution 

reactions[40]. It was also r巴portedthat the s戸uh巴sisand applications of wat巴rinsoluble CD-IL 

polym巴rsin th巴removalofmodel pollutants (PNP， TCP and Cr6+)合omwater[ 41]. 

References 

[1] Randall.D and Lee.S (2003) The polyurethanes book 

[2] Szych巴r.M(1999) Szycher's handbook ofpolyurethanes， CRC Press LLC 

[3] Cristina Prisacariu (2011) Polyurethan巴Elastomers，From Morphology to Mechanical Aspects 

[4] Ashida.K (2007) Polyurethan巴andrelated foams: chemistry and technologyラ CRCPress， 

Taylor & Francis Group， Boca Raton， USA 

[5] Zafar.F and Sharmin.E (2012) Polyure吐mne，Int巴ch

[6] Bil1meyer.F.W( 2003) Textbook ofPolymer Sci巴nce.3rd EditionラJo1mWiley & Sonsう

NewYorkラUSA.

[7] Flexible Polyurethane Foam: a Primer.ラ Publishedby th巴PolyurethaneFoam Association 

[8] Mills.N.J (2007) Polyurethane foams: Proc巴ssingand microstructureラ PolymerFoams Handbook 

13 



[9] Le巴.S.Tand Ramesh.N.S (2004)Pol戸nericFoams: Mechanisms and Materials; CRC Press: Boca 

Raton， FL 

[10] Sonnenschein.M.F (2014) Polyurethanes: ScienceラTechnologyラ Marketsラ andTrends. Wil巴y

[11] Herrera.Mラ MatuscheIιG and Kettrup.A (2002) Thermal degradation of thermoplastic 

polyurethane elastomers (TPU) based on MDI. Polymer Degrαdation and Stαbility 78(2):323-331 

[12] Bonart.R (1 977)Segmentierte polyur巴than久 Angの1I.Mαkromolek.Chem58/59，259 

[13] M.Ulcnik-rくrumpand L. De Lucca Freitas (2004) The study of morphologyラ thermaland 

thermo幽mechanicalproperties of compatめilizedTPU/SAN blends. Polymer Engineering & 

Scienceラ44(5):838-852

[14] Y S Lu and R.C.Larock (2008) Soybean-Oil-Based Waterborn巴 PolyurethaneDispersions: 

EfD巴ctsof Polyol Functionality and Hard S巴gm巴ntContent on Propertiesラ Biomαcromoleculesラ 9

(11 ):3332-3340 

[15] B K Kim and J C Le巴(1996)Wat巴rbornepolyurethanes and their properti出ラ Journαlofpolymer

science Part A，34(6):1095-1104 

[16] Asif.Aラ CY Huang and W F Shi (2004) S仕ucture-propertystudy of waterborn久 polyurethan巴

acrylate disp巳rsionsbased on hyperbranched aliphatic poly巴sterfor UV司curablecoatingsラ Colloid

and Polymer Science， 283(2):200-208 

[17] Dodiuk.H and Goodman.S.H (2014) Handbook ofThermos巴tPlastics. Third Edition 

[18] Gadley.J.L， Andrade.R.J and Maia.J.M (2016) Effect of Soかto閏HardSegment Ratio on 

Viscoelastic Behavior of Model Thermoplastic Polyurethanes during Phas巴 Transitions.DOI: 

10.1 002/mame.20 1500450 

[19] Sreenivasan.K (1991) Effect of the type of polyol on the soft segment crystallinity in 

polyurethane based on methyl巴ne bis( cyclohexyl diisocyanate). European Polymer 

Journα1，27(8)81 ト813

14 



[20] Walo.Mラ Przybytniak.G，Lyczko.K， Pi号tek-Hnat.M (2014) The effect of hard/soft segment 

composition on radiation stability of poly( ester-urethane )s. Radiation Physicsαηd Chemistり1

94ラ18凶21

[21] Bolognesi Cラ BaurXラ MarczynskiB， Norppa H， Sepai 0 and Sabbioni G (2001) Carcinogenic 

risk of toluene diisocyanate and 4ラ4'-methylenediphenyl diisocyanate: epidemiological and 

experimental evidence. Crit Rev ToxicoI31(6):737-772. 

[22] Ionescu.M (2005) Chemistry and Technology of Polyols for Polyurethan民 RapraTechnology 

Limited 

[23] Pesetskii.S.S， Shevchenko.V.V， Koval.VN  (2016) Effect of isocyanate chain extender on 

the s加山reand properties ofthe blends ofpoly(butylene terephthalate) and thermoplastic poly巴ster

elastom巴r.DOI: 10.1177/0892705716646419 

[24] Thirumail (2008) Mechanicalラ morphologicaland thermal properties of rigid po恥lr巴thane

foam: effl巳ctof chain extender， polyol and blowing agent. Cellular Polymers，28(2)， 145-158 

[25] Q K M巴ng，Heuzey.M C and Carreau.P. J (2012) E位 ctsof a Multifunctional Polymeric Chain 

Ext巴nd巴ron the Properties of Polylactide and Polylactide/Clay Nanocomposites. Internαtional 

Polymer Processing: 27(5)，505・516

[26] Lappranda.Aラ Boisson.F.ラ Delolme.F，Mechina.F and Pascault.J.P (2005) Reactivity of 

isocyanates with urethanes: Conditions for allophanate formation. Polymer Degradation and 

Stabilityラ 90(2)，363-373

[27] Boretos.J.Wラ Pierce.W.S(1968) Segmented polyurethanes: A polyester polymer. An initial 

evaluation for biomedical applications. J Biomed Mater Res.2， 121-130. 

[28] Marois.Y and Guidoin.R (2000伺2013)Biocompatibility of Polyurethanes. Austin (TX): Landes 

Bioscience 

[29] Inoue H， F吋imotoK， Uyama Y (1997) Ex vivo and in vivo evaluation of the blood 

15 



compatibility of surface-modified polyurethane cathet巴rs.J Biomed Mater Res. 1997，35ラ255-264

[30] Kurkov.S.V and Loftsson.T (2013) Cyclodextrins. Jnternational Journα1 o[ Pharmαceutics 

453(1)，167-180 

[31] Lo丘sson工Jarho.P，Masson.M and Jarvinen.T (2005) Cyclodextrins in drug deliv巴ry.Expert 

Opin. Drug Delivヱラ 335-351

[32] Harada A， Hashidzume A and Takashima Y (2006) Cyclodex仕in-Bas巳dSupramol巴cular

Polymers. Adv Polym Sciラ 201，1-43

[33] Mhlanga.S.D， Mamba.B.Bラ Krause.R.Wand Malefetse.T.J (2007) Removal of organic 

contamInants from water using nanosponge cyclodextrin polyurethanes. Journal o[ Chemical 

Technology and Biotechnologyラ 82(4)ラ382-388

[34] Rima.J and Assak巴r.K(2013) s-Cyclodex仕InPolyurethanes Copolymeris巴dwith Beetroot 

Fibers (Bio幽Polymer)，for the Removal of Organic and lnorganic ContamInants企omWater. Journαl 

o[ Food Researchユ(1)150-157

[35] Kiasat.A.R and Nazaria.S (2012) s-CyclodextrIn based polyurethane出 eco-合iendlypolymeric 

phas巴transfercatalyst in nucleophilic substitution reactions of benzyl halides in wat巴r:An effici巴nt

route to synth巴sisofbenzyl thiocyanates and acetates. Catal Sci Technol，2，1 056-1 058 

[36] Young.S.K， Peter.L， Napadensky.V.Eラ Crawford.D.M，Sloan.J.M and TrevIno.S.F (2002) 

ARL-TR-2776:Army R巴searchLaboratory. 

[37] Salipira.K.L， Krausea.R.WラMamba.B.BラMalefetse.T.Jラ Cele.L.M and Durbach.S.H (2008) 

Cyclodextrin polyurethanes polymerized with multi-walled carbon nanotubes: Synthesis and 

characterization. Materiαls Chemistryαnd Physics，111，218-224 

[38] Nkambule.T.Iラ Krause.R.WラMamba.B.B，Haarhoff.J (2009) Removal of natural organic matter 

from water using ion-巴xchangeresIns and cyclodextrin polyurethanes. Physics and Chemistry o[the 

Eαrth 34(13)，812明 818

16 



[39] Mizobuchi Y， Tanaka Mラ ShonoT (1981) S巴parationof aromatic amino acids on 十cyclodex廿m

polyurethane resins. J Chromatogr Aラ 208，35-40

[40] Kiasat.A.R and Nazari.S (2012) Magnetic nanoparticles gra立edwith s-cyclodextrin 

polyurethane polymer as a novel nanomagnetic polym巴rbrush catalyst for nucl巴ophilicsubstitution 

reactions ofbenzyl halides in water. J Molecular Catαlysis A: Chemicalラ365，80嗣 86

[41] Mal巴fets巴.T.J，Mamba.B.B， Krause.R.W and Mahlambi.M.M (2009) Cyclod巴xtrin-ionicliquid 

polyurethanes for application in drinking water廿巴atment.Jf匂terSA. 35(5)729-734 

17 



Chapter 3 Influence of s-CD content on properties of nOIトchain

extended polyurethane elastomers 

Due to the dissimilarities in structure，トCDmay quite different企omnom叫 low四mol巴C叫ar

weight cross-linker in crosslink effect. Influences of s-CD molecules on PUE s仕uctureand 

properties are most conc巴rn巴dabout. In this chapterラ touse s闘 CD出 cross-linker，a s巴riesof PUEs 

with different s-CD content w巴res戸lthesiz巴d.

3.1 Experimental 

3 .1. 1 Materials 

PTMG (molecular weight = 1000 Da) (PTMGlOOO) was supplied by Invista Industryラ Texasラ USA

4，4' 幽 Diph巴nylmethanediisocyanate (MDI) was supplied by Tosoh Industryラ Tokyoラ Japanand w出

purified by distillation under reduc巴dpressure (267-400 Pa) at 100 0 C befor・euse. s-CD was 

purchased企omNacalai TesqueラInc.，Kyoto， Japan (Nacalai) and w出 driedfor 24 h at 80 oC under a 

pressぽ eof 267-400 Pa before use. Tetrahydrofuran (THF) and benzene were purchas巴d合om

Nacalai and distilled over calcium hydride under an argon (Ar) atmosphere. 

N，N心 imethylformamide(DMF) was purchased from Nacalai and stored over 4 A molecular sieves 

before us巴.Hexan巳andacetone w巴reprocured from Nacalai and were used as r巴celv巴d.

3.1.2 Synthesis 

As巳riesof s-CD-based PUEs were s戸 thesized企omMDI， PTMG 1000， and s-CD via a prepolymer 

method (Scheme 3.1). It needs to b巴 mention巴dthat 1 mol of トCDmolecule contains 7 mol of 

primarγhydroxyl and 14 mol of secondary hydroxyl groups. However， not all hydroxyl groups r巴act

with the isocyanate group even in the presence of巴xc巴ssof isocyanate groups. In another words， the 

functionality of s-CD is not an exact qua凶ity.Therefore， in this study， additive amount ofトCDwas

calculated by weight percent of the total weight of all the raw materials. Th巴synthesisprocedure and 

s-CD content for巴achPUE is listed in Table 3.1. PUEs are termed as PUEx (x = weight percent of 
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やCD)

The synthesis was p巴rformedas follows: a solution of十CDin DMF (10 mL) was pr巴paredand 

heated at 80 oC for 20 min under an Ar atmosphere. MDI (5.0 gラ。ラ020mol) and PTMGlOOO (10 gラ

0.010 mol) were added to a 100-mL four-necked separable reaction flask巴quippedwith a 

mechanical stirrer， gas inlet tubeラ andreflux condenser. Th巴prepolymerwas prepared by heating at 

80 oC for 1 h under an Ar atmosphere and continuous stirring. Then s-CD solution was added to the 

separable flask followed by further stirring for 15 min. Small amount of bubbles in the syst巴mw巴re

removed by adding THF (20 mL) and further high-speed stirring for 5 min. 

Thin PUE sheets (0.7-0.8 mm) were obtained by casting the resulting PUE solution at room 

temp巴rature(23 oC土 2oc) for・24hラ at50 oC for 24 h， and at 100 oC for 24 h. The DMF residue on 

the sheets was r巴movedby heating at 80 oC for 6 h under vacuum. 

Table 3.1 Recip巴ofPUEωPUEJ， PUE2， PUE3 and PUEs 

MDI PTMG1000 十CD Weight perc巴nt
Sample 

(g) (mol) (g) (mol) (g) (10-3mo1) ofs-CD(%) 

PUEo 5.0 0.02 10 0.01 。
PUE1 5.0 0.02 10 0.01 0.13 0.15 

PUE2 5.0 0.02 10 0.01 0.27 0.31 2 

PUE3 5.0 0.02 10 0.01 0.41 0.46 3 

PUEs 5.0 0.02 10 0.01 0.70 0.79 5 
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Scheme 3.1: Synthesis ofPUEs by using s-CD as cross-linker 

3.1.3 Charact巴rization

3.1.3.1 Fourier transform infrared spectroscopy (FTTR) 

FTlR spectra were recorded on a JASCO (Tokyoラ Japan)FTIR剛 5300spec廿om巴t巴requipped with an 

a壮巴nuatedtotal ref1ection (ATR) systemラwhichused an ATR500/M with an ATR prism KRS-5 

3.1.3.2 Scanning electron microscopy (SEM) 

SEM was used to observ巳 the surface morphology of PUEs by using S-4800 (Hitachi 

High-T，巴chnologiesCorporatiorしJapan)

3.1.3.3 Confocallaser scanning microscopy (CLSM) 

CLSM was us巴dto cap加rethe 2D and 3D surface images of PUEs by using LSM 700 Laser 

Scanning Microscope企omCarl Zeiss Uena， Germany) 
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3.1.3.4 Swelling test 

Swelling test was carried out in THF. PUE sheets wer巴 cutinto 10x20 mm samp1es. After testing 

their weight， they were put into THF solution in test tube to keep 24h.Removed the THF on the 

surface， the weight of samp1es would be tested again. The degr巴eof swelling (Rs) w出 calculated

using th巴fOl官mlaRs(%)ニ w'-w川Tx 100ラ wh巴reW川戸 werethe weight of samples before and after 

swelling. 

3.1.3.5 Tensile test 

T巴nsiletest was measured by RTC-1225A Universal Tensil巴 TestingInstrum巴nts(ORIENTEC 

Corporationラ Japan)equipped with a U-4300巳xtensometer.Samples were cut into dumbbell strip 

followed JIS K 6251-3 standard. Tensile test was performed at a crosshead speed of 100mmJmin at 

room temperature (23士20C)

3.1.3.6 Hardness 

Hardness was t巴stedby using a Asker Durometer(KOBUNSHI KEIKI Corporation， Japan) with the 

A scaleラ whichis us巴dfor rubb巴rsin the nonnal hardness range. The test procedur巴 followsJIS K 

6253. 

3.1.3.7 Dynamic mechanical analysis (DMA) 

DMA was perform巴don a Seiko Instruments DMS 6100 at a heating rate of 5 oC/min over from 

-100 to 200 oC and at 1 Hz under an N2 aむnosph巳re.

3.1.3.8 Thermogravimetric analysis (TGA) 

TGA was performed on a Seiko Instruments TG/DTA6200 at a h巴atingrate of 10 oC/min from 25 to 

800 OC under an Ar atmospher巴.
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3.2 Results and discussion 

FTIR analysis 

The FTIR spectra of PUEs are shown in Fig 3.1. Comparison of the PUEs with and without s-CD 

showed several difft巴rences.The p巴akat 1093 cm一1(CーO-Cstretching in polyol) observed in PUEo 

was absent in PUE]， PUE2， PUE3， and PUEs. Howev巴r，peaks at around 1103 cm】1and 1065 cm】1

(arising from the primary and secondary hydroxyl groups， which did not r巴actwith isocyanate 

groups) appeared in PUE1ラ PUE2，PUE3， and PUEぉ whichproves that s-CDs are succ巴ssfully

incorporated into the PUE chains. ln additionラ thepeaks at 3301 cm目1，1716 cm-¥ and 1527 cm-1 

(a抗ributedto N-H stretching， Cニostretchingラ amiden C-N stretching 十 N-Hbendingラ

r巴spectively)in the spectrωn of PUEo indicate that nearly all the -NH and Cニomoieties are 

hydrogen bonded. In the sp巴C仕aofPUEj， PUE2， PUE3， and PUEぉ ashoulder appears in the peak at 

3444 cm-1， whereas the peak at 1716 cm-1 splits into two peaks around 1726 cm-1 and 1708 cm-1. The 

peak at 1527 cm-1 also splits into two peaks at around 1533 cm-1 and 1516 cm戸1.[22-24]It is obvious 

that the addition of 十CDpartly destroys the hydrogen bonding. Moreov巴r，as the mole ratio of K = 

[NCO]/[OH]ニ 2ラ th巴remaining-NCO can also r巴actwith -NHCOO-ラ resultingin a small number 

of cross斗inksin P目。(allophanat巴)ラ whichexplains the Cニo(urea) stretching peak at 1647 

cm-1.[25-26] 

Morphological analyses 

SEM micrographs of the surfac巴ofPUEs with various contents of s-CD are shown in Fig 3.2.百le

PUEo presents a rough巴rsurface compared to the others and phase separation is not very clear due to 

fewer agglomerat巴sof hard domains. The siz巴ofthe low intensity regions range合om0.1-0.5μmラ

which co汀espondto hard domains. ln case of PUE]， PUE2， and PUE3， phase separation is not 

obviousラ巴ither.This may be the result of cross“linking， which could incr・巴asethe compatibility 
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Fig 3.1 FTIR spectrum ofPUEo， PUE" PUE2， PUE3 and PUEs 

between hard segments (HS) and so食 segments(SS) and thus r巴ducesthe degree of phase 

separation.[27-29] However， this nanoscale phase separation is also observed in PUEs， wherein the 

low intensity regions are brighter and a little larger compared to PUEo. We consider it as th巴

enlargement ofthe hard domains caused by the size ofth巴cross-linker・0・CD)itself. 

The SEM micrographs at 100μm scale， shown in Fig 3.3， indicate a microscale phase separation 

phenomenon in PUE4 and PUEs and the size of the low intensity regions， which correspond to hard 

domains， is approximately 10-50μm in length. In con仕ast，phase separation is unclear in PUEo， 

PUE" and PUE2・Thisphase separation is quite different 合omthat of normal PU materials in size. It 
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is considered that the hard domains observ巴dhere correspond to the highly cross幽 linkedregions 

generated by やCD.

Fig 3.2 SEM micrographs of (a)P目。 (b)PUE1(c)PUE2 (d)PUE3 and (e芦田5on 1 J.lm scale 
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Fig 3.3 SEM micrographs of(a)PUEo (b)PUE] (c)P回 2(d)PUE3 and (e)PUEs on lOOflm scale 
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The same ph巴nomenonwas also observed in the CLSM 3D images (Fig 3.4). PUEs with βCD show 

a lumpier surface than PUEo. Additional island-like regions were observed in the PUEs with s-CD， 

particularly in PUE4 and PUEs. These regions are square-shaped with a 20-40μm side， which is in 

agreement with the results企omthe SEM micrographs. It is obvious that s-CDs hav巴 been

incorporated into the PUEs and con仕ibuteto microscale phase s巴paration.The differences bet¥問en

the hard domains are shown in Fig 3.5. 
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Fig 3.4 CLSM images of(a)PUEo (b)PUE1 (c)P田 2(d)PUE3 and (e)PUEs 
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Swelling property and hardness 

Swelling tests wer巴P巴rform巴dto confrrm th巴 additionof s-CD as a cross-linker. As evid巴nt企om

Table 3.2， PUEo is soluble， and therefore， indicates a less cross-linked structure. However， the 

addition of s-CD leads to the formation of insoluble PUEs and the sweIling rate increases as the 

cont巴ntof s-CD incr巴ases.Due to the size巴ffectof the CD ring， the distance beれ町eenth巴molecular

chains of PUE wiIl be increased when CD acts as a cross-linker. Thus， the molecular density 

d巴creases，which also explains the decrease in the hardness of PUE1・However，hardness increase 

企omPUE2 to PUEs indicates that the increase in th巴s-CDcontent leads to an incr巴asein chemical 

cross-link density. The regularity in the molecular chain incr巴as巴sagain， which was related to the 

increase of crosslinked s仕ucturein the SEM observations presented above 
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Table 3.2 Hardness and swelling rate ofPUEo， PUE]， PUE2， PUE3 and PUEs 

Thickness Hardness Sw巴llingrate 
Sample 

(mm) (JIS K) (%) 

PUEo 0.76 80 soluble 

PUE1 0.68 78 283 

PUE2 0.67 83 312 

PUE3 0.80 83 407 

PUEs 0.83 89 417 

Mechanical properties 

T巴nsil巴testswere p巴rformedto巴valuateth巴influ巴nceof the additive of s-CD on the mechanical 

properti巴sofPUEs. The s仕ess-s仕aincurves are shown in Fig 3.6. 
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Fig 3.6 S仕ess-straincurve ofPUEo， PUE¥， PUE2， PUE3 and PUEs 
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Although without a chain extender，ラ PUEoshows comparatively acceptable mechanical property， 

which may du巴tothe comparatively satisfactory regularity of MDI and PTMG.[30-32] The tensile 

str・engthand elongation at break of PUEo is 50.55 MPa and 449%ラ respectively.However.ラ asseen 

合omthe curves for PUE1-PUEs， the cross-linking caused by th巴additionof s-CD did not increas巴

the strength as a normal cross-linker would. As widely acceptedラ theformation of cross-linking 

prevents the slippage of neighboring chains in polym巴rsunder stressラ therebyincreasing 

strength.[33] The results here appear to be contradictoryラ whichactually are in agreement with the 

resu1ts from the other tests above. It is considered that the decrease oftensile strength caused by the 

addition of s-CD is not the result of a simp1e process. It is a balance between the formation of 

chemical cross-links and destruction of physical cross-links， of which the latter is dominant here. 

Moreover， the PUEs retain their巴lasticity.The t巴nsiles仕巴ngthand elongation at break are shown in 

Table 3.3. 

Table 3.3 Parts ofmechanica1 properties ofPUEωPUEI， PUE2， PUE3 and PUEs 

σ100% σ200% σ300% σ EB 
Sample 

(Mpa) (Mpa) (Mpa) (Mpa) (%) 

PUEo 7.69 9.46 14.62 50.55 449 

PUE1 5.30 8.40 25.81 49.80 359 

PUE2 6.17 8.40 13.73 36.50 389 

PUE3 6.37 8.76 14.l3 38.08 395 

PUEs 6.82 9.58 16.12 31.32 358 

σ: s廿ength

EB: elongation at br巴ak

Thermal properties 

Fig 3.7 shows the viscoe1astic behavior ofPUEs through th巴storagemodulus (E') and tan o (tan oニ

E"/E'). The glass transition temperature (Tg) of PUEo was obs巴rvedat -53.4 oC. As the s-CD 
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content mcreasesラtheTg ofPUE1， PUE1， PUE3 and PUEs incr巴asesto -35.5 ocラ -31.5oCラ -33.70C

and -36.9 oCラ respectively.All PUEs display a long rubbery plateau up to approximately 150 oC. 

However， PUEo has a higher modulus value of approximately 1 x 108 Pa compared to th巴 other

PUEs (3x 107--6 x 107 Pa). After 150 oCラthemodulus value of PUEo rapidly d巴creasesand is similar 

to the values of the other PUEs at 200 oC. These results sugg田 tthat the PUEs withβCD 

comparatively have much more crosslinked structure to compare to PUEo; howev巴に themolecular 

chains in them can move more easily above Tg. Although it app巴arsto be contradictory， this is in 

agreement with th巴 balanceph巴nomenonmentioned previously. lt is also supported by a previous 

study， which shows that hydrogen bonding begins to vanish as th巴 tempera印reincreases and is 

related to the glass transition of the hard segments.[34] Only 35%-40% of hydrogen bonding 

persists at 200 oC. 
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Fig 3.7 Storage modulus and tan8 of PUEs as a function of temperature 

The TGA curves ar巴shownin Fig 3.8: all the PUEs are thermally stable up to around 280 oC and 

begin to lose weight at higher tempera加res.The 10% weight loss t巴mperature(TIO%) of PUEs with 

s-CD is almost the same as PUEo and 50% weight loss tempera加re(T 50%) is higher than PUEo・The

decomposition of PUE is believed to occur in two main steps: urethane linkage dissociates to 

isocyanat巴andalcohol at 200 oC-300 oC and polyol degradation occurs at above 350 oc. Therefore， 

it is obvious that PUEs with higher トCDcontent are more thermally stable 
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3.3 ConcIusions 

A seri巴sofPUEsラ whichcontain s-CD as the cross心

on the chemical， mechanical， and thermal properties and the surface morphology of PUEs were 

investigated through DSC， DMA， TGA， SEM， and CLSM. The results prove the existence of s-CD 

in the molecular structure and that it contributes to the phase separation. However， the degree of 

phase separation is not proportional to the properties ofPUEs. In addition， the mechanical properties 

demonstrate the elasticity ofPUEs. 

Based on the swelling rate and tensile t巴sts，we confirmed that both chemical cross-linking (s-CD 

S仕uc印re)as well as physical cross司 linking(hydrogen bonds) exist in these PUEs and a dynamic 
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balance is obtained b巴tweenthem. At <5% of th巴 additiv巴 amountsof 十CD，PUEs r巴tainedtheir 

elasticity. The decrease in tensile str巴ngthand elongation at the br巴akshown in tensile test is not a 

simple process. It indicates that existence of extensiv巴hydrogenbonding in MDI-PTMG-based PUs 

and the d巴structionof regularity of PUE chains contributes much more to tensile strength than the 

cross-linki時 arisingd田 tothe addition ofs-CD. 

Although the t巴nsilestr巴ngthof PUEs did not improve， due to the introduction of elasticityラ the

results of our study will broaden the application areas of CD田basedPUs. 
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Chapter 4 Influence of diisocyanate on PUEs which crosslinked by 

s-CD 

In PUEs， HS are dissolved in SS matrix. The agglom巴rateof HS and hydrogen bonding between 

HS lead to the physical crosslinks. Thusラ thestructure and r巴activityof isocyanates play an 

important role in affecting properties ofPUEs. 

4.1 Experimental 

4.1. J恥1aterials

4，4にDiphenylmethanediisocyanate (MDT)ラ hexamethyJen巴 diisocyanate(HDI) and isophorone 

diisocyanate (IPDI) w出 suppliedby Tosoh Industryラ Tokyo，Japan and was puri五edby distillation 

under reduced pressure (267圃400Pa) at 100 oC b巴for巴use.The diisocyanates used are shown as 

Table 4.1. Polyt巴仕am巴thyleneether glycol (mol巴cularweightニ 1000)(PTMG 1000) was supplied by 

Invista Industry， Texas， USA. s-cyclod巴X仕in(戸困CD)was purchased from Nacalai TesqueラInc.ラ

Kyoto， Japan (下~acalai) and was dried for 24 hours under a condition of 267-400PaJ80oC before 

use. Tetrahydrofuran (THF) was purchased 企omNacalai and distill巴dover calcium hydride under 

an Ar atmosphere. NラN-Dimethylformamide(DMF) was purchased企omNacalai and stored over 4 

A molecular siev巴sbefore use. Dibutyltin dilaurate (DBTDL) was purchased合omNacalai and 

initially dissolved in toluene to form 10% solution. The following compounds were purchased企om

comm巴rcialsuppliers and used as receiv巴d:hexane (Nacalai)， and acetone (Nacalai) 
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Table 4.1 structure of diisocyanates used 

Isocyanate Chemical structural formula 

Hexamethyl巴ne

diisocyanate 
HDI OCN、/'vハvへ
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As巴n巴sof PUEs with トCDswere syn白esized合omdifferent kinds of diisocyanates， PTMGIOOO， 

and s-CD via prepolymer methodラ nam巴dX-PUEx. (X=kind of diisocyanateラ x=weightperc巴nt(%) 

Th巴synthesiswas performed as follows目トCDwas initially dissolved in DMF (10 mL) at 80 oC for 

ofs-CD) 

20 min under an Ar a加 ospher巴toreach a solution. Disocyanate (0.020 mol) and PTMGlOOO (10 g， 

0.010 mol) were add巴dinto a 10かmLfour闘neckedseparable reaction flask equipped with a 

mechanical sti打er，a g出 inlettub久 anda reflux condenser. The prepolymer was prepared at 800C 

under an Ar atmosphere with a stirring. Temperature of reaction was controlled at 800C for MDト

and IPDI-based pr巴polymerラ while1000C for HDトbas巴dpr巴polymer.Then 十CDsolution was added 

into s巴par油 leflask followed by a further stirring. A small amount of bubbles in the system were 

removed by addition ofTHF (20 mL) and a high spe巴dstirring of 5 min. Catalyst (DBTDL) w出 also

ne巴dedwhen HDI and IPDI used. The route is shown as Scheme 4.1. 

Th巴thinPUE sheets were obtained by casting the resulting PUE solution at room temperature(23土

38 



20 c) for 24 h， at 50 oC for 24 h and at 100 oC for 24 h. The DMF residu巴sin sheet were remov巴d

at 80 oC under vacuum for 6 h. 

一一一一o +イ~OìH
Diisocyanate PTMG 

0 会、 R

、C去とN/K 目人。十f 〉 ohfH¥RN 

Prepolymer 
m 

s-CD solution 

。

/: . .0 
C' 

づ'

11 

ρ…。円¥
HO "'OH 

HO ~人目、イO~，小
0il 0 HI H N 

m 

Parts of PU molecule chains 

Scheme 4.1 Synth巴sisofPUEs crosslinked by s-CD 
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4.1.3 Characterization 

4.1.3.1 Fourier transform in企aredspectroscopy (FTlR) 

FTIR sp巴C仕aof PUE sheets were record巴don a JASCO (Tokyoう Japan)FTIR-5300 sp巴C仕omet巴r

equipped with an atlenuated total r巴flection(ATR) systemラ whichused an ATR500瓜1{with an ATR 

prism KRS-5. 

4.1.3.2. Scanning electron microscopy (SEM) 

SEM was used to obs巴rve th巴 surface morphology of PUEs by using ふ4800(Hitachi

High-Technologies Corporation， Japan)， all micrographs were taken at magnification of30kx. 

4.1.3.3. Differential scanning calorimetry (DSC) 

The thermal phas巴behaviorof these PUEs was inv巴stigatedusing a Rigaku Thermo-Plus DSC問 8230

differential scanning calorimeterラ op巴ratedat a heating rate of 10oC/min under N2 atmosphere. 

Samples were heated合om-1 OOoC to 2500C 

4.1.3.4. Dynamic mechanical analysis (DMA) 

DMA w出 performedon a dynamic mechanical analyzer (Seiko Instruments DMS 6100) at 

frequ巴ncyof 20 Hz under an N2 atmosph巴l・e.The heating rat巴was5 oC/min and heat from -100 to 

2000C. 

4.1.3.5. Swelling test 

Swelling t巴stswere carried out in THF. PUE sheets were cut into 10 x 20 mm samples. Aft巴rtesting 

th巴irweight， they were put into THF solution in test加b巴tokeep 24h.Removed the THF on the 

surface， the weight of samples would be tested again. The degree of sw巴lling(Rs) w出 calculated

using the formula Rs (%)ニ羽入W/Wx 100， where Wラ W'are the weight of sampl巴sbefore and after 

swelling. 

4.1.3.6. Hardness 

Hardn巴sswas tested by using a Asker Duromet巴r(KobunshiKeiki Corporation， Japan) with the A 
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scaleラ whichis us巴dfOl・ rubbersin the normal hardness range. The test procedure follows JIS K 

6253. 

4.1.3.7. TI巴nsil巴test

Tensile t巴stwas m巴asuredby RTC・1225AUniversal Tensile Testing Tnstruments (ORTENTEC 

Corporation， Japan) equipped with a U-4300巴xtensometer.Samples were cut into dumbbell strip 

followed JIS K 6251-3 standard. Tensile test was perform巴dat a crosshead speed of 100mm/min at 

room tempera印re(23土20C).

4.2 Results and Discussion 

IR measurements were utilized to investigate the microphas巴 separationof PUEs. Carbonyl CニO

group absorptions were shown as Figure 4.1. Two peaks were observed clearly at around 1700 and 

1 720cm-1 ， which respond to hydrogen-bonded carbonyl stretching U(C=Obonded) and合eeone 

u(CニOfi.ee)ラ respectiv巴ly.In additionラ inHDI-PUEs， one more peaks were also observed at around 

1680cm-1， which could b巴assignedto ordered carbonyl stretching u(C=Oo由凶)in urethane linkage. 

No peak around 1680cm-1 app巴aredfor MDl-and IPDI-PUEs. It is considered as the symmetry of 

diisocyanates used.[18]-[20] Symmetrical HDI results in order巴dhard segmentsラ whichmay cause 

agglomerate and crystallization of hard segments and thus lead to be社巴rmicrophas巴separation.On 

the other hand， axisymmetrical MDI and unsymmetrical IPDI will result in no or only a few 

well-ordered hard segments. The PUEs have weaker intermolecular hydrogen bonding and small 

sized hard domains， which may lead to weak microphase s巴parationor no phase s巴paration.

It is also observed cle巴a創M副r叶-lyt白ha幻tt出h巴ratio ofu(C ニ 00吋伽e悶r問凶ed)tωo u(C ニ=ニOb加O凹n凶由d吋叫(凶d出dis目削s

much gr閃巴a抗t巴ぽrthan t白h巴cαro刀Oωsslink巴dones caus巴dby 戸β-CD.We consid巴redit as the disordering ofhard 

seg即時 causedby 十CDmolecul巴sbecause ofthe truncated cone shape. It will also disable parts of 

the fOlτnation of hydrogen bonding， which will reduce the size of hard domains and thus lead to 

41 



weaker microphase separation 
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Figure 4.1 FTIR spectra ofC=O region ofPUEs 

Figure 4.2 shows the DSC curves for HDI-PUEs，恥⑪I-PUEsand IPDI-PUEs. Glass transition 

temperature(Tg) of soft segment were observed around -70oC for HDI-PUEs，づOOCfor MDI-PUEs 

and -60oC for IPDI-PUEs. Peaks of crystallization of hard segments were obs巴rvedat 167.50C and 

159.40C in HDI-PUEo and HDI-PUE J• In HDI-PUE2 and HDI-PUE3， only peaks ofmelting ofhard 

segments were observ巴dat 182.4 oC and 178.80C and HDI-PUEs巴油ibitno clear thermal transitions 

in this area. It can be easily found that addition of s-CD has d巴stroyedthe r巴gularityof hard 

segments. Similarly， peak of melting of hard segments could be found in MDI-PUEo at 170.70C 

which could not be found in other MDI-PUEs. In addition， peaks of melting of so丘segmentswere 

also obs巴rvedin HDI-PUEo， I¥狙コI-PUEoand I¥狙)1・PUEJat 50.1 oC， 70.80C and 52.80C， r巴spectively，

which could not be found in PUEs with higher s・CDcontent. In these PUEs with higher s-CD 

content， regularity of soft segments was also destroyed. However， IPDI-PUEs e対libitquite different 

thermal behaviors. As s-CD cont巴ntincrease， peak of melting of hard segments disappeared and 

crystallization of soft segments appeared at around 20oC. Thermal behaviors of these PUEs 

42 



crosslink巴dby s-CD have a high correlation with the symmeむyof diisocyanates used. 
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Figure 4.2 DSC thermographs ofPUEs 

To confmn the microphase separation mentioned abov巴， we took the SEM micrographs of each PUE 

films. Figure 4.3， Figure 4.4 and Figure 4.5 shows the surface features of HDI-PUEs， l¥狙)I-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-PUEo is unique that the brighter parts are so ordered. lt may result仕omthe crystallization of 

hard segmenお.The other HDI-PUEs do not show any ordered structur巴 asthe big sized 十CD

molecule have destroyed it. In HDI-PUEぉ wecould find much small巴rhard domains with a particle 

size of about 200nm to compar巴withother HDI-PUEs. These hard domains are consider巴dto form 

with absolutely different struc印re.On the con仕ary，microphase separation phonomenon was not 

clear in MDI-PUEo and IPDl-PUEo・However，the d巴gre巴ofphas巴separationincreased as theトCD

content increase and the hard domains are quite di百巴rentfrom the ones observed in 1由 I-PUEs.
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Schematic represent抗ionof structur巴oflPDトPUEsis shown as Figure 4.6. It is obvious that 十CD

contribute to the microphase separation of PUEs especially in those ones with unsymmetrical 

diisocyanates 

Figure 4.3 SEM micrographs ofHDI-PUEs，(a)HDI乎UEo(b)HDI-PUE] (c)HDI平UE2(d)HDI平田3

(e)HDI-PUEs 
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Figure 4.4 SEM micrographs of MDI-PUEs (a)MDI-PUEo (b)MDI♂UE1 (c)孔1DI-PUE2

(d)MDI-PUE3 (e)MDI-PUEs 
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Figure 4.5 SEM micrographs of IPDI-PUEs (a)IPDI-PUEo (b)IPDI-PUE1 (c)IPDI-PUE2 

(d)IPDI-PUE3 (巴)IPDI-PUEs
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Hard domains 

MJ4 
4ヘ…Hγト

Figure 4.6 Schematic representation ofhard domains ofIPDI-PUEs with and without s-CD 

The visco巴lasticbehaviors of PUEs through the Storage Modulus (E') and tan 8 (tan 8= E"厄')are 

shown as Figure 4.7_ All PUEs display a sharp glass transition of PTMG soft segments_ The Tg of 

so丘S巴gmentsof PUEs with s-CD are higher than that of PUEos due to the crosslink s廿uc加re_In 

HDI-PUEs， HDI-PUEo has a much higher Storage Modulus until a sharp around about 150oC， which 

corresponds to the melting of crystalline that also proved by DSC The other HDI-PUEs with s-CD 

are less thermal sensitive because ofthe crosslink introduced_ All MDI-PUEs display a long rubbery 

plateau up to about 1500C and MDI-PUEo has higher module value. No rubbery plateau is found in 

IPDI-PUEo・How巴ver，th巴additionof s-CD increased the thermal stability and mechanical property 

ofPUEs. 
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Figure 4.7 Storage modules-t巴mperatureand tan ふtemperaturecurves of PUEs 

Table 4.2 shows the hardness and swelling rate of PUEs. Highest hardness of 87 A appeared on 

HDI-PUEo and hardness ofHDI-PUEs reduced as th巴トCDcontent increase. On the con仕ary，low巴st

hardness of 62A appeared on IPDI-PUEo and hardness of IPDI-PUEs increas巴das the s-CD cont巴nt

increase. It may attribute to the regularity of molecule chains. In HDI-PUEo， the symme仕icalHDI 

lead to the crystallization of parts of hard segment in PUEs and thus increase the hardness. Howev巴r，

although introduc巴n巴wch巴micalcrosslinks by s-CD， the regularity ofmain-chain ofPUE is broken 

by s-CD and this damage is in advantag巴 here.Unlike this， the situation in IPDI-PUEs is exactly 

opposite. Hardness of IPDI-PUEo is low as the irregularity of molecular chains caused by 

unsyrnm巴tricalIPDI. Moreover， crosslinks caused by s-CD resulted in the incr巴as巴 ofhardness of 

PUEs.百lesituation of恥IDI-PUEsis betw巴enthe HDI-and IPDI-PUEs due to the axisymmetrical 
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Table 4.2 Hardness and sw巴llingrate of PUEs 

Sampl巴 Hardness (JIS A) Swelling rat巴(%)

HDI-PUEo 87 110 

HDI-PUEj 82 111 

HDI-PUE2 83 127 

HDI-PUE3 82 143 

HDI-PUEs 78 159 

恥1DI-PUEo 80 nearly soluble 

民1DI中UEj 78 283 

民1DI-PUE2 83 312 

MDI-PUE3 83 407 

九1DI-PUEs 89 417 

IPDI-PUEo 62 soluble 

IPDI-PUEj 66 243 

IPDI-PUE2 66 230 

IPDI-PUE3 67 216 

IPDI-PUEs 67 211 

The r巴sultsof swelling tests indicated the packing state of molecular chains because the small 

solv巴ntmol巴culescan enter the space b巴tweenthe molecular chains ofPUEs. As we can see clearlyラ

HDI-PUEs are little sw巴lledand the swelling rate incr巴ased合om110% to 159% as s・CDcontent 

increases. IPDI-PUEo is solubl巴 forthe reason that fi巴W ordered structure and chemical crosslink 

巴xistin thes巴 PUEs.The swelling rate decreased from 243% to 211 %出 s-CDcontent increase 

because the crosslink density incr巴ased.The results are quite agreed with the IR and hardness results 

mentioned above. How巴ver，remarkable results appeared in MDI-PUEs. MDI-PUEo is nearly soluble 

and swelling rat巴increasedas s-CD cont巴ntincr巴出巴swhile hardness also increased as s-CD content 

mcr巴ases.It indicates th巴 smallamount of order巴ds廿ucturein MDI-PUEs and the damage of 

ordered s加 C町巴 causedby トCDis strong巴rthan the crosslink introduced. Moreover.ラ steric

hindrance is also considered to be one factor to influ巴ncehardn巴ss.Aromatic ring and cyclodextrin 

49 



ring will reduce the f1exibility ofmolecular chains and increase hardness. 

Tensile tests are also undertaken to study microphase separation-mechanical properties relationship. 

S仕ess-Strain(S-S) curves are shown as Figure 4.8. Elongation at br巴ak(EB) and tensil巴S廿engthare 

shown as Table 4.3. Although the f丑コ1-，I¥狙コ1-and IPDI-PUEs were synthesized with the same mole 

ratio， their p巴rformancein S-S curv巴sare quite different. In HDI-PUEs， HDI-PUEo has superior 

appearance both at EB of 616% and巴xtremetensil巴 S仕巴ngthof 74. 14Mpa. As s-CD content 

increases， both EB and tensile strength decreased. It is worth mentioning that HDI-PUE3 and 

HDI-PUEs even lose elasticity. It can be concluded that the ordered s加 C加reis main factor to 

inf1uence the mechanical prop巴rtyof PUEs when symmetrical diisocyanate is used. In IPDI-PUEs， 

EB decreas巴dand t巴nsilestrength increased as トCDcontent incr巴as巴s.The crosslink effect of s-CD 

is similar to normal cross-linker. In MDI-PUEs， comparatively optimum property appear巴din 

MDI-PUE1. We consider it as a balance between damage of ordered s加 ctureand formation of 

chemical crosslinks which agreed with the other tests proved above. 
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Figure 4.8 Stress-Strain curv巴sofPUEs 
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Table 4.3 EB and t巴nsilestrength of PUEs 

。100% σ200% σ300% σ EB 
sample 

(Mpa) (Mpa) (Mpa) (Mpa) (%) 

HDI"PUEo 8.05 9.99 12.96 74.14 616 

HDI"PUEl 8.36 11.41 18.59 30.86 370 

HDI"PUE2 7.22 11.81 12.40 21.84 297 

HDI"PUEs 6.82 11.42 15.72 263 

HDI"PUE5 5.62 7.60 156 

MDI"PUEo 7.69 9.46 14.62 50.55 449 

MDI"PUEl 5.30 8.40 25.81 49.80 359 

MDI"PUE2 6.17 8.40 13.73 36.50 389 

MDI"PUEs 6.37 8.76 14.13 38.08 395 

MDI"PUE5 6.82 9.58 16.12 31.32 358 

IPDI"PUEo 1.49 1.63 1.80 11.55 662 

IPDI"PUEl 2.45 3.63 7.14 23.17 370 

IPDI"PUE2 2.59 4.00 8.87 23.34 354 

IPDI"PUEs 2.69 4.26 10.30 26.83 348 

IPDI"PUE5 2.30 3.23 5.59 27.92 402 

σ: strength 

EB: elongation at break 

4.3 Conclusion 

The effects of diisocyanate on PUEs which synthesized by using やCDas cross-linker were 

evaluated. Differ from common low凶 molecularweight cross伺 linker民thesize of 十CDinfluence the 

crosslink巴ffect.s-CD molecules enlarged the distance between molecular chains of PUEs in some 

areas which will destroy th巴orderedstructure. Thusラ onsymme仕icaldiisocyanate based PUEs， the 

crosslink effect will be block巴d.In additionラ highトCDcontent will lead to th巴 disappearingof 

elasticity ofPUEs. 

On the contraryラ crosslink巴ffectis well reflected in unsymmetrical diisocyanate bas巴dPUEs. As 
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same as normal chemical crosslinksラ thecrosslinks caused by 十CDincr巴aseth巴 S仕engthand 

hardness ofthese PUEs. Moreover，件CDcon仕ibutesto the microphase separation of PUEs and form 

diffi巴renthard domains. 
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Chapter 5 Influence of polyol on s園 CDcrosslinked PUEs 

In PUEs， soft segments (SS) are onJy provided by poJyols which hav巴longchain moJecuJar s廿uc旬I・e.

Th巴refore，the kinds of poJyoJs and their struc加replay an important role in affecting prop巴rtiesof 

PUEs， especially in flexibility and low幽 temperatur巴property.In this chapter， the influence of polyol 

on s-CD crossliruωd PUEs was discussed. 

5.1 Experimental 

5.1.1 Materials 

PTMG (moJecuJar weight=1000) (PTMGlOOO)ラ PCL(molecular weight= 1 000) (PCL1 000)ラ PCD

(mol巴cular weightニ 1000) (PCD 1 000) were supplied by Invista Industryラ T巴xasラ USA

4，4'-Diphenylmethane diisocyanate (MDI) was supplied by Tosoh Industry， Tokyo， Japan and was 

purified by distiJJation und巴rreduced pressure (267田400Pa)at 1000C before use. s-cyclodextrin 

(s-CD) w出 purchasedfrom NacaJai Tesqu巴， Inc.，F匂otoラ Japan(Nacalai) and was dried for 24 hours 

under a condition of 267-400Pa!80oC before us巴. Tetrahydrofuran (THF) and benzene wer巴

purchased企omNacaJai and distiJJed over caJcium hydride under an Ar atrnosphere. N， 

N四DimethyJformamide(DMF) was purchased from NacaJai and stored over 4 A molecular sieves 

before use. The following compounds were purchased from commercial suppJiers and used as 

received: hexane (Nacalai) and acetone (Nacalai). 
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Table 5.1 structure ofpolyols used 

Polyol Chemical structural formula 

polytetrahydrofuran PTMG HO小~ObH

polycaprolactone 
PCL H{。ハゾヘペ~nOH

diol 。
。

polycarbonate diol PCD パ。人パOH

5.1.2 Synthesis 

A seri巴sof PUEs with s-CDs were synthesized from diffi巴r巴ntkinds of polyols， MDI and s-CD via 

prepolymer method， named Y-PUEy. (Y=kind ofpolyol， y=weight percent (%) of s-CD) 

Th巴synthesiswas perform巴das follows:トCDwas initially dissolv巴din DMF (10 mL) at 80 oC for 

20 min under an Ar atrnosphere to reach a solution. MDI (0.020 mol) and polyol (10 gラ 0.010mol) 

were added into a 100-mL four-necked separable reaction flask equipped with a mechanical stirrer， a 

gas inl巴ttub巴， and a reflux cond巳nser.The prepolymer was pr巴paredat 800C under an Ar atrnosphere 

with a stirring. Then s-CD solution was add巴dinto separable flask followed by a further st主Ting.A 

small amount ofbubbles in the system were r巴movedby addition ofTHF (20 mL) and a high speed 

stirring of 5 min. The thin PUE sheets wer巴obtainedby casting the resulting PUE solution at room 

tempera加re(23士20c)for 24 hラ at50 OC for 24 h and at 100 oC for 24 h. The DMF residues in sheet 

were removed at 80 oC und巴rvacuum for 6 h. 

5.1.3 Characterization 

5.1.3.1 Fouri巴rtransform infrared spec仕oscopy(FTIR) 

56 



FTIR spec仕aof PUE sheets were recorded on a JASCO (Tokyoう Japan)FTIR-5300 spectrometer 

equipped with an a抗巴nuatedtotal reflection (ATR) systemラ whichused an ATR500/M with an ATR 

prism KRS-5. 

5.l.3.2. Scanning巴lectronmicroscopy (SEM) 

SEM was used to observe the surface morphology of PUEs by using S-4800(Hitachi 

High-T，巴chnologi巴sCorporationヲJapan)，all micrographs wer巴takenat magnification of 30kx. 

5.1.3.3. Sw巴llingtest 

Swelling tests were carried out in THF. PUE sheets were cut into 10 x 20 mm samples. Aft巴rtesting 

their weight， they were put into THF solution in test tube to keep 24h.Removed the THF on the 

surface， the w巴ightof samples would be tested again. The degree of sw巴lling(Rs) was calculated 

using the formula Rs (%) = WにW川 x100ラ whereWヲ W'are the weight of samples before and after 

swelling. 

5.1.3.4. Hardness 

Hardn巴sswas tested by using a Asker Durometer(Kobunshi Keiki Corporationラ Japan)with the A 

scaleラ whichis used for rubbers in the normal hardness range. The test procedure follows JIS K 

6253. 

5.l.3.5. Tensil巴t巴st

Tensile test was measured by RTC-1225A Universal Tensil巴 T巴stingInstruments (ORIENTEC 

Corporation， Japan) equipped with a U・4300extensom巴ter.Samples wer巴 cutinto dumbbell strip 

followed JIS K 6251-3 standard. Tensile t巴stwas p巴rform巴dat a crosshead spe巴dof 100m立lIminat 

room temperature (23土20C).
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5.2 Results and Discussion 

IR measurements were utilized to巴nsurethe structure ofPUEs. Carbonyl C=O group absorptions are 

shown as Figure 5.1. In PTMG平UEsラ asC=O groups only exist in ur巴thanelinkageラ onlyt白h巴pea北k 

around 1708 cm-1 and 1726 cαlmn-l app巴ar巳ラ which c∞orηT巴spondtωo hyd批rog巴n-bondedcarbonyl stretching 

u叫)(C=Ob凶O凹叩Jl耐1

wa出sobserved. It responds to the acid Cニogroup in PCL mol巴cul巴 InPCD-PUEs， peak at 1737 cm田l

proved th巴exist巴nceof carbonat巴C=Ogroup in PCD. It is obvious that PTMG， PCL and PCD have 

successfully b巳enintroduced to PUE molecular chains. 

The morphology of PUEs wer巴characterizedby SEM. The images of PTMG-PUEsラ PCL-PUEsand 

PCD-PUEs are shown as Figure 5.2ラFigure5.3 and Figure 5.4ラ respectively.Phase separation is 

observed in all imag巴s.As the s-CD content increasesラ thesize of hard domain get bigger. In 

PCL-PUEs and PCD-PUEs， especially in PCL司 PUE3，PCL・.PUEsand PCD-PUEs， the agglomerate of 

hard domains are very notable. It may relate to the structur巴 ofpolyol used. It can be easily 

conclud巴dthat PTMG has a more regular structur巴 thanPCL and PCDラ thusto possesses greater 

f1exibility. When introduced into PUE molecular chains， PTMG moves more easily than PCL and 

PCD. Therefore， when crosslinks formed by トCDラ th巳f1exibilityof molecular chain decrease and 

the mol巴cularchains of PUEs synthesized from less f1exible polyols like PCL and PCD will get 

harder to move. 
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Figure 5.1 FTIR spec廿aofC=O region ofPTMG-PUEs， PCL-PUEs and PCD-PUEs 
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Figure 5.2 SEM micrographs of PTMωUEs，(a)PTMG判 Eo(b)PTMG-PUE1 (c)PTMG平田2

(d)PTMG平田3(e)PTMG-PUEs 
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Figure 5.3 SEM micrographs ofPCL-PUEs，(a)PCL-PUEo (b)PCL羽 JE1(c)PCL-PUE2 

(d)PCL-PUE3 (e)PCL-P四 5
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Figure 5.4 SEM micrographs ofPCD-PUEs，(a)PCD-PUEo (b)PCD司PUE1(c )PCD-PUE2 

(d)PCD-PUE3 (e)PCD-P田 5
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In order to clarifシtherelationship between the phenomenon and properties of PUEsラ swellingtests， 

tensile tests and hardness tests were measured. Table 5.2 shows the hardness and swelling rate of 

PUEs. It can be seen that the crosslink caus巴dby s-CD incr巴asedthe hardness of PUEs and the 

hardness ofPCD凶PUEsare apparently higher than that ofPTMG-PUEs and PCレPUEs.It is because 

sterically hinder of PCD-PUE mol巴cularchains which reduced the mobility of molecular chains and 

make PUEs get harder and tougher. 

Swelling rates of PCL-PUEs and PCD-PUEs decrease as the十CDcontent increases. It proves the 

increase of density of crosslink. Howeverラ differentresults appear in PTMG開PUEsthat PTMG幽 PUEo

IS n巴arlysoluble and swelling rat巴sofPTMG-PUEs increase as theβCD cont巴ntincreases. It relates 

to the solvent used. Due to the similar dissolve mutually theory， PTMG-PUEs are巴asierto dissolve 

in THF solvent. Structure ofTHF and PT孔1Gare shown as Figure 5.5. 

。cationic polymerization 

HO~吟H
THF PTMG 

Figure 5.5 Schematic manufactur巴ofPTMG
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Table 5.2 Hardness and Swelling rat巴ofPTMG-PUEsラPCL-PUEs and PCD・.PUEs

Sample Hardness (JIS A) Swelling rate (%) 

PTMG-PUEo 80 nearly soluble 

PTMG田 PUEj 78 283 

PT孔1G-PUE2 83 312 

PT九1G-PUE3 83 407 

PTMG凶 PUEs 89 417 

PCL手 78 626 

PCL-PUEj 82 409 

PCL・.PUE2 83 393 

PCL-PUE3 84 377 

PCL田 PUEs 87 370 

PCD-PUEo 85 705 

PCD同PUEj 89 331 

PCD.ヂUE2 89 370 

PCD-PUE3 91 320 

PCD-PUEs 91 310 

Str巴ss-s仕aincurves of PUEs are shown as Figure 5.6. The tensile strength and elongation at break 

were shown as Table 5.3. To compare with PTMG平UEs，PCL-PUEs and PCD嗣PUEshave much 

lower elongation at break which is correspond to worse elasticity of PUEs. Howeverラ th巴reis only 

li抗lediffi巴rencebeれ町巴enthe strength of PTMG-PUEs and PCL-， PCD-PUEs when with the same 

s-CD content. 1t proves that influences of polyols on PUEs are mainly on flexibility. It also agrees 

with the results ofhardness and swelling rate above. It needs to mention that PCD-PUEs almost los巴

elasticityラ especiallywith high s-CD content. Not only the ratio of HS/SS or HD/SDラ butalso the 

balance between sti伍lessand flexibility need to be controlled in synthesis ofPUE. 

64 



Table 5.3 EB and tensile strength ofPTMG-PUEs， PCL-PUEs and PCD-PUEs 

σ100% 
sampl巴

(Mpa) 

PTMG-PUEo 7.69 

PTMG-PUE， 5.30 

PTMG-PUE2 6.17 

PTMG平UE3 6.37 

PTMG-PUE5 6.82 

PCL司 PUEo 7.15 

PCL-PUE， 5.63 

PCL-PUE2 7.50 

PCL-PUE3 6.l0 

PCL-PUE5 5.75 

PCD-PUE。 6.85 

PCD-PUE， l3.42 

PCD-PUE2 11.51 

PCD-PUE3 16.17 

PCD-PUE5 14.92 

σ:s仕巴ngth

EB: elongation at break 
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5.3 Conclusion 

A series of トCDcrosslinked PUEs企omdiffl巴rentpolyols were synthesized. Polyols affect 

properties of PUEs to a large extent. The polyol with comparatively regular molecular chains， like 

PTMGラ r巴sultsin acceptable properties of PUEs. In contrast， the polyol with low regularity， like 

PCDラ leadsto the worse elasticity ofPUEs. 

In addition， as s-CDs cause crosslinks in PUE molecular chains， the PUEs s戸lthesized企ompolyols 

with low regularity will get hard巴rand firm巴r.
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Chapter 6 Contact mechanics of PUEs which crosslinked by s-CD 

PUEs are a kind of polymers that typically synth巴sizedby polyaddition of diisocyanate， polyol and 

chain-巴xt巴nder(CE)/cross-li凶cer.PUEs ar巴 widelybelieved as segm巴ntedpolymers which contain 

hard segments (HS) and so丘segm巴nts(SS). Isocyanate and chairトextendercompon巳凶sgive rigidty 

to molecular chains and called HS， while polyol give flexibility to chains and are called SS.[1-2] 

Due to th巴imcompatibilitybetw巴enHS and SSラ mostPUEs exhibit phas巴separationwhich plays an 

important role in affi巴ctingPUE prop巴rties.[3]The phase separation phenomenon has been widely 

researched and also prov巴dby irnages of Atomic Force Microscope (AFM)[4開 5]that hard domains 

(HD) consist of agglomerate of hard segments and soft domains (SD) consist of so武 segments.

Mechanical properti巳sof PUEs and the structur巴-propertiesrelationship have been investigated by 

lots of researchers. [6-8] However， the mechanical properti巴scharacterized from HS/HD and SS/SD 

themselves attracted fi巴werr巴S巴arch巴1・s'att巴ntion.lt is believed出atthe mechanical properties of 

small s仕uctureare quite different from bulk materials.[9-10] 

In rec巴ntyearsラ nanoindentationmeasurement has becom巴 apopular method of determining 

mechanical prop巴rtiesof materialsラ especiallythin film syst巴ms.[II]For PUEs， the nano-scaled size 

ofindenter mad巴itpossible to characterize mechanical prop巴rtl巴sofHD and SD directly. 

In this study， normal Load and depth sensing indentation and nanoscale Dynamic Mechanical 

Analysis were carried out. Nano-scale mechanical properties were characterized企omPUEs， also 

仕omHD and SD. Th巴resultsshow that prop巴rtiesof PUEs are quite related to phas巴separationand 

the characterization企omHD and SD is of great significance. 

6.1 Experimental 

6.1.1恥1aterials

Three kinds of diisocyanat巴s (4う4'-Dipheny lmethan巴 diis0cyanat巴 (MDI)ラ hexamethylene
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diisocyanate (HD 1)ラ andisophorone diisocyanate (IPDI)) were supplied by Tosoh Industryラ Tokyoラ

Japan and wer巴purifiedby distil1ation under reduc巳dpressur巴(267--400Pa) at 100 oC befor巴use.

Polyte甘amethyleneether glycol (molecular weight=lOOO) (PTMGlOOO) w出 suppliedby Invista 

Industry， Texasラ USA.s-cyclodextrin (s-CD) was purchased 介omNacalai Tesque， Inc.， Kyoto， Japan 

(N acalai) and w部 driedfor 24 hours under a condition of 267-400 Pa/80oC before use. 

N，N-Dimethylformamid巴(DMF) was purchas巴d合omNacalai and stored over 4 A molecular sieves 

before us巴.Dibutyltin dilaurate (DBTDL) was purchased 合omNacalai and initially dissolved in 

toluene to form 10% solution. Tetrahydro良lran(THF) was purch出 edfrom Nacalai and distill巴dover 

calcium hydride under an Ar atrnosph巴re.

6.l.2. Synthesis ofPUEs crosslinked by s-cyclodextrin 

As巴n巴sofPUEs were synth巴sized企omdifferent kinds of diisocyanatesラ PTMGI000ラ andトCDvia 

pre-polymer m巴thodラnamedX幽PUEx.。仁ニk血dof diisocyanateヲ x=weightp巴rcent(%) of s-CD) 

The synth巴sisroute is as follows:十CDwas initial1y dissolved in DMF (10 mL) at 80 oC for 20 min 

under an Ar atrnospher巴toreach a トCDsolution. Diisocyanate (0.020 mol) and PTMG 1000 (10 gラ

0.010 mol) w巴readded into a 100mL four凶neckedseparable flask equipped with a m巴chanicalstirrer.ヲ

a gas inlet tube， and a reflux condenser. The prepolymer was prepared at 800C under an Ar 

atmosphere with a stirring. Tempera加reofreaction was controlled at 800C for MDI-and IPDI-bas巴d

prepolymer， while 1000C for HDI-based prepolym巴r.Then s-CD solution w出 addedinto separable 

flask followed by a further stirring. A small amount of bubbles in the system were removed by 

addition of THF (20 mL) and a high speed stirring of 5 min. Catalyst (DBTDL) was also n巴eded

when HDI and IPDI used. 

The thin PUE films (0.5四 0.8mm)were obtained by casting the resulting PUE solution at room 

tempera加r巴 (23土 2oc) for 24 hラ at50 oC for 24 h and at 100 oC for 24 h. The DMF residues in 
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films were removed at 80 oC und巴rvacuum for 6 h. 

6.1.3. Nanoindentation measurements of mechanical properties 

The nanoindentation experiments of PUE films have b巴巴nperformed on a TI 950 Tribolndenter⑧ of 

Hysitron Inc.， l¥心よ USA，Load and d巳pths巴nsingindentation mode and nanoscale Dynamic 

Mechanical Analysis (nanoDMA) were undertool正 InnanoDMA tests， surface images were also took 

during the testsラ thetested areas w巴remarked in the images. A B巴rkovichtip is used in all 

nanoindentation experim巴nts.All measurements are perform巴dat room tempera加re.ln Load and 

depth sensing indentation mod久 indentationarea of specimens w巴reselected randomly. Each sample 

was test for 5 to 7 times. 

6.1.4. Theory 

Som巴 param巴tersin indentation with Berkovich tip are illustrated in Figure 6.1. Load-depth curves 

produced by instrumented indentation systems is 0立enbased on Oliver and Pharr[12]. As Figure 6.2 

shown， several important parameters are illustrated. The hardness H is an important parameter to 

evaluate mechanical property of materials. H=Pmax/ Aう wh巴rePmax is the peak ind巴ntationload and 

A is project巴darea of the hardness impr巴ssion[13-14].
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6.2 Results and Discussion 

The Load-depth curves of PUEs are shown as Figure 6.3. In MDI-PUEs and HDI-PUEs， hrnax of 

阻 )1・PUEoand HDI-PUEo are gr巴aterthan the PUEs with s-CD. In con回 st，IPDI-PUEs that 

contain βCD have much lower hrnax than IPDI-PUEo. The calculated hardness of these PUEs is 

shown as Table 6.1. It is concluded that addition of s-CD reduce the hardness of MDI-PUEo and 

HDI-PUEo・U弓lereas，increase the hardness of IPDI-PUEo. Th巴ser巴sultsprov巴 thats・CDcan 

increase the hardness of PUEs s戸lthesized企omunsymmetrical diisocyanates and decrease the 

hardness of PUEs synthesized企omsymme仕icalones. It quite agrees with the results in Chapter 4. 
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Figure 6.3 Load-depth curves ofHDI-PUEs， MDI-PUEs and IPDI-PUEs 
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Table 6.1 Calculated hardness ofHDI-PUEsラ MDI-PUEsand IPDI-PUEs 

Sample Calculated hardness (Gpa) 

日DI-PUEo 0.0138 

HDI-PUEl 0.0050 

HDI-PUE2 0.0087 

HDI-PUEs 0.0072 

HDI-PUE5 0.0064 

MDI-PUEo 0.0135 

MDI-PUEl 0.0078 

MDI-PUE2 0.0113 

MDI-PUEs 0.0061 

MDI-PUE5 0.0067 

IPDI-PUEo 0.0016 

IPDI-PUEl 0.0033 

IPDI-PUE2 0.0028 

IPDI-PUEs 0.0032 

IPDI-PUE5 0.0024 

In additionラ theincrease and decr回目。fhardnessis not proportional to the additive amount of s-CD. 

It may relate to the tested area of indenter. Because phase separation occurs in most PUEs， the 

indenter may contact the HD and SD. Th巴diffl巴rencesbetween HD and SD affect th巴indentationa 

lot. 

To ensur巴thedifti巴rencesラ nanoDMAmode was used. As Figure 6.4， Figure 6.5 and Figure 6.6 

shown， hardness of designated ar巴aswas tested. Most PUEs e対libitphase separation and brighter 

parts have comparatively greater hardness. Normal1yラ bright巴rparts ar巴believ巴dto be HD while 

darker parts are SD. Mor巴over.ラ hardnessof brighter parts and darker parts reach unanimity in high 

d巴pth.lt may due to the unique structure ofPUEs. HD are dispersed in SD matrixラ thusind巴ntertend 

to contact the matrix in high d巴pthboth in SD and HD areas. 

In PUEs which exhibit weak phase s巴parationor no phase separationラ suchas MDI-PUE)， 

72 



MDI-PUE3ラ IPDI-PUEj and IPDl-PlAs， the hardness of different areas are almost the same. lt is 

obvious that phas巴separationis important to PUEs and the greater the phase separation， the greater 

di位 rencebetween hardness ofHD and SD. 
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6.3 Conclusion 

A series of PUEs which cross-linked by βCD were synth巴sized.Through nanoindentation 

measurements of mechanical properties of these PUEs， properties of HD and SD of PUEs can b巴

measured directly. It is more accurately and directly to m巴asurem巴chanicalproperties of PUEs on 

HD and SD ofPUEs， to compare with direct characterization on PUEs. 
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Chapter 7 Conclusions 

A seri巴sof PUEs using トCDas cross聞 linkerw巳resynthesized and characterized. The influ巴ncesof 

βCD contentラ symmetryof diisocyanatesラ regularityof polyol mol巴culeson properties of PUEs 

were investigated. In additionラ th巴 mechanicalproperties of PUEs wer巴 alsomeasured on hard 

domain/ soft domain scale by nanoindentation. The conclusions are shown as follows 

l.Within 5% ofthe additive amounts of 十CDヲ PUEskept巴lasticity.Th巴decreas巴oftensile s廿ength

and elongation at break indicates that the exist oflarge quantities ofhydrogen bonds in MDI-PTMG 

based pol戸汀ethanesand the destruction of regularity of PUE chains is much more contribute to 

tensil巴 5出 ngththan the fonnation of crosslinks by addition ofトCD.

2. s-CD molecul巳senlarged the distance b巴れ万eenmol巴cularchains of PUEs in some areas which 

will destroy th巳 orderedstructur巴. Thus， on symmetrical diisocyanate based PUEs， the crosslink 

巴ffectwill b巴blocked.In addition， highトCDcontent will 1巴adto the disappearing of巳lasticityof 

PUEs. On the contraryラ crosslinkeffect is well reflected in unsYlmnetrical diisocyanate based PUEs. 

As same as normal chemical crosslinksぅ thecrosslinks caused byトCDincrease the strength and 

hardness ofthese PUEs. Moreover， s-CD con廿ibutesto the microphase separation ofPUEs and form 

different hard domains. 

3. Th巴 polyolwith comparatively regular molecular chains， like PTMG， results in acceptable 

properties of PUEs. In conむastラthepolyol with low regularity， like PCDラ leadsto the worse巴lasticity

ofPUEs. Kinds ofpolyols do not affect the crosslink e汀ectofs-CD. 

百lestructure and prop巴rtiesof PUEs which using s-CD as cross回 linker.ラ alsothe structure-prope町

relationship was investigated systematically. The results show the possibility of usingトCDas 

replacement to cross-linker in synthesis ofPUE 

4. It is more accurately and directly to measure mechanical properties of PUEs on HD and SD of 

PUEsラtocompare with direct characterization on PUEs. 
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As most s-CD based PUs have bad elasticity， the results ofthis research will broaden the application 

areas of s-CD based PUs. 

In th巴futureラth巴cavityof 十CDis expected to utilize to d巴V巴lopfunctional PUEs. This work can be 

r巴gardedas a fundamental. In addition， the degradation巴xperimentswill be undertook to巳valuate

the function in bioch巴mistrγarea.
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