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ୈ 1ষ

ং࿦

1.1 ਫͷҟৗੑ

ਫ͸஍্ٿͰ࠷΋ଟ͘ଘ͢ࡏΔϢϏΩλεͳӷମͰ͋ΔɻͦͷͨΊɺ஍্ٿʹଘ͢ࡏΔଟ͘ͷ

΋ͷ͸ਫΛؚΜͩঢ়ଶɺ΋͘͠͸ਫ༹ӷͷঢ়ଶͰଘ͍ͯ͠ࡏΔɻੜཧֶతͳػೳΛ࣋ͭ෺࣭ɺྫ

͑͹λϯύΫ࣭͸ਫͱͱ΋ʹଘ͢ࡏΔ͜ͱͰͦͷػೳΛൃ͢ݱΔ͜ͱ͔Βɺਫ͸զʑʹͱͬͯॏ

ཁͳ໾ׂΛՌ͍ͨͯ͠Δͱ͑ߟΒΕΔɻ[1, 2] ਫ͸ීวతͳଘࡏͰ͋ΔҰํɺͦͷ෺ੑ͸ҟৗͳৼ

Δ෣͍Λࣔ͢͜ͱ͕஌ΒΕ͓ͯΓ [3]ɺ4ˆͰͷີ౓࠷େʢਤ 1.1ʣ΍ɺൺ೤͕ খ஋Λ࣋࠷ʹˆ36

ͪɺ-45ˆͰൃ͢ࢄΔ͜ͱʢਤ 1.2ʣͳͲྫΛ͛ڍΕ͹ຕڍʹ͍ͱ·͕ͳ͍ɻ[4] ਫͷҟৗͳੑ࣭͸

ਫૉ݁߹ͱݺ͹ΕΔҟํੑͷ͋Δϙςϯγϟϧ͕Ҿ͖͢͜ىͱ͑ߟΒΕ͓ͯΓɺྗूڽͱͯ͠౳

ํతͳϙςϯγϟϧΛ࣋ͭϑΝϯσϧϫʔϧεӷମ͕୯७ӷମͱݺ͹ΕΔͷʹର͠ɺਫͷΑ͏ͳ

ӷମ͸ෳࡶӷମͱݺ͹ΕΔɻ͜ΕΒͷҟৗੑ͸ಛʹաྫྷ٫ঢ়ଶͰݦஶʹͳΔ͜ͱ͕Θ͔͓ͬͯΓɺ

0ˆҎԼͷ௿Թʹ͓͚Δਫͷ෺ੑΛ஌Δ͜ͱ͸ඇৗʹॏཁͰ͋Δɻ

ਫͷҟৗੑ͸ଟ͘ͷՊֶऀΛັ͖͕ྃͯͨ͠ɺͦΕΒΛҰ౓ʹઆ໌͢Δ͜ͱ͕Ͱ͖ͳ͔ͬͨɻ

ΒΕΔਫͷҟৗੑΛઆݟΛదԠ͢Δ͜ͱͰ௿ԹͰํ͑ߟͳΓɺਫͷϙϦΞϞϧϑΟζϜͷʹۙ࠷

໌Ͱ͖ΔՄೳੑ͕ࣔ͞ΕͨɻϙϦΞϞϧϑΟζϜͱ͸ΞϞϧϑΝεͳঢ়ଶʢΨϥεঢ়ଶʣ͕ଟ਺

ଘ͢ࡏΔ͜ͱΛ͢ࢦɻΞϞϧϑΝεͳਫ͸ʮΞϞϧϑΝεණʯͱݺ͹Εɺ1980೥୅ʹॳΊͯΞϞ

ϧϑΝεණ͕࡞ΒΕͨɻ1984೥ʹ͸ණ Ihͷѹྗ༥ղʹΑΓਫʹ͸ผͷΞϞϧϑΝεණ͕ଘ͢ࡏ

Δ͜ͱ͕໌Β͔ʹͳΓ [5]ɺࡏݱͰ͸௿ѹྗଆʹ͸ low density amorphous iceʢLDAʣɺߴѹྗଆ

ʹ͸ high density amorphous iceʢHDAʣ͕ଘ͢ࡏΔ͜ͱ͕Θ͔͍ͬͯΔɻਤ 1.3ʹ७ਮͳਫͷ

ѹྗԹ౓ʢPTʣ૬ਤΛࣔ͢ɻ2ͭͷΞϞϧϑΝεණͷଘࡏ͸ͦΕͧΕʹରԠ͢Δӷମঢ়ଶͷଘࡏ

Λࣔࠦ͠ɺͦΕͧΕ low density liquid waterʢLDLʣͱ high density liquid waterʢHDLʣͱݺ

͹ΕΔɻӷମঢ়ଶ͕ 2ͭ͋Δͱ͢ΔͳΒɺ૬ਤ্ʹ LDLͱ HDLͷڞଘۂઢͱೋͭͷӷମঢ়ଶͷ

ӷӷྟք఺ɺcritical point (c.p.)͕ଘ͢ࡏΔͱ͑ߟΒΕΔɻઌʹͨ͛ڍਫͷ༷ʑͳҟৗੑ͕͜ͷ
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ӷӷྟք఺͔ΒͷΏΒ͗ʹΑͬͯ΋ͨΒ͞ΕΔͱ͢Δํ͑ߟ͸ୈ 2ྟք఺Ծઆͱݺ͹ΕΔɻ

͜ͷΑ͏ʹͯ͠ɺ௿ԹҬͰͷӷମঢ়ଶͷਫͷੑ࣭͸গͮͭ͠໌Β͔ʹͳ͖ͬͯͨɻ͔͠͠ɺ૬

ਤ্ʹࣔͨ݁͠থԽྖҬʢNo man’s landʣͰ͸࣭֩ۉੜ੒͕͜ىΓɺ༰қʹ݁থԽͯ͠͠·͏ͨ

Ίӷମঢ়ଶͷਫΛ؍ଌ͢Δ͜ͱ͸ෆՄೳͰ͋ΔɻΑͬͯɺਫ͕ͲͷΑ͏ʹΨϥεঢ়ଶʹͳΔͷ͔

ͱ͍͏͜ͱ͸ະͩ໌Β͔ʹ͞Ε͓ͯΒͣɺݱ୅ʹ͓͍ͯ΋ൃ׆ͳٞ࿦͕ଓ͍͍ͯΔɻ
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Figure 1.1 Temperature dependence of density of water.[6]
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Figure 1.2 Isobaric heat capacity of water at 1 atm.[7, 8]
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Figure 1.3 Phase diagram of water.

1.2 ΨϥεసҠͷҰൠ࿦

1.2.1 ΨϥεసҠͱ͸Կ͔

Ұൠʹ෺࣭͸ 3ͭͷঢ়ଶʹ෼ྨ͢Δ͜ͱ͕Ͱ͖ΔɻݻମɺӷମɺؾମͰ͋Γɺ෺࣭ͷࡾଶͱݺ

͹ΕΔɻ͜ΕΒ͸૬ʢݻ૬ɺӷ૬ɺؾ૬ʣͱ΋ݺ͹ΕɺԹ౓΍ѹྗΛมԽͤ͞Δ͜ͱͰ෺࣭͸૬

Λม͑Δɻ͜Ε͸૬సҠͱݺ͹ΕΔɻ3 ͭͷ૬ͷதͰݻମʹͯͬݶ͸ɺ໌֬ʹ۠ผ͞ΕΔ΂͖ 2

ͭͷछྨ͕͋ΓɺͦΕ͕݁থͱΨϥεঢ়ଶʢΞϞϧϑΝεʣͰ͋ΔɻͲͪΒ΋ߏ੒͢Δཻࢠͷ࠶

഑ྻ͸͜ىΒͣɺ͍Θ͹ʮ෼ࢠӡಈ͕ౚ݁ͨ͠ঢ়ଶʯͰ͋Δ͕ɺͦͷۭؒతͳ഑ஔ͸શ͘ࣄͳΔɻ

݁থͱΨϥεঢ়ଶͷ 2ͭͷঢ়ଶʹ͍ͭͯɺ෼ࢠ഑ஔͷεφοϓγϣοτΛ༻ҙͨ͠ͱ͢Δͱɺ݁

থ͸௕ڑ཭டংΛ࣋ͪ੔વͱ͍ͯ͠Δ͕ɺΨϥεঢ়ଶͰ͸ӷମঢ়ଶͱݟ෼͚͕͔ͭͳ͍ɻ͜͜Ͱ

ͻͱͭ໰୊ʹͳΔͷ͕ɺӷମ͕ͲͷΑ͏ʹͯ͠Ψϥεঢ়ଶʹͳΔͷ͔ͱ͍͏͜ͱͰ͋ΔɻӷମΛ

ྫྷ٫͢Δͱɺӷମ͸༥఺෇ۙͰ෼ن͕ࢠଇਖ਼͘͠഑ྻ݁͠থԽͯ͠ݻମͱͳΔɻ͜Εʹରͯ͠ɺ

ӷମΛ͢ྫྷٸΔͱաྫྷ٫ঢ়ଶΛͯܦɺෆنଇͳߏ଄ͷ··෼ࢠͷӡಈ͕ౚ݁͞ΕΨϥεঢ়ଶͱͳ

Δɻྫ͑͹ϓϩύϊʔϧ΍άϦηϩʔϧ͸ΨϥεʹͳΓ΍͍͢ӷମͰ͋Γɺී௨ʹྫྷ٫͚ͨͩ͠

Ͱ͸݁থԽ͠ͳ͍ɻҰํɺτϧΤϯ͸ 1ʙ10 K/sఔ౓ͷ଎͞Ͱྫྷ٫͢Ε͹ΨϥεͱͳΔɻਫ΍ϝ



1.2 ΨϥεసҠͷҰൠ࿦ 7

Temperature

V
, 

 S
d

V
,S

/d
T

Tg’ TcTk Tg”

Rapid cooling

Slow cooling

Crystallization

Glass transition

Solid Liquid

Super
co

ol

Equili
briu

m

Cooling

Equilibrium

Non-Equilibrium

Figure 1.4 Schematic diagram of temperature dependence of volume and entropy.

λϊʔϧͳͲɺΑΓ෼ߏࢠ଄͕୯७ʹͳΔͱ 107 K/sҎ্ͷ଎͞Ͱྫྷ٫͠ͳ͚Ε͹Ψϥεʹ͸ͳ

Βͳ͍ɻ͞Βʹ୯७ͳΤνϨϯ΍ϝλϯɺΞϧΰϯͳͲ͸͜Ε·ͰʹΨϥεʹͳͬͨ͜ͱ͕ͳ͍ɻ

[9] ݁থԽ͸೤ྗֶతͳҰ࣍૬సҠͰ͋ΓɺܥͷΤϯτϩϐʔ͸૬సҠԹ౓Ͱෆ࿈ଓʹมԽ͢Δ͕ɺ

ΨϥεసҠ͸సҠԹ౓ͰͷΤϯτϩϐʔ͸࿈ଓతʹมԽ͠ɺసҠԹ౓ΛڥʹΤϯτϩϐʔͷԹ౓

ґଘੑ͕ҟͳΔɻͦͷߏ଄͸ӷମͱಉ༷ʹෆنଇͰ͋Γɺ೤ྗֶతͳೋ࣍૬సҠͱΑ͍ͯ͘ࣅΔ

͕ɺΨϥεసҠݱ৅͸૬సҠͰ͸ͳ͘ɺ෼ࢠͷӡಈ͕؍ଌ࣌ؒʹରͯ͠ఀ͍ͯ͠ࢭΔͱΈͳͤΔ

΄Ͳ஗͘ͳͬͨඇฏߧঢ়ଶͱӷମͷฏߧঢ়ଶͷؒͰΈΒΕΔݱ৅Ͱ͋Γɺͦͷຊ࣭͸؇࿨ݱ৅ͷ

Թ౓มԽͰ͋Δͱཧղ͞Ε͍ͯΔɻΨϥεసҠʹ͍ͭͯ͸ਅͷΨϥεঢ়ଶ΍ɺਅͷΨϥεసҠԹ

౓ʢ͍ΘΏΔ KauzmannԹ౓΍ཧ૝ΨϥεసҠԹ౓ͱݺ͹ΕΔԹ౓ʣ͕ఆٛ͞ΕΔͷ͔ͱ͍͏Α

͏ͳࠜݯతͳ໰୊͕͞࢒Ε͍ͯΔɻ

ӷମঢ়ଶ͔ΒΨϥεঢ়ଶ΁ͱసҠ͢ΔԹ౓ɺΨϥεసҠԹ౓ɺT g Λఆٛ͢Δํ๏͸େ͖͘෼͚

ͯ̎ͭ͋ΔɻҰͭ͸ൺ೤͕ܹٸʹ૿Ճ͢ΔԹ౓ͱͯ͠ T g ͕ఆٛ͞ΕΔɻ΋͏Ұͭ͸ӷମͷ೪౓͕

1013 ϙΞζʹͳΔԹ౓ͱͯ͠ T g ͕ఆٛ͞ΕΔɻ͜ͷͱ͖ɺ೪౓ ηͷԹ౓ґଘੑ͸ Vogel-Fulcher

ʢVFʣଇ

η = η∞,VF exp

(
A

T − T0

)
, (1.1)
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ͰΑ͘දΘ͞ΕΔɻ͜͜Ͱ T ͸ઈରԹ౓ɺT0 ΍ A͸ϑΟοςΟϯάύϥϝʔλͰ͋Δɻ࣮ݧత

ʹ͸ T0 ͕ཧ૝ΨϥεసҠԹ౓ʹ͍ۙͱ͑ߟΒΕ͍ͯΔɻ

1.2.2 ΨϥεసҠͱ؇࿨աఔ

Ψϥεܗ੒෺࣭ʹ͸ೋͭͷ؇࿨աఔɺα؇࿨ͱ Johari-Goldstein (JG) β ؇࿨͕؍ଌ͞ΕΔɻ͜

ͷೋͭͷ؇࿨աఔ͸ 1970೥୅ʹ Johariͱ GoldsteinʹΑͬͯ಺෦ճసࣗ༝౓ͷͳ͍߶௚ͳ෼ࢠ

ੑӷମͰ΋؍ଌ͞ΕΔ͜ͱ͕ใ͞ࠂΕɺΨϥεܗ੒෺࣭ʹීวతʹଘ͢ࡏΔ؇࿨Ͱ͋Δ͜ͱ͕໌

Β͔ʹ͞Εͨ [10, 11]ɻα؇࿨ͷ؇࿨࣌ؒ͸ VFܕͷԹ౓ґଘੑΛ࣋ͭɻVFܕͷԹ౓ґଘੑ͸ͭ·

Γɺੑ׆ԽΤωϧΪʔ͕Թ౓ͷ௿Լͱͱ΋ʹൃࢄతʹେ͖͘ͳΔ͜ͱΛҙຯ͓ͯ͠Γɺ෼ࢠӡಈ

ͷڠಉੑ͕ݪҼͰ͋Δͱཧղ͞Ε͍ͯΔɻਤ 1.5ʹΨϥεܗ੒෺࣭ʹ͓͍ͯ؍ଌ͞ΕΔ؇࿨աఔ

ͷΞϨχ΢εϓϩοτͷ໛ࣜਤΛࣔ͢ɻҰൠʹ೪౓͸؇࿨࣌ؒʹൺྫ͢Δ͜ͱ͔Βɺ೪౓Λܾఆ

͢Δ෼ࢠӡಈ͕ α؇࿨Ͱ͋Δͱ͑ߟΔ͜ͱ͕Ͱ͖ɺα؇࿨ͷ؇࿨͕࣌ؒ 100 - 1000 sʹͳΔԹ౓

͕ T g ͱΑ͘Ұக͢ΔɻҰํɺJG β ؇࿨ͷ؇࿨࣌ؒͷԹ౓ґଘੑ͸ɺT g ҎԼͰ͸ Arrheniusܕɺ

T g Ҏ্Ͱ͸ VFܕͷԹ౓ґଘੑʹै͏ [12, 13]ɻ಺෦ճసͷࣗ༝౓͕͋Δ෼ࢠͰ͸ɺೋͭҎ্ͷ਺

ͷ؇࿨͕؍ଌ͞ΕΔ৔߹͕͋Δɻͦͷ৔߹ɺα؇࿨ͱ JG β ؇࿨Ҏ֎͸ local-β ؇࿨΍ɺfast-β ؇

࿨΋͘͠͸ γ ؇࿨ͳͲͱݺ͹Ε໌֬ʹ۠ผ͞ΕΔɻ͜ͷ α؇࿨ͱ JG β ؇࿨͸ΨϥεͱͳΔ༷ʑ

ͳ෺࣭ɺߴ෼ࢠɺ୯७ӷମɺ2੒෼ࠞ߹؍͍͓ͯʹܥଌ͞ΕΔ [14, 15]ɻ

1/T (K
-1

)

lo
g
 (

τ)

α process

JG-β process

local β or γ process

Figure 1.5 Schematic diagram of temperature dependence of the relaxation time of the

α, JG β, and local β processes.



1.2 ΨϥεసҠͷҰൠ࿦ 9

1.2.3 ΨϥεసҠΛهड़͢Δཧ࿦

ΨϥεసҠΛهड़͠Α͏ͱ͢ΔͱΓ͘Έ͸͔͘ݹΒ͋Γɺࣗ༝ମੵཧ࿦΍ɺAdam-Gibbsཧ࿦ɺ

Coupling ModelͳͲ͞·͟·Ͱ͋ΔɻҎԼʹ؆୯ʹ঺հ͢Δɻ

ࣗ༝ମੵཧ࿦

͸ͦͷۭؒ΁ҐஔΛม͑Δ͜ͱ͕Ͱ͖Δɻ͜ͷۭࢠͷྡʹۭ͕ؒ͋Δ৔߹ʹͷΈɺͦͷཻࢠཻ

͕ؒ͢ͳΘͪࣗ༝ମੵͰ͋Δɻ͜͜Ͱࣗ༝ମੵɺvfree ͸ɺv Λཻࢠͷମੵɺv0 Λཻ͕ࢠઐ༗͢Δ

ମੵͱͯ͠

vfree = v − v0 (1.2)

Ͱ༩͑ΒΕΔɻ೪ੑ཰ɺη ͱͷؔ܎͸

η ∝ exp

(
Av0
vfree

)
(1.3)

͜͜Ͱ A͸Թ౓ʹΑΒͳ͍ఆ਺Ͱ͋ΔɻDolittle͸ύϥϑΟϯͷ೪ੑ཰ͷର਺͕ࣗ༝ମੵͷٯ਺

ʹൺྫ͢Δ͜ͱΛใͨ͠ࠂɻ[16]

Adam-Gibbsཧ࿦ [17]

ΨϥεసҠΛཧղ͢Δ্Ͱॏཁͳํ͑ߟͷҰ͕ͭ෼ࢠӡಈͷڠಉੑͰ͋ΔɻAdamͱ Gibbs͸

഑ྻྖҬʢcooperatively࠶ಉతڠͻͱ·ͱ·Γʹಈ͘ྖҬΛ͕ࢠཻ rearranging regionsɺCRRʣ

ͱఆٛ͠ɺCRRͷαΠζ z ͕Թ౓ͷ௿Լʹͱ΋ͳͬͯେ͖͘ͳΔɺͭ·ΓɺԹ౓ɺT ͷ௿Լʹͱ

΋ͳͬͯΑΓଟ਺ͷཻڠ͕ࢠಉతʹӡಈ͢Δͱͨ͑ߟɻ[17] ͍·ɺҰͭͷཻࢠ౰ͨΓͷ഑ҐΤϯτ

ϩϐʔ Sc(T )͕ z ʹ൓ൺྫ͢ΔͱԾఆ͢Ε͹ੑ׆ԽΤωϧΪʔ E ͸

E ∝ 1

Sc(T )
(1.4)

ͱͳΓɺڠಉత࠶഑ྻͷ؇࿨࣌ؒ͸্ࣜΛ༻͍ͯ

τ ∝ exp

(
1

TSc(T )

)
(1.5)

ͱͳΔɻਤ 1.6ʹ؇࿨࣌ؒͷԹ౓ґଘੑͷ໛ࣜਤΛࣔͨ͠ɻ
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Figure 1.6 Schematic diagram of temperature dependence of the relaxation time for α process.

Coupling Model[18]

͞·͟·ͳΨϥεܗ੒෺࣭ʹ͓͍ͯ͋Δ࣌ؒɺΫϩεΦʔόʔ࣌ؒɺtc ΑΓ୹͍࣌ؒͰ͸૬ؔ

ؔ਺͸

Φ(t) = exp−(t/τ0) (1.6)

Ͱද͞Εɺtc ΑΓ௕͍࣌ؒͰ͸֦ு͞Εͨࢦ਺ؔ਺Λ༻͍ͨ

Φ(t) = exp−(t/τ0)
1−n (1.7)

ͰΑ͘දΘ͞ΕΔɻ

Ngaiͷ Coupling ModelʢCMʣʹΑΕ͹ɺ୹͍࣌ؒʢtcʣͰ͸ૉաఔɺ΋͘͠͸Ұମͷ؇࿨͕

؇࿨଎౓ɺW0 ≡ (τ0)−1 Λ࣋ͪɺ͜ͷ૬ؔؔ਺͸ exp(−t/τ0)Ͱ༩͑ΒΕΔɻ͔͠͠ɺ͜ͷ؇࿨

աఔ͸ཻؒࢠͷ૬࡞ޓ༻ʹΑΓແݶʹ͸ଓ͔ͣɺଟମͷ؇࿨աఔʹͳΔɻtc ≡ ω−1
c ΑΓ஗͍࣌ؒ

ҬͰ͸ɺW ͸

W (t) = W0(ωct)
−n (1.8)

ͱͳΔɻtc ͸Ϣχόʔαϧͳ஋ͱͯ͠ 2 psͰ͋ΔͱݴΘΕ͍ͯΔɻ

૬ؔؔ਺ φ(t)͸
∂φ(t)

∂t
= −W (t)φ(t) (1.9)
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Ͱ͋Δ͔Βɺt < tc ͷͱ͖ɺ

φ(t) = exp (−t/τ0) (1.10)

ͨͩ͠ τ0 ≡ 1/W0 (1.11)

t > tc ͷͱ͖

φ(t) ∝ exp
(
−(t/τ)1−n

)

ͨͩ͠ τ = [(1− n)(tc)
−nτ0]

1/1−n

ͱͳΔͷͰɺτ0 ͕ tc ΑΓॆ෼େ͖͚Ε͹ɺߏ଄؇࿨ͷ؇࿨࣌ؒɺτ ͱૉաఔͷ؇࿨࣌ؒɺτ0 ͱͷ

ͱͯ͠ɺ܎ؔ

τ =
(
t−n
c τ0

)1/1−n
(1.12)

͕ಘΒΕΔɻ·ͨɺ (
t−n
c τ0

)1/1−n ≈
(
t−n
c τJG

)1/1−n
(1.13)

Ͱ͋Δ͜ͱ͕࣮ݧతʹΘ͔͍ͬͯΔͷͰɺCM͸ KWWࣜͷύϥϝʔλɺβKWW ͱૉաఔͷ؇

࿨࣌ؒɺτ0ɺα؇࿨ͷ؇࿨࣌ؒɺταɺJG β ؇࿨ͷ؇࿨࣌ؒɺτJGβ ͷؔ܎Λ༩͑Δɻ

1.3 աྫྷ٫ਫͷΨϥεసҠͱਫͷ Fragile-to-StrongసҠ

ઌʹड़΂ͨΑ͏ʹɺਫ͸-40ˆ෇ۙͰ࣭֩ۉੜ੒͕͜ىΓ݁থԽ͢ΔɻͦͷͨΊɺͦΕҎԼͷԹ

౓ʹ͓͍ͯ͸ӷମঢ়ଶΛ࣮ݱͰ͖ͳ͍ɻਤ 1.7ʹ͞·͟·ͳ७ਫͳਫͷ؇࿨࣌ؒͷԹ౓ґଘੑΛ

ࣔ͢ɻ[19–21] ਫͷΨϥεసҠͷڀݚͱ͸ͭ·Δͱ͜Ζਤ 1.7 தͷάϨʔͷԹ౓ൣғͰԿ͕ͬ͜ى

͍ͯΔͷ͔Λௐ΂Δ͜ͱͰ͋Δɻ

ӷମͱͯ͠ͷਫͷΨϥεసҠΛௐ΂ΔͨΊʹ͸݁থԽΛආ͚Δඞཁ͕͋Γɺͦͷํ๏͸େ͖͘

෼͚ͯ 2ͭɺਫ༹ӷΛௐ੡͢Δํ๏ͱਫʹରۭͯؒ͠తͳଋറΛ༩͑Δํ๏Ͱ͋Δɻ͜Ε·Ͱʹɺ

தੑࢄࢠཚ๏΍࣓֩ڞؾ໐๏ɺ޿ଳҬ༠ి෼ޫ๏ʹΑΓɺλϯύΫ࣭ [22–25] ΍౶ [26–31]ɺΞϧίʔ

ϧ [32–38]ɺ߹੒ߴ෼ࢠ [37, 39–44]ɺԘ [45]ɺΠΦϯӷମ [46] ͳͲΛ༹࣭ͱͯ͠༻͍༷ͨʑͳਫ༹ӷ

ͷߦ͕ڀݚΘΕ͖ͯͨɻ͜ΕΒͷଟ͘͸ණ݁͠ͳ͍ਫ༹ӷͰ͋Γɺණ݁͢Δਫ༹ӷʹؔ͢Δใࠂ

[24, 25] ͸΄ͱΜͲͳ͍ɻ·ͨɺ༹࣭ʹߴ෼ࢠΛ༻͍ͨਫ༹ӷͰ͸ਫͷہॴతͳ෼ࢠӡಈʹىҼ͢

Δ؇࿨͸؍ଌ͞Ε͖͕ͯͨɺΨϥεసҠͷಛ௃Ͱ΋͋Δڠಉతͳ෼ࢠӡಈʹىҼ͢Δ؇࿨͸΄ͱ

ΜͲ؍ଌ͞Ε͍ͯͳ͍ɻ[37, 39–44] ҰํɺۭؒతଋറΛड͚ͨණ݁͠ͳ͍ਫͷڀݚ͸தੑࢄࢠཚ [47]

΍࣓֩ڞؾ໐๏ [48]ɺ޿ଳҬ༠ి෼ޫ๏ [49–51] Λ༻͍ͯγϦΧήϧ [47–49,51] ΍ϞϨΩϡϥʔγʔ

ϒε [50] ͳͲͷද໘΍޸ࡉʹਫΛٵணͤͯ͞ߦΘΕ͖ͯͨɻ͜ΕΒͷڀݚͰ͸ਫͷہॴతͳ෼ࢠ
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Figure 1.7 Temperature dependence of the relaxation time of water. Data are quoted

from ref. 19 for HDL and LDL and ref. 20 and 21 for liquid water.

ӡಈ͕؍ଌ͞Εͨɻ

ਫ༹ӷͷΨϥεసҠʹؔ͢Δ͔ڀݚΒɺଟ͘ͷਫ༹ӷʹ͓͍ͯ͸ 2ͭͷಛ௃తͳ؇࿨͕ଘ͢ࡏ

Δ͜ͱ͕໌Β͔ʹͳ͖ͬͯͨɻ[36, 52] ಛʹখ͞ͳ෼ྔࢠͷ༹࣭Λ༻͍ͨਫ༹ӷͰ͸ɺࣨԹ෇ۙͷ

ԽΤωϧΪʔ͕૿Ճ͢ੑ׆ʹଌ͞Εͨɻ͜ͷ؇࿨͸Թ౓ͷ௿Լͱͱ΋؍Թ౓ͰҰͭͷ؇࿨͕͍ߴ

Δ VFܕͷԹ౓ґଘੑΛ࣋ͭ͜ͱ͕Θ͔͍ͬͯΔɻ͞ΒʹԹ౓ΛԼ͛ɺΫϩεΦʔόʔԹ౓ɺTc

ͱݺ͹ΕΔԹ౓Ͱ͜ͷ؇࿨͸ α؇࿨ͱ ν ؇࿨ͷ 2ͭʹ෼཭͢ΔɻΤνϨϯάϦίʔϧͱͦͷΦϦ

ΰϚʔΛ༻͍ͨਫ༹ӷͷڀݚ [32, 53] Ͱ͸ɺ༹࣭෼ࢠͷ෼͓͕ྔࢠΑͦ 100ΑΓখ͍͞৔߹ɺࣨԹ

Ͱ؍ଌ͞Εͨ؇࿨͸ඇରশͳϐʔΫΛ࣋ͪɺTc ҎԼͰ͸ α؇࿨ʹͳΔɻ[36] Ұํɺ༹࣭෼ࢠͷ෼

͕ྔࢠ 100ΑΓେ͖ͳ৔߹ɺࣨԹͰ؍ଌ͞Εͨ؇࿨͸ରশͳϐʔΫΛ࣋ͪɺTc ҎԼͰ͸ ν ؇࿨ʹ

ͳΔɻਫ༹ӷͰ؍ଌ͞ΕΔ α؇࿨͸ VFܕͷԹ౓ґଘੑΛ࣋ͭඇରশͳ؇࿨ϐʔΫΛࣔ͢ɻν ؇

࿨͸ରশͳϐʔΫΛ࣋ͪɺα؇࿨ͷ Tg ҎԼͰ͸ੑ׆ԽωϧΪʔ͕͓Αͦ 50 kJ/molͷΞϨχ΢

εܕͷԹ౓ґଘੑʹมԽ͢Δɻ͜ͷԹ౓ґଘੑͷมԽ͸ਫͷ Fragile-to-StrongసҠʢFSTʣͱݺ

͹ΕΔɻν ؇࿨ͷ؇࿨࣌ؒΛ 100ඵʹ֎ૠ͠ɺν ؇࿨ͷ Tg Λੵݟ΋Δͱଟ͘ͷਫ༹ӷͰͦͷ஋͕

136 K෇ۙͱͳΓɺ७ਫͷΨϥεసҠԹ౓ɺ136 KͱΑ͘Ұக͢Δɻ·ͨɺν ؇࿨ͷ؇࿨ڧ౓ͱ

؇࿨࣌ؒ͸ࣨԹͰೱ౓Λ 0ʹ֎ૠ͢Δͱ७ਫͷͦΕͱΑ͘Ұகͨ͠ɻ͞Βʹɺα؇࿨ͱ ν ؇࿨ͷ

؇࿨ڧ౓ͷ࿨͕ɺࣨԹͰ؍ଌ͞Εͨ؇࿨ͷ؇࿨ڧ౓Λ Tc ҎԼͷ௿Թʹ֎ૠͨ͠஋ͱΑ͘Ұக͢Δ

͜ͱ͔Βɺν ؇࿨ʹد༩͍ͯͨ͠෼͕ࢠ α؇࿨ʹد༩࢝͠ΊͨͷͰ͋Δͱ͑ߟΒΕͨɻ͍͔ͭ͘
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ͷಛ௃͸ઌʹड़΂ͨΨϥεܗ੒෺࣭Ͱීวతʹ؍ଌ͞ΕΔͱ͑ߟΒΕΔ α؇࿨ͱ JG β ؇࿨ͷؔ

ଌ͞ΕΔ؍খ͞ͳ༹࣭Λ༻͍ͨਫ༹ӷͰ͸ɺ͕ྔࢠͰ͋ΔɻҎ্ͷ͜ͱ͔Βɺ෼ࣅͱྨ܎ α؇࿨

ͱ ν ؇࿨͸ਫͱ༹࣭ͷڠಉతͳ෼ࢠӡಈͱਫͷہॴతͳ෼ࢠӡಈʹىҼ͍ͯ͠Δ͜ͱ͕Θ͔ͬͯ

͖ͨɻ΋ͪΖΜྫ֎΋͋ΓɺԘԽϦν΢ϜΛ༹࣭ʹ༻͍ͨਫ༹ӷͰ͸ VFܕͷԹ౓ґଘੑΛ࣋ͭ

ඇରশͳ؇࿨͕Ұ͚ͭͩ؍ଌ͞Εͨɻ[45]

ۭؒతʹଋറ͞ΕͨਫͷڀݚͰ͸ɺਫͷ෼ࢠӡಈͰ͋Δͱ͑ߟΒΕΔ؇࿨͕Ұͭ؍ଌ͞Εͨɻ

[49–51] ͜ͷ؇࿨ͷ؇࿨࣌ؒ͸ਫ༹ӷͰ؍ଌ͞Εͨ ν ؇࿨ͷ؇࿨࣌ؒͱ͍ۙ஋Λࣔ͢ɻ޿ଳҬ༠ి

෼ޫ๏Ͱ؍ଌ͞ΕͨγϦΧήϧ޸ࡉதͷਫͷ؇࿨͸ਫͷ FSTΛࣔ͞ͳ͔ͬͨɻҰํɺதੑࢄࢠཚ

๏Ͱ؍ଌ͞ΕͨγϦΧήϧ޸ࡉதͷਫͷ؇࿨͸͓Αͦ 225 KͰਫͷ FST͕؍ଌ͞Εͨɻ[47] ਫ༹

ӷͰ؍ଌ͞Εͨਫͷ FST͸ਫ༹ӷͷΨϥεసҠͱ͕ؔ͋܎Δͱ͑ߟΒΕ͕ͨɺதੑࢄࢠཚ๏Ͱ؍

ଌ͞ΕۭͨؒతʹଋറΛड͚ͨਫͷ FST͸ɺਫͷӷ-ӷ૬సҠʹ༝དྷͨ͠ݱ৅Ͱ͋Δͱཧղ͞Ε

͍ͯΔɻ[2] ઌʹड़΂ͨΑ͏ʹɺਫ͸ 0 ˆҎԼͷ௿ԹͰ 2 ͭͷӷମঢ়ଶɺHDL ͱ LDL ͕ଘ͢ࡏ

Δɻ͜ͷ 2ͭͷӷମঢ়ଶͷڥքʹ͸ PT ૬ਤ্ͰৗѹΑΓ΋ߴѹଆʹڞଘۂઢ͕ଘ͠ࡏɺ2ͭͷ

ӷମঢ়ଶͷྟք఺͕ଘ͢ࡏΔͱ͑ߟΒΕ͍ͯΔɻ͜ͷڞଘۂઢΛ௿ѹ·Ͱ֎ૠͨ͠ઢ͸Widom

lineͱݺ͹Εɺ1ؾѹͰ͸ 225 Kͱަࠩ͢Δɻ͜ͷԹ౓ͱதੑࢄࢠཚ๏Ͱ؍ଌ͞ΕͨγϦΧήϧ

தͷਫͷ޸ࡉ FST ͷԹ౓͕Α͘Ұக͢ΔͨΊɺਫͷ FST ͕ਫͷӷ-ӷ૬సҠʹΑΔ΋ͷͰ͋Δ

ͱ͑ߟΒΕͨɻ͔͠͠ɺதੑࢄࢠཚ๏͸؍ଌ࣌ؒ૭͕͘ڱ෼ࢠӡಈͷ؍ଌʹ͸ٙ໰͕࢒Δɻλϯ

ύΫ࣭ද໘ʹٵண͞ΕͨਫͰ؍ଌ͞Εͨਫͷ FSTͷԹ౓͸ɺ࠷ॳͷใࠂͰ͸ 225 KͰ͕͋ͬͨɺ

ͦͷޙͳ͞ΕͨڀݚͰ͸ 170 KΑΓ͸௿ԹͰ͋Δͱใ͞ࠂΕɺதੑࢄࢠཚ๏Ͱ؍ଌ͞Εͨ޸ࡉத

ͷਫͷ FSTͷԹ౓͕ͲΕ΄Ͳ͔֬Β͍͠ͷ͔͸͞ΒͳΔ͕ূݕඞཁͰ͋Δɻ[54]

Ҏ্Λ؆୯ʹ·ͱΊΔͱਫͷ FSTͷݪҼͱͯ͠ҎԼͷ 3ͭͷ͕ํ͑ߟఏҊ͞Ε͍ͯΔɻ

1. సҠԹ౓͸ 225 KͰ͋Γɺਫͷӷӷ૬సҠ͕ݪҼͰ͋Δɻ

2. సҠԹ౓͸ਫ༹ӷͷΨϥεసҠԹ౓ͱҰக͠ɺਫΛऔΓڥ؀͘רͷΨϥεԽʹΑΔด͡ࠐ

ΊޮՌ͕ݪҼͰ͋Δɻ

3. సҠԹ౓͸ਫ༹ӷͷΨϥεసҠԹ౓ͱҰக͠ɺڠಉతͳӡಈ͕ฏߧঢ়ଶͰͳ͘ͳΔ͜ͱ͕

ҼͰ͋Δɻݪ

1͸ 225 K෇ۙͰͷਫͷӷӷ૬సҠʹىҼ͢Δͱ͍͏ओுͰ͋Δɻ2͸ finite size effectͱ΋ݺ͹

ΕɺΨϥεసҠͷ෼ࢠӡಈͷಛ௃ͱ΋͑ݴΔڠಉӡಈྖҬͷେ͖͕͞ɺͦͷ෼͕ࢠଘ͍ͯ͠ࡏΔ

ͷେ͖͞ΑΓ΋େ͖͘ͳΕͳ͍͜ͱ͕ਫͷڥ؀ FSTͷݪҼͰ͋Δͱ͍͏ओுͰ͋Δɻ3͸ Ngai

ͷ coupling modelΛదԠͨ͠ํ͑ߟͰ͋Δɻ͔͠͠ɺ௿Թʹ͓͚Δਫͷ෼ࢠӡಈΛਖ਼֬ʹ؍ଌ͠

ཧղ͢Δ͜ͱ͸ɺ؍ଌ࣌ؒ૭ͷ໰୊ [54] ΍ɺͦ΋ͦ΋ 0ˆҎԼʹ͓͚Δ७ਮͳਫͷ෼ࢠӡಈʹؔ͢
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Δ৘ใ͕·ͬͨ͘΋ͬͯෆ଍͍ͯ͠Δ͜ͱ͔Βɺඇৗʹࠔ೉Ͱ͋Γɺ͞ΒͳΔ࣮͕ݧඞཁͰ͋Δɻ

1.4 ໨తڀݚ

͜Ε·Ͱʹड़΂͖ͯͨΑ͏ʹɺਫΛؚΜͩ෺࣭͕ӷମঢ়ଶ͔ΒΨϥεঢ়ଶ΁ͱͲͷΑ͏ʹมԽ

͢Δͷ͔ͱ͍͏͜ͱ͸ະͩ׬શʹ͸ཧղ͞Ε͍ͯͳ͍ɻಛʹɺණ݁͢ΔΑ͏ͳ༹࣭ೱ౓ͷ௿͍ਫ

༹ӷ΍ɺ༹࣭ʹ߹੒ߴ෼ࢠΛ༻͍ͨਫ༹ӷʹ͍ͭͯ͸ଌఆ΍σʔλղੳͷࠔ೉͞ʹΑΓਫ༹ӷத

ͷ෼ࢠӡಈͷ؍ଌ͸΄ͱΜͲߦΘΕ͍ͯͳ͍ɻͦͷͨΊɺຊ࿦จͰ͸ҎԼͷ 3ͭΛ໨తͱͨ͠ɻ

1. ෦෼తʹණ݁͢Δਫ༹ӷͱͯ͠θϥνϯਫ༹ӷதͷ༷ʑͳ෼ࢠӡಈΛ໌Β͔ʹ͢Δ

2. ණ݁͠ͳ͍ߴ෼ࢠਫ༹ӷͱͯ͠ϙϦϏχϧϐϩϦυϯਫ༹ӷதͷߴ෼ࢠͷ؇࿨ͱ ν ؇࿨ͷ

Λ໌Β͔ʹ͢Δ܎ؔ

3. ණ݁͢Δ͠ͳ͍΍ɺ༹࣭ͷ෼ྔࢠʹ͔͔ΘΒͣɺ͢΂ͯͷਫ༹ӷʹ͓͚Δਫͷ෼ࢠӡಈͷ

ීวతͳੑ࣭ͱͯ͠ਫͷ FSTͱΨϥεసҠԹ౓ͷؔ܎Λ໌Β͔ʹ͢Δ

·ͨɺڀݚͷաఔͰಘΒΕͨණͷ෼ࢠӡಈʹؔ͢Δॏཁͳ஌ݟʹ͍ͭͯ΋ٞ࿦͢Δɻ

1.5 ࿦จߏ੒

ຊ࿦จ͸શ 8ষʹΑΓߏ੒͞ΕΔɻ

ୈ 1ষͰ͸ং࿦ͱͯ͠ຊڀݚͷഎܠͱ໨తΛઆ໌ͨ͠ɻ

ୈ 2ষͰ͸ݧ࣮͍ͨ༺ʹڀݚख๏Ͱ͋Δ༠ి؇࿨ଌఆͱͦͷଌఆݪཧʹ͍ͭͯઆ໌͢Δɻ

ୈ 3ষͰ͸෦෼తʹණ݁ͨ͠θϥνϯਫ༹ӷͷΨϥεసҠʹ͍ͭͯɺ෦෼తʹණ݁ͨ͠ਫ

༹ӷதͰ؍ଌ͞ΕΔਫ࿨༹࣭ͨ͠ɺණɺ௿ԹͰ΋ౚΒͳ͍ਫͷ෼ࢠӡಈͱͦΕͧΕͷؔ܎

ʹ͍ͭͯٞ࿦͢Δɻ

ୈ 4ষͰ͸෦෼తʹණ݁ͨ͠θϥνϯਫ༹ӷʹ͍ͭͯɺಛʹ௿ԹͰ΋ౚΒͳ͍ਫͷ෼ࢠӡ

ಈͱණͷ༥ղͱͷؔ܎ʹ͍ͭͯٞ࿦͢Δɻ

ୈ 5ষͰ͸ϙϦϏχϧϐϩϦυϯਫ༹ӷʹ͍ͭͯɺӷମঢ়ଶ͔ΒΨϥεঢ়ଶʹ͓͚Δߴ෼

Λٞ࿦͢Δɻ܎ӡಈɺ·ͨͦΕͧΕͷؔࢠಉӡಈੑͱਫͷ෼ڠಉ࢜ͷࢠ

ୈ 6ষͰ͸ਫͷϑϥδϟΠϧʔετϩϯάసҠͱΨϥεసҠԹ౓ͷؔ܎ʹ͍ͭͯ͜Ε·Ͱ

ʹଌఆ͞Ε͖༷ͯͨʑͳਫ༹ӷʹ͍ͭͯแׅతʹٞ࿦͠ɺਫͷӷӷ૬సҠΛྀͨ͠ߟ৽͠

͍ϞσϧΛఏҊ͢Δɻ



1.5 ࿦จߏ੒ 15

ୈ 7ষͰ͸ණͷ༠ి؇࿨࣌ؒͷԹ౓ґଘੑʹ͍ͭͯٞ࿦͢Δɻ

ୈ 8ষͰ͸ຊ࿦จΛ؆୯ʹ·ͱΊΔɻ
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ଌఆݪཧͱͦͷ૷ஔ

2.1 ଳҬ༠ి෼ޫ๏޿

༠ి෼ޫ๏ʢBroadband Dielectric Spectroscopy:BDSʣ͸ɺ༠ిମʹ೚ҙి৔ΛҹՃͨ࣌͠

ͷిྲྀΛଌఆ͠ɺଌఆࢼྉͷΠϯϐʔμϯε͔Βෳૉ༠ి཰ɺ ε* ͷप೾਺ґଘੑΛಘΔํ๏Ͱ͋

Δɻ͜͜Ͱ͸ɺ1 mHz͔Β 50 GHzͷप೾਺ൣғɺ؇࿨࣌ؒɺτ Ͱ͸ɺ͓͓Αͦ 100 s͔Β 5 ps

ʹରԠ͢Δ޿Ҭͳ࣌ؒεέʔϧͰͷӡಈΛಉ࣌ʹ؍ଌ͢Δ͜ͱ͕Ͱ͖Δ޿ଳҬ༠ి෼ޫγεςϜ

Λ࢖༻ͨ͠ɻ

2.1.1 ༠ిମ࿦

༠ిମ͕೚ҙͷి৔ E Լʹஔ͔Εͨ࣌ɺϚΫϩͳ૒ࢠۃϞʔϝϯτʹΑΔ෼ݱ͕ۃΕΔɻ͜ͷ

෼ۃɺPɺ͸࣍ࣜͰද͞ΕΔɻ

P =
⟨M⟩
V

(2.1)

͜͜Ͱ ⟨M⟩͸ϚΫϩείϐοΫͳ૒ࢠۃϞʔϝϯτɺV ͸ମੵͰ͋Δɻ·ͨɺϚΫϩείϐοΫ

ͳ෼ۃ͸࣍ࣜͷΑ͏ʹɺ֎෦ి৔ E ʹൺྫ͢Δɻ

Pi = ε0χikEk (2.2)

͜͜Ͱ χik ͸ిײؾड཰ͷςϯιϧɺε0 = 8.854x10−12[F.m−1]͸ਅۭͷ༠ి཰Ͱ͋Δɻ༠ిମ

ҰͰ͋ΔͳΒɺχ͸εΧϥʔྔͱͳΓɺࣜۉ͕ 2.2͸؆୯ʹ

P = ε0χE (2.3)

ͱॻ͚Δɻ
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ϚΫϩείϐοΫͳϚΫε΢ΣϧͷࣜʹΑΕ͹ɺ

D = ε0E + P (2.4)

Ͱ͋ΔͨΊɺ༠ిମ͕ۉҰͳ৔߹ɺϕΫτϧDɺE ͱײड཰ χ͸࣍ࣜͰ݁͹ΕΔɻ

D = ε0(1− χ)E = ε0εE (2.5)

͜͜Ͱ ε = 1 − χ͸ൺ༠ి཰Ͱ͋Δɻൺ༠ి཰͸༠ి཰ͱ΋ݺ͹Εɺຊ࿦จͰ͸ಛʹஅΓͷͳ͍

͸छྨ͕͋ΓɺมҐʹۃΑΒͳ͍ɻ෼ʹ͞ڧͿɻ͜ͷ༠ి཰͸ి৔ͷݺΓൺ༠ి཰Λ༠ి཰ͱݶ

ʹΑΔ෼ۃɺ഑޲ʹΑΔ෼ۃɺΠΦϯʹΑΔ෼ۃͱʹେผ͞ΕΔɻมҐʹΑΔ෼ۃ͸ߋʹ̎ͭͷ

෼ۃʹΘ͔Εిࢠ෼ۃɺࢠݪ෼͕͋ۃΔɻ഑޲ʹΑΔ෼ۃ͸෼ࢠͷ࣋ͭ૒ࢠۃϞʔϝϯτͷҹՃ

ి৔ʹର͢Δ഑޲ʹΑΓҾ͖͜͞ىΕΔɻ

2.1.2 ෳૉ༠ి཰ͷप೾਺ґଘੑΛ༩͑Δࣜ

ෳૉ༠ి཰ͷप೾਺ґଘੑΛهड़͢Δؔ਺ͱͯ͠σόΠͷࣜɺCole-ColeͷࣜɺCole-Davidson

ͷࣜɺHavriak-NegamiͷࣜɺKohlrausch-Williams-WattsʢKWWʣͷ͕ࣜଟ͘࢖ΘΕΔɻ

σόΠͷࣜ

ෳૉ༠ి཰ͷप೾਺ґଘੑΛද͢࠷΋؆୯ͳࣜʹσόΠͷ͕ࣜ͋Δɻಋग़ʹ͸͍͔ͭ͘ํ๏͕

͋Γɺ͜͜Ͱ͸༗ੑۃӷମ͕࣋ͭ૒ࢠۃϞʔϝϯτͷ഑ి͕޲৔ͱϒϥ΢ϯӡಈͷӨڹΛड͚Δ

ͱͯ͑ߟ෼ࢠӡಈ࿦తʹσόΠͷࣜΛಋ͘ํ๏ͱɺ෼ۃͷి৔Ԡ౴͕ࢦ਺ؔ਺Ͱ༩͑ΒΕΔͱԾ

ఆͦ͠ͷϥϓϥεม׵ʹΑΓσόΠͷࣜΛಋ͘ํ๏ͷೋͭΛ঺հ͢Δɻ

༗ੑۃӷମͷཧ࿦

༗ੑۃӷମதͷ૒ࢠۃϞʔϝϯτ͸ϒϥ΢ϯӡಈʹΑΔ৙ཚͷ࡞༻ͱ͖޲Λଗ͑Α͏ͱ͢Δి

քͷӨڹΛड͚Δɻిք͕࡞༻͍ͯ͠ͳ͍ঢ়ଶͰ͸ɺϒϥ΢ϯӡಈͷΈ͕ಇ͍͍ͯΔͨΊɺશମ

Ͱ͸૒ࢠۃϞʔϝϯτΛࣔ͞ͳ͍͕ɺిքதͰ͸શ૒ࢠۃϞʔϝϯτ͕഑͢޲ΔͨΊɺશମͰ෼

Δɻ͜ى͕ۃ

ɺిքࠓ E தʹ͋Δ༗ੑۃӷମதʹٿͱඍখཱମ֯ dΩΛ͑ߟΔɻ͜ͷཱମ֯தʹ͖޲Λ࣋ͭ

૒ࢠۃϞʔϝϯτ µͷ਺ dnΛ૒ࢠۃϞʔϝϯτͷ෼෍ؔ਺ f(θ, t)Λͯͬ࢖

dn = fdΩ (2.6)
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ͱද͢ɻdΩ಺ʹ͖޲Λ࣋ͭ૒ࢠۃશͯʹΑͬͯ E ΕΔϞʔϝϯτ͸͞ى༠ʹ޲ํ

µ0 = cos θ · dn (2.7)

ͳͷͰɺશମΛ͑ߟΕ͹ฏۉ༠ى૒ࢠۃϞʔϝϯτ m̄͸

m̄ =

∫
Ω µ0 cos θfdΩ∫

Ω fdΩ
(2.8)

ͱͳΔɻm͕̄ٻ·Ε͹૒ࢠۃϞʔϝϯτͷ୯Ґମੵ͋ͨΓͷ਺ N ͔Β෼ۃ P Λ

P = N(m̄) (2.9)

ͰٻΊΔ͜ͱ͕Ͱ͖Δɻ

෼෍ؔ਺ f ͷ࣌ؒมԽͱͯ͠ϒϥ΢ϯӡಈͱిքͷ࡞༻Ͱ͋Δճస֦ࢄΛ͑ߟΔɻඍখ࣌ؒ δt

ͷؒͷ dΩ಺ʹ͖޲Λ࣋ͭ૒ࢠۃϞʔϝϯτͷ૿෼͸

(
df

dt

)
δtdΩ (2.10)

ͱͳΔɻ͜ΕΛిքʹΑΔد༩ ∆1 ͱϒϥ΢ϯӡಈʹΑΔ৙ཚͷد༩ ∆2 ͷ࿨Ͱ͋Δͱ͢Δͱࣜ

2.10͸ (
df

dt

)
δtdΩ = ∆1 +∆2 (2.11)

ͱද͢͜ͱ͕Ͱ͖Δɻ͜͜Ͱ ∆1ɺ∆2 Λ

∆1 = −
1

sin θ

d

dθ

(
f
M

ζ
sin θ

)
δtdω∆2 = −

kT

ζ

(
cos θ

sin θ

df

dθ
+

d2f

dθ2

)
δtdω (2.12)

ͱͯ͠༩͑Δͱ
df

dt
=

1

sin θ

d

dθ

{
sin θ

(
kT

ζ

df

dθ
−

M

ζ
f

)}
(2.13)

͕ಘΒΕΔɻ͜͜Ͱ k ͸ϘϧπϚϯఆ਺ɺT ͸Թ౓ɺM ͸ిքʹΑΔྗۮͰ͋Γɺζ ͸ճసʹ൐

͏ຎࡲ఍߅Ͱ͋ΔɻಛʹM ͸ిք E ͱͳ֯͢ θ ͔Β

M = −µ0Ei sin θ (2.14)

Ͱද͞Εɺζ ͸൒ܘ aͱ೪ੑ཰ η ͔ΒετʔΫεͷ๏ଇʹΑͬͯ

ζ = 8πηa3 (2.15)
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Ͱද͞ΕΔɻަྲྀిքԼͰͷ෼෍ؔ਺ f ΛٻΊΔͨΊɺ

Ei = Ei0e
jωt (2.16)

Ͱ͋Δͱ͢ΔͱM ͸

M = −µ0ε0Ei0e
jωt sin θ (2.17)

ͱͳΔɻҰํɺ੩ిքʹ͓͚Δ fs ͸ϘϧπϚϯ෼෍ʹै͏ͨΊɺ

fs = Ae

µ0Ei0 cos θ

kT (2.18)

ͱ͢Δͱ µ0E/kT ͕े෼খ͍ͨ͞Ί

fs = A

(
1 +

µ0Ei0

kT
cos θ

)
(2.19)

ͱۙࣅͰ͖Δɻަྲྀͷ৔߹ɺ͜ͷͯͤࣅʹܗ

f = A

(
1 +B

µ0Ei0

kT
cos θ

)
(2.20)

ͱԾఆ͢Δɻ͜Ε͕ࣜΛຬͨ͢Α͏ʹ BΛܾΊΔͱ

B =
1

1 + jωτ
(2.21)

ͨͩ͠ τ =
ζ

2kT

ͱͳΔɻͭ·Γɺ؇࿨࣌ؒ͸ຎࡲ఍߅ͱԹ౓ʹґଘ͢Δɻ͔͜͜Βࣜ 2.8͕

m̄ =
µ2
0

3kT

1

1 + jωτ
Ei0e

jωτ (2.22)

ͱͳΓɺ૒ࢠۃϞʔϝϯτͷ഑޲Ҏ֎ͷد༩Λ αEͱ͢Δͱɺࣜ 2.9͔Β෼ۃ P͕

P = N

(
α+

µ2
0

3kT

1

1 + jωτ
Ei0e

jωτ

)
E (2.23)

ͱͳΔɻ

૒ࢠۃϞʔϝϯτͷີ౓͕े෼খ͍͞ͱ͢ΔͱϩʔϨϯπͷ಺෦ి৔͕ద༻Ͱ͖Δɻ͢Δͱ

Ei = E +
P

3ε0
(2.24)

P = ε0 (ε
∗
r − 1)E (2.25)
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͔Βࣜ 2.23ΑΓ
ε∗r − 1

ε∗r + 2
=

N

3ε0

(
α+

µ2
0

3kT

1

1 + jωτ

)
(2.26)

ω ˠ 0ɺω ˠ∞Λ͑ߟΕ͹
εr∞ − 1

εr∞ + 2
=

N

3ε0
α (2.27)

εr0 − 1

εr0 + 2
=

N

3ε0

(
α+

µ2
0

3kT

)
(2.28)

ࣜ 2.26ɺ2.27ɺ2.28ͷ 3ͭΛ੔ཧ͢Ε͹σόΠͷࣜɺ

ε∗r = εr∞ +
∆ε

1 + jωτ
(2.29)

͕ಘΒΕΔɻ

ϥϓϥεม׵

εςοϓి৔ʹର͢Δ෼ۃͷܗ੒͕୯Ұͷࢦ਺ؔ਺ܕͰද͞ΕΔͱ͢ΔͳΒɺෳૉ༠ి཰ͷप

೾਺ґଘੑ͸༨ޮؔ਺Λ

f(t) = e
−
t

τ (2.30)

ͱ͠ɺϥϓϥεม׵

F (s) =

∫ ∞

0
e−jωtf(t)dt (2.31)

Λͯͬ࢖

ε∗ (ω) = ε∞ +∆ε
1

τ

∫ ∞

0
e−jwte−t/τdt (2.32)

ε∗ = ε∞ +
∆ε

1 + jωτ
(2.33)

ͱද͞ΕΔɻ

Havriliak-Negamiͷࣜ [1]

ෳૉ༠ి཰Λ ε∗ ͱ͢Δͱɺ

ε∗ = ε∞ +
∆ε

(1 + (iωτ)β)α
. (2.34)

͕ Havriliak-NegamiͷࣜͰ͋Δɻࣜதͷ ε∞ ͸ߴप೾ݶքͰͷ༠ి཰ɺ∆ε͸؇࿨ڧ౓ɺω ͸֤

प೾਺ɺτ ͸؇࿨࣌ؒͰ͋Δɻ·ͨɺࢦ਺ β ͱ α͸ͦΕͧΕରশɺඇରশͳϐʔΫͷ͕޿ΓΛද

͢ύϥϝʔλͰ͋Δɻβɺαͱ΋ʹ 1Ͱ͋Δͱ͖͸σόΠͷࣜͱҰக͠ɺαͷΈ͕ 1Ͱ͋Δ৔߹͸
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Cole-Coleͷࣜ [2]ɺβ ͷΈ͕ 1Ͱ͋Δ৔߹͸ Cole-Davidsonͷࣜ [3] ͱҰக͢Δɻ

KWWͷࣜ [4, 5]

ඇରশͳ؇࿨εϖΫτϧΛද͢ݱΔ KWWͷ͕ࣜ͋Δɻ༨ޮؔ਺ʹ֦ு͞Εͨࢦ਺ؔ਺

f(t) = e−(t/τ)βKWW
(2.35)

Λ༻͍Ε͹ɺϐʔΫप೾਺ʹର͠ߴप೾ଆ͕͕ͨͬ޿ඇରশͳεϖΫτϧΛද͢ݱΔ͜ͱ͕Ͱ

͖Δɻ
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2.1.3 ଳҬ༠ి؇࿨ଌఆͷख๏޿

Ґ૬ࠩղੳ๏

ຊڀݚͰ༠ి཰ଌఆʹ༻͍ͨ Frequency responce analyzerɺNovocontrolɺAlpha Analyzer

͸Ґ૬ࠩղੳ๏Λ༻͍ͨΠϯϐʔμϯεଌఆ૷ஔͰ͋Δɻࢼྉʹप೾਺ ω/2πͷిѹ U0 ΛҹՃ͠

ͨͱ͢Δͱɺ͜ͷిѹ͸ిྲྀ I0 Λൃੜͤ͞Δɻ͜ΕΒͷ U0 ͱ I0 ͷؒʹ͸Ґ૬ࠩ φ͕ଘ͢ࡏΔɻ

Ҏ্ΑΓɺҹՃ͞Εͨిѹ͓ΑͼిѹʹΑΓ༠ൃ͞Εͨిྲྀ͸ҎԼͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δɻ

U(t) = U0 cos(ωt) (2.36)

I(t) = I0 cos(ωt+ φ) (2.37)

ͨͩ͠ɺ

U0 = U∗, I∗ = I ′ + jI ′′, I0 =
√
I ′2 + I ′′2 (2.38)

Ͱ͋Δɻࢼྉ͕ૠೖ͞ΕͨίϯσϯαʔͷΠϯϐʔμϯε͸

Z∗ = Z ′ + jZ ′′ =
U∗

I∗
(2.39)

ͱͳΔɻ

ࣗಈฏߧϒϦοδ๏

ຊڀݚͰ༻͍ͨ Impedance AnalyzerɺAgilentɺ 4191A ͸ࣗಈฏߧϒϦοδ๏Λ༻͍ͯΠϯ

ϐʔμϯεଌఆΛ͍ͯͬߦΔɻਤ 2.4ʹճ࿏ͷ໛ࣜਤΛࣔ͢ɻࣗಈฏߧϒϦοδํͰ͸ɺL఺ͷ

V V1

-
+

2

Zx
L

R

アンプ

Figure 2.4 Schematic diagram of the measurement circuit for auto balanced bridge method.

ిҐ͕ 0ʹͳΔΑ͏ʹࣗಈతʹΞϯϓ͕࡞ಈ͢ΔɻΑͬͯɺL఺͸Ծ૝઀஍ͱ΋ݺ͹ΕΔɻະ஌

ͷΠϯϐʔμϯε Zx ͸఍߅ɺRͱిѹɺV1ɺV2 Λ༻͍ͯ

Zx = R
V1

V2
(2.40)
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ͱͳΔɻ

RF I-V๏

ຊڀݚͰ༻͍ͨ Impedance/Material AnalyzerɺAgilentɺ E4991A͸ RF I-V๏Λ༻͍ͯΠ

ϯϐʔμϯεଌఆΛ͍ͯͬߦΔɻRF I-V๏͸ I-V๏Λجຊͱ͠ɺߴप೾ଌఆͷͨΊಛੑΠϯϐʔ

μϯεΛ 50Ωʹ੔߹ͨ͠΋ͷͰ͋Δɻ͜͜Ͱ͸؆୯ͷͨΊɺI-V๏ͰͷଌఆΛઆ໌͢Δɻਤ 2.5

ʹ RF I-V๏ʹΑΔଌఆճ࿏ͷ໛ࣜਤΛࣔ͢ɻະ஌ͷΠϯϐʔμϯεɺZx ͸ҹՃͨ͠ిѹͱిྲྀ

V
V

1

2

Zx

R
電流検出

電圧検出

Figure 2.5 Schematic diagram of the measurement circuit for RF I-V method.

͔Β

Zx =
V

I
= R

VV

VI
(2.41)

ͱࢉܭͰ͖ΔɻຊڀݚͰ༻͍ͨࢼྉ͸ߴΠϯϐʔμϯεΛ࣋ͭͨΊɺਤ 2.5͸ߴΠϯϐʔμϯε

ଌఆ༻ͷճ࿏ਤΛࣔͨ͠ɻ௿Πϯϐʔμϯεଌఆʹ͸ిྲྀݕग़෦෼Λిݯʹ௚ྻ઀ଓ͠ɺిѹݕ

ग़෦෼Λࢼྉͱฒྻ઀ଓʹ͢Ε͹Α͍ɻ

ωοτϫʔΫղੳ๏

ຊڀݚͰ༻͍ͨ Network AnalyzerɺAgilentɺN5230͸ωοτϫʔΫղੳ๏Λ༻͍ͯΠϯϐʔ

μϯεଌఆΛ͍ͯͬߦΔɻωοτϫʔΫղੳ๏͸Ұൠతʹ͸ߴप೾ճ࿏໢ͷಁա೾ɺ൓ࣹ೾ͷप

೾਺ґଘੑΛଌఆ͢Δख๏Ͱ͋Δɻ͜ͷख๏Ͱ͸ඃଌఆ෺ͷΠϯϐʔμϯεͷઈର஋ͱҐ૬Λଌ

ఆ͢Δ͜ͱ͕Ͱ͖ΔͨΊෳૉ༠ి཰ͷप೾਺ґଘੑΛٻΊΔ͜ͱ͕ՄೳͰ͋Δɻߴप೾ճ࿏໢ͷ

ಁա೾ɺ ൓ࣹ೾͸ SύϥϝʔλʹΑΓද͞ݱΕΔɻS11 ύϥϝʔλ͸ೖࣹ೾ Aͷৼ෯Mag(A)ɺ

Ґ૬ θBɺଌఆࢼྉ͔Βͷ൓ࣹ೾ Bͷৼ෯Mag(B)ɺҐ૬ θB ΑΓҎԼͷΑ͏ʹॻ͚Δɻ

S11 =
A

B
=

Mag(A)

Mag(B)
(θB − θa) (2.42)
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͜ΕΑΓɺࢼྉͷΠϯϐʔμϯε Zx ͸ S11 ύϥϝʔλͱಛੑΠϯϐʔμϯε Z0 Λ༻͍ͯ

Zx =
S11 − Z0

S11 + Z0
(2.43)

ͱͳΔɻ

ෳૉΠϯϐʔμϯεͱෳૉ༠ి཰

ෳૉΠϯϐʔμϯεɺZ∗ͱࢼྉͷෳૉ༠ి཰ɺε∗ͱͷؔ܎͸

ε∗(ω) = ε′ − jε′′ =
− j

ωZ∗(ω)

1

C0
(2.44)

Ͱ͋Δɻ࣮ࡍͷଌఆͰಘΒΕΔྔ͸Πϯϐʔμϯε͔Β͞ࢉܭΕΔΩϟύγλϯε΍ϦΞΫλϯ

εɺϨδελϯεɺҐ૬֯ͳͲ͞·͟·Ͱ͋Γɺଌఆऀ͕ࣗ༝ʹબͿ͜ͱ͕Ͱ͖Δɻͨͱ͑͹ɺଌ

ఆύϥϝʔλͱͯ͠ΩϟύγλϯεɺCp ͱϨδελϯεɺRp ΛબΜͩͱ͢ΔͱҎԼͷΑ͏ʹෳ

ૉ༠ి཰ΛࢉܭͰ͖Δɻෳૉ༠ి཰ ε∗ͷ༠ిମ͕ૠೖ͞Εͨίϯσϯαʔ͸ɺίϯσϯαʔͱ఍

෦෼߅ͷฒྻ઀ଓճ࿏ͱ౳ՁͰ͋Γɺ౳Ձճ࿏ͷίϯσϯαʔ෦෼͕ෳૉ༠ి཰ͷ࣮෦ʹɺ఍߅

෦ʹରԠ͍ͯ͠Δɻͭ·Γ༠ిମ͕ૠೖ͞ΕͨίϯσϯαʔͷΞυϛλϯε͸ڏ͕

Y = jωC (2.45)

Ͱ͋Γɺ͞Βʹిؾ༰ྔ C ͸ෳૉ༠ి཰ ε∗ Λ༻͍Δͱ

C = ε∗C0 = (ε′ − jε′′)C0 (2.46)

ͱද͞ΕΔ͜ͱ͔Β

Y = jω(ε′ − jε′′)C0 (2.47)

= jωε′C0 + ωε′′C0 (2.48)

ͱͳΔɻ౳Ձճ࿏ͷΞυϛλϯε͸ଌఆύϥϝʔλɺCp ͱ Rp Ͱද͢ݱΔͱ

Y = jωCp +
1

Rp
(2.49)

Ͱ͋Δ͜ͱ͔Βɺ྆ऀͷ࣮෦ͱڏ෦Λൺֱ͢Δͱෳૉ༠ి཰ͷڏ෦ͱ࣮෦͕

ε′ = −
Cp

C0
(2.50)

ε′′ =
1

ωRpC0
(2.51)
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Figure 2.6 TSDC thermogram for glycerol and propylene glycol.

ͱද͞ΕΔɻ

2.2 ೤ܹࢗ୤෼ྲྀిۃ๏

༷ʑͳ෼໺ʹ͓͍ͯɺ෯͍޿Թ౓Ҭʹ͓͚Δ૒ࢠۃϞʔϝϯτͷ؇࿨ݱ৅ͷྗڧͳଌఆ๏ͱ͠

ͯ Thermally stimulated depolarisation current (TSDC) ͕༻͍ΒΕ͖ͯͨɻTSDC ͸୤෼ۃ

ʹΑΓੜ͡ΔిྲྀͷԹ౓มԽΛ؍ଌ͢Δख๏Ͱ͋Γɺຊڀݚʹ͓͍ͯ͸Ψϥε͔Βӷମ΁ͱసҠ

͢Δࡍʹɺ૒ࢠۃϞʔϝϯτͷӡಈϞʔυ͕։์͞ΕΔ͜ͱʹىҼ͢Δ୤෼ྲྀిۃΛ؍ଌͨ͠ɻ

ଌఆ͸ɺ࢝Ίʹ೚ҙͷ෼ۃԹ౓ʹͯαϯϓϧ͕ૠೖ͞ΕͨίϯσϯαʔʹిѹΛҹՃ͠ɺͦͷঢ়

ଶͰ೚ҙͷ଎͞ͰԹ౓ΛԼ͛Δɻ໨ඪԹ౓ʹ౸ୡͨ͠ޙɺҹՃ͍ͯͨ͠ిѹΛऔΓڈΔɻͦͷޙɺ

೚ҙͷ଎͞ͰঢԹ͠ɺಉ࣌ʹ୤෼ྲྀిۃΛܭଌ͢Δɻ୤෼ۃ͸ౚ݁͞Εͨ૒ࢠۃϞʔϝϯτͷӡ

ಈϞʔυͷ։์ʹΑΓ΋ͨΒ͞ΕΔͨΊɺΨϥεసҠԹ౓Λ஌Δ͜ͱ͕Ͱ͖Δɻ͜ͷख๏Ͱ͸ɺ

෼ۃԹ౓ T p Λࣗ༝ʹબͿ͜ͱ͕Ͱ͖ɺͦͷબ୒ʹΑͬͯ T p Ҏ্ͷԹ౓Ҭʹ T g Λ࣋ͭӡಈϞʔ

υΛ؍ଌ͔Βഉআ͢Δ͜ͱ͕Ͱ͖Δɻͭ·Γɺ͋Δ૒ࢠۃϞʔϝϯτͷӡಈϞʔυͷ T g ҎԼʹ

T p Λઃఆͨ͠৔߹ɺ෼ࢠӡಈ͸ౚ݁͞Ε͍ͯΔͷͰ૒ࢠۃϞʔϝϯτ͸഑͢޲Δ͜ͱ͕Ͱ͖ͣ෼

ͷۃ෼ۃిʹଌ͞Εͳ͍ͷͰ͋Δɻ͜ͷख๏Ͱ͸ಛ؍ΑΔిྲྀ΋ʹۃͳ͍ɻͦͷͨΊɺ୤෼͠ۃ

ӨڹΛऔΓڈΔ͜ͱ͕ՄೳͰ͋ΓɺΨϥεసҠԹ౓Λ༠ితʹܾఆ͢Δྗڧͳํ๏Ͱ͋Δɻଌఆ

ͷྫͱͯ͠ਤ 2.6ʹάϦηϩʔϧͱϓϩϐϨϯάϦίʔϧͷ TSDCଌఆͷྫΛࣔ͢ɻͦΕͧΕͷ

T g ʹ͓͍ͯϐʔΫ͕؍ଌ͞Εͨɻ
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2.3 ࣔࠩ૸ࠪܕ೤ྔଌఆ

ࣔࠩ૸ࠪ೤ྔଌఆʢDifferential Scanning Calorimetry, DSCʣͱ͸ɺ೤ଌఆֶձʹΑΔఆٛʹ

ΑΕ͹ɺʮ෺࣭ٴͼج४෺࣭ͷԹ౓Λௐઅ͞ΕͨϓϩάϥϜʹैͬͯมԽͤ͞ͳ͕Βɺͦͷ෺࣭ͱ

ࢼ४෺࣭ʹର͢ΔΤωϧΪʔೖྗͷࠩΛԹ౓ͷؔ਺ͱͯ͠ଌఆ͢Δٕ๏ʯͰ͋Δɻαϯϓϧʢج

ྉʣͱϦϑΝϨϯεʢج४෺࣭ʣΛͦΕͧΕύϯͱݺ͹ΕΔଟ͘͸Ξϧϛχ΢Ϝ੡ͷ༰ثʹೖΕͯ

ύϯϗϧμʔʹઃஔ͠ɺ྆ऀΛಉ࣌ʹҰఆ଎౓ͰՃ೤·ͨ͸ྫྷ٫͢ΔɻαϯϓϧͱϦϑΝϨϯε

ͷؒͷԹ౓ࠩΛԹ౓ηϯαʔͰݕग़͠ɺ͜ͷԹ౓͕ࠩθϩʹͳΔΑ͏ʹࣔࠩిྗิঈճ࿏ʹΑΓɺ

֤ϗϧμʔ಺ͷώʔλʔʹిྗΛڅڙɺิঈ͠ͳ͕ΒҰఆ଎౓ͷՃ೤·ͨ͸ྫྷ٫Λଓ͚Δɻ୯Ґ

࣌ؒ౰ͨΓαϯϓϧʹ͞څڙΕΔ೤ྔ ͱϦϑΝϨϯεʹ͞څڙΕΔ೤ྔͱͷࠩ͸ɺԹ౓·ͨ͸࣌

ؒͷؔ਺ͱͯ͠ه࿥͞ΕΔɻ೤มԽʹΑͬͯαϯϓϧʹٵ೤͕͜ىΔͱαϯϓϧଆʹɺ·ͨൃ೤

ΔͱϦϑΝϨϯεଆʹɺͦΕͧΕ಺෦ώʔλʔΛ௨ͯ͠ɺԹ౓߱Լ·ͨ͸্ঢʹόϥϯε͜ى͕

͢Δ଎౓Ͱ೤ྔ͕͞څڙΕΔɻͦͷ݁ՌɺαϯϓϧͱϦϑΝϨϯεͱͷؒͷԹ౓ࠩ͸ৗʹθϩʹ

อ࣋͞Εͯɺ୯Ґ࣌ؒ౰ͨΓͷڅڙ೤ྔɺ͢ͳΘͪ೤ྲྀଋͷࠩ͸ϐʔΫͱͳͬͯݱΕΔɻͭ·Γɺ

જ೤Λͱ΋ͳ͏૬సҠͰ͸্͚͔ݟɺٵ೤·ͨ͸ൃ೤ϐʔΫͱಉ͡Α͏ʹͳΔɻ



33

ݙจߟࢀ

[1] S. Havriliak and S. Negami. A complex plane representation of dielectric and mechanical

relaxation processes in some polymers. Polymer, 8:161–210, 1967.

[2] K. S. Cole and R. H. Cole. Dispersion and absorption in dielectrics I. alternating current

characteristics. J. Chem. Phys., 9:341, 1941.

[3] D. W. Davidson and R. H. Cole. Dielectric relaxation in glycerol, propylene glycol, and

n-propanol. J. Chem. Phys., 19:1484, 1951.

[4] R. Kohlrausch. Theorie des elektrischen rückstandes in der leidener flasche. Ann. der

Phys., 167(2):179–214, 1854.

[5] G. Williams and D. C. Watts. Non-symmetrical dielectric relaxation behaviour arising

from a simple empirical decay function. Trans. Faraday Soc, 66:80–85, 1970.

ͦͷଞɺߟࢀʹͨ͠ਤॻ

1. Frohlich, H. ”༠ిମ࿦” ٢Ԭॻళ 1960.

2. ,ੴՅ༤ݘ தౡୡೋ, ઒ล࿨෉, Ոాਖ਼೭ ”༠ిମݱ৅࿦” ,ձֶؾి 1973.

3. Kremer, F., and A. Schnhals. ”Broadband Dielectric Spectroscopy” Springer-Verlag

Berlin Heidelberg, 2012.



34

ୈ 3ষ

θϥνϯਫ༹ӷͷΨϥεసҠ

3.1 എܠ

ੜ໋ݱ৅͸͠͹͠͹ΨϥεసҠΛར༻͍ͯ͠Δɻྫͱͯ͠ɺछࢠͷൃժ͸Թ౓ͱؚਫ཰ͷมԽ

ʹΑΔΨϥεసҠΛར༻͍ͯ͠Δ͜ͱ͕͛ڍΒΕΔɻੜମ಺ʹ͓͍ͯਫ͸λϯύΫ࣭ͷߏ଄Խʹ

ର͠େ͖ͳ໾ׂΛՌ͓ͨͯ͠Γɺਫʹ༹͚ͨঢ়ଶͰͷλϯύΫ࣭ͷߏ଄ͱػೳͷؔੑ܎ʹ͍ͭͯ

͸ਫ਼ྗతʹௐ΂ΒΕ͖ͯͨɻ͜Ε·ͰʹߦΘΕ͖ͯͨ೤ଌఆɺ੺֎෼ޫ๏΍தੑࢄࢠཚ๏ɺϝε

ό΢Ξʔ෼ޫ๏ɺXઢࢄཚ๏ɺ࣓֩ڞؾ໐๏ɺ෼ࢠಈྗֶ๏ͳͲʹΑΔ͔ڀݚΒλϯύΫ࣭͸͓

Αͦ 200 KʹΨϥεసҠԹ౓Λ࣋ͭ͜ͱ͕ௐ΂ΒΕ͖ͯͨɻ[1] ͔͠͠ɺؚਫ཰͕͘ߴɺಛʹਫͷ

༥ղԹ౓ɺTmɺҎԼͷ௿Թʹ͓͚Δଌఆ͸ɺਫͷ݁থԽ͕ଌఆΛࠔ೉ʹ͢ΔͨΊ͋·ΓߦΘΕͯ

͍ͳ͍ɻ͜ͷΑ͏ͳ෦෼తʹණ݁ͨ͠ਫ༹ӷதʹ͸શ͘ҟͳΔ 2ͭͷ૬͕ڞଘ͢ΔɻҰͭ͸ණͷ

૬Ͱ͋Γɺଞํ͸ӷମঢ়ଶͷਫͱ༹࣭͔ΒͳΔණ͍݁ͯ͠ͳ͍ೱް༹ӷ૬Ͱ͋Δɻ[2] ෦෼తʹණ

݁ͨ͠ਫ༹ӷͰ͸૬͕෼཭͢ΔͨΊɺ༷ʑͳ෼ࢠӡಈ͕ڞଘ͍ͯ͠Δɻ

KawaiΒ͸༹࣭ೱ౓ 20 wt%΢γ݂ਗ਼Ξϧϒϛϯʢbovine serum arbuminɺBSAʣਫ༹ӷͷஅ

೤ܕ೤ྔܭʹΑΔൺ೤ɺΤϯλϧϐʔ؇࿨଎౓ଌఆͷ݁ՌΛใͨ͠ࠂɻ[3] ͜ͷ͔ڀݚΒ෦෼తʹ

ණ݁ͨ͠ BSAਫ༹ӷதʹ͸͍͔ͭ͘ͷΨϥεసҠ͕ଘ͢ࡏΔ͜ͱ͕໌Β͔ʹ͞Εͨɻ300 K͔Β

80 Kʹ͠ྫྷٸɺͦͷޙ 200ʙ240 KͰΞχʔϧΛࢼͨ͠ࢪྉͰ͸Τϯλϧϐʔ؇࿨͕ 1ʣ100 Kɺ

2ʣ135 Kɺ3ʣ180 KҎ্ͷ 3ͭͷΨϥεసҠ͕؍ଌ͞ΕͨɻͦΕͧΕͷΨϥεసҠ͸ 1ʣλϯύΫ

࣭ʹଋറ͞Εͨਫɺ2ʣλϯύΫ࣭ͷ։ޱ෦෼ʹͱΒΘΕͨਫɺ3ʣBSAͷ disorderྖҬʹ༝དྷ͢

Δͱ͑ߟΒΕͨɻ͔͠͠ɺஅ೤೤ྔܭʹΑΔଌఆͷ؍ଌ࣌ؒ૭͸ 100 s͔Β 1000 sʹݶఆ͞Εͯ

͓ΓɺͦΕͧΕͷ෼ࢠӡಈͷৄࡉΛٞ࿦͢Δ͜ͱ͕Ͱ͖ͳ͍ɻ[3] ଳҬ༠ి෼ޫ๏ʢBroadband޿

Dielectric SpectroscopyɺBDSʣ͸ਫ༹ӷͷ෼ࢠӡಈΛ؍ଌ͢Δ্Ͱ͸ྗڧͳख๏ͷҰͭͰ͋Δɻ

ShinyashikiΒ͸෦෼తʹණ݁ͨ͠ BSAਫ༹ӷʹ͍ͭͯɺ෯͍޿प೾਺ɺԹ౓ҬͰ BDSଌఆΛ

ɻ[2]ͨͬߦ ͦͷ݁Ռɺஅ೤೤ྔܭʹΑΔଌఆͱಉ༷ʹଟ਺ͷ؇࿨աఔ͕؍ଌ͞Εͨɻͦ͜Ͱ؍ଌ
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͞Εͨ࠷΋؇࿨࣌ؒͷখ͞ͳ؇࿨͸༷ʑͳණ݁͠ͳ͍ਫ༹ӷதͷਫͷ෼ࢠӡಈʹ༝དྷ͢Δ؇࿨ɺ

ν ؇࿨ͱಉ͡ಛ௃Λ࣋ͭ͜ͱ͔Βɺਫ༹ӷதͰ΋ණ݁͠ͳ͍ਫɺෆౚਫʢuncrystallized waterɺ

UCWʣͷ෼ࢠӡಈʹ༝དྷ͢Δ͜ͱ͕໌Β͔ʹͳͬͨɻதؒͷप೾਺Ҭʹ؍ଌ͞Εͨෆౚਫͷ؇࿨

ͷ࣍ʹ؇࿨࣌ؒͷখ͍͞؇࿨͸ɺJohariͱWhalleyʹΑΓใ͞ࠂΕͨ७ਫͳණ [4] ͷ؇࿨ͷ؇࿨

࣌ؒ΍؇࿨ڧ౓ͱΑ͘Ұக͢Δ͜ͱ͔Βɺණͷ෼ࢠӡಈʹ༝དྷ͢Δ͜ͱ͕໌Β͔ͱͳͬͨɻ࠷΋

؇࿨͕࣌ؒେ͖ͳ؇࿨͸ OguniΒʹΑΔଌఆͰ؍ଌ͞Εͨ BSAͷ disorderྖҬͷ෼ࢠӡಈʹ༝

དྷ͢Δ T g ͱΑ͘Ұகͨ͜͠ͱ͔ΒɺBDSʹΑΓ؍ଌ͞Εͨ͜ͷ؇࿨͸ਫͱ BSAͷڠಉӡಈੑ

ʹΑΔ΋ͷͰ͋Δͱ͑ߟΒΕͨɻ·ͨɺBDSʹΑΔ͔ڀݚΒ T g ʹ͓͍ͯ UCWͷ؇࿨࣌ؒͷԹ

౓ґଘੑ͕มԽ͢Δ͜ͱ͕ࣔࠦ͞Εͨɻ

θϥνϯ͸ίϥʔήϯΛมੑͤͨ͞λϯύΫ࣭Ͱ͋Γɺͦͷਫ༹ӷ͸ණ݁Թ౓ҎԼͷ௿ԹͰଟ

͘ͷ UCWΛ࣋ͭ͜ͱ͕ظ଴͞ΕΔɻ͜ΕʹΑΓɺBSAਫ༹ӷͷڀݚͰ͸໌Β͔ʹ͞Εͳ͔ͬͨ

λϯύΫ࣭ʹӨڹΛड͚ͨ UCWͷ෼ࢠӡಈͷৄࡉͳ৘ใΛಘΔ͜ͱ͕Ͱ͖Δͱ͑ߟΒΕΔɻຊ

ষͰ͸෯͍޿प೾਺ʢ10 mHz ͔Β 50 GHzʣɺԹ౓ʢ113 K ͔Β 298 Kʣൣғʹ͓͚Δ 20ɺ40

wt%θϥνϯਫ༹ӷதͷ؇࿨աఔʹ͍ͭͯใ͢ࠂΔɻ

3.2 ݧ࣮

ຊڀݚͰ༻͍ͨθϥνϯ͸ಲֵ༝དྷͰ͋ΓɺMP Biomedicals͔ࣾΒߪೖͨ͠ɻੜମߴ෼ࢠ͸

ҰൠతʹΠΦϯΛଟؚ͘༗͓ͯ͠ΓɺBDSଌఆʹ͓͍ͯ͸͜ͷΠΦϯ͕େ͖ͳిۃ෼ۃ΍௚ྲྀి

Ͱ͸ɺθϥνϯʹؚ·ΕΔෆ७෺ڀݚ೉ʹͳΔɻຊࠔଌ͕؍఻ಋੑ෼Λ΋ͨΒ͠ɺ؇࿨աఔͷؾ

ͱͯ͠ͷΠΦϯΛऔΓআͨ͘ΊɺҎԼͷ୤ԘॲཧΛͨͬߦɻ·ͣɺ10 wt%ఔ౓ͷθϥνϯೱ౓ͷ

ਫ༹ӷΛௐ੡͠ɺ͍͞ͷ໨ঢ়ʹՃ͢޻ΔɻͦͷθϥνϯήϧΛ 2 Lͷ७ਫதʹු͔΂ɺॳ೔͸ 5

ճɺҎ߱ 1೔ 1ճͷਫަ׵Λ 4೔ؒͨͬߦɻθϥνϯήϧதͷΠΦϯ͸ೱ౓ࠩΛۦಈྗͱͯ͠७

ਫதʹ෼͢ࢄΔͷͰ୤Ԙ͕ՄೳͰ͋Δɻ୤Ԙॲཧͨ͠θϥνϯ͸ౚ݁ס૩๏ʹΑΓ୤ਫ͠ɺಘΒ

ΕͨθϥνϯΛ७ਫͱࠞ߹͢Δ͜ͱͰਫ༹ӷΛௐ੡ͨ͠ɻͦͷࡍɺθϥνϯΛ׬શʹਫʹ༹ղ͞

ͤΔͨΊʹ 313 K·ͰՃ೤ͨ͠ɻ

ͷํ๏Ͱௐ੡ͨ͠θϥνϯਫ༹ӷʹର͠ɺप೾਺ൣғه্ 10 mHz͔Β 50 GHzɺԹ౓ൣғ 113

͔Β 298 Kͷ޿ଳҬ༠ి෼ޫଌఆΛͨͬߦɻ෯͍޿प೾਺ൣғͰଌఆΛͨ͏ߦΊɺҎԼͷ 3ͭͷ

ଌఆ૷ஔΛ࢖༻ͨ͠ɻ΋ͬͱ΋͍ߴप೾਺ଳͷଌఆͷͨΊʹ͸ network analyzerʢNAɺAgilentɺ

N5230Cɺ1 MHz͔Β 50 GHzʣʹ ։์୺ಉ࣠ۃిܕΛ઀ଓ͠༻͍ͨɻதؒͷप೾਺ଳͷଌఆͷͨ

Ίʹ͸ impedance/material analyzerʢIMAɺAgilentɺE4991Aɺ1 MHz͔Β 3 GHzʣʹ ฏߦฏ൘

Λ઀ଓ͠༻͍ͨɻ΋ͬͱ΋௿͍प೾਺ଳͷଌఆͷͨΊʹ͸ۃిܕ Alpha analyzerʢNovocontrolɺ

10 mHz͔Β 10 MHzʣʹಉ࣠ܕͷίϯσϯαΛ઀ଓ͠༻͍ͨɻIMAͱ Alpha A analyzerͰͷ
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ଌఆʹ͓͚ΔԹ౓ίϯτϩʔϧʹ͸ Quatro cryosystemʢNovocontrolʣΛ༻͍ҎԼͷΑ͏ʹԹ

౓Λίϯτϩʔϧͨ͠ɻࢼྉΛ͢Έ΍͔ʹిۃʹૠೖͨ͠ޙɺిۃද໘ͱθϥνϯਫ༹ӷͷ઀৮

ʹΑΔ༹ӷͷԹ౓௿ԼʹىҼ͢Δਫ༹ӷͷήϧԽ͕΋ͨΒ͢ෆۉҰͳߏ଄ΛऔΓڈΔͨΊʹɺκ

ϧήϧసҠԹ౓ΑΓ΋े෼͍ߴ 323 K·ͰՃ೤͠ 30෼ؒอԹͨ͠ɻͦͷޙɺ113 K·Ͱ 2࣌ؒ

͔͚ྫྷ٫͠ɺ30 ෼ؒอԹ͠ɺ࠷ॳͷଌఆΛͨͬߦɻͦͷޙɺ10 ෼Ͱ࣍ͷଌఆԹ౓ʹௐઅ͠ɺଌ

ఆલʹ 30 ෼ؒอԹͨ͠ɻଌఆԹ౓͸ 113 K ͔Β 253 K ·Ͱ͸ 10 K ຖɺ253 K ͔Β 273 K ·

Ͱ͸ 1 Kຖɺ273 K͔Β 298 K·Ͱ͸ 5 Kຖͱͨ͠ɻNAʹΑΔ༠ి཰ଌఆͰ͸॥߃؀ࣜԹ૧

ʢLaudaɺE200ʣʹख੡ͷԹ౓ίϯτϩʔϧδϟέοτΛ૷ண͠ଌఆࢼྉͷԹ౓ΛҎԼͷΑ͏ʹௐ

અͨ͠ɻଌఆ͸શͯɺՃ೤աఔͰ͍ߦɺଌఆԹ౓͸ 253 K͔Β 273 KͷԹ౓ൣғ͸ 1 Kຖɺ273

K͔Β 298 KͷԹ౓ൣғ͸ 5 Kຖͱͨ͠ɻ࠷ॳͷଌఆ͕ߦΘΕΔલʹ 323 K͔Β 253 K·Ͱ 1

͔͚࣌ؒͯྫྷ٫ͨ͠ɻ͢΂ͯͷଌఆ͸ͦΕͧΕͷଌఆԹ౓ʹ͓͍ͯ 20෼ؒͷอԹΛޙͨͬߦʹ࣮

ɺ·ͨɺҰͭͷԹ౓ͰͷଌఆऴྃΑΓ࣍ͷଌఆԹ౓΁ͷௐઅʹ͸͠ࢪ 30෼ͷ࣌ؒΛཁͨ͠ɻ

Ұൠతʹྫྷ٫࣌ʹਫ͸աྫྷ٫ঢ়ଶΛܹٸͯܦͳ݁থԽ͕͜ىΓɺ·ͨɺ݁থԽԹ౓͸Թ౓ཤྺ

ͷӨڹΛ͘ڧड͚ΔɻຊڀݚͰ͸্هͷཧ༝͔ΒՃ೤աఔͷ݁ՌͷΈͰٞ࿦Λͨͬߦɻ

3.3 ݁Ռͱ࡯ߟ

3.3.1 ΧʔϒϑΟοτͱͦͷ݁Ռ

ਤ 3.1ʹଌఆʹΑΓಘΒΕ༷ͨʑͳԹ౓ʹ͓͚Δ 40 wt%θϥνϯਫ༹ӷͷෳૉ༠ి཰ͷप೾

਺ґଘੑΛࣔ͢ɻ123 K ʹ͓͍ͯখ͘͞ɺͳͩΒ͔ͳ؇࿨͕௿प೾ଆ͔ΒݱΕΔʢਤ 3.1ʢaʣɺ

ʢbʣʣɻ͜ͷ࠷΋খ͞ͳ؇࿨࣌ؒΛ࣋ͭͱ͑ߟΒΕΔ؇࿨Λ Ia؇࿨ͱݺͿɻ͍ߴʹߋԹ౓ɺ153 K

Ͱ͸ IIa؇࿨͕ Ia؇࿨ͷ௿प೾ଆʹ؍ଌ͞Ε࢝ΊΔɻʢਤ 3.1ʢaʣɺʢbʣʣ͞ΒʹߴԹଆͷ 193 K

Ͱ͸΋ͬͱ΋؇࿨࣌ؒͷେ͖͍؇࿨ͱͯ͠ IIIa؇࿨͕ IIa؇࿨ͷ௿प೾ଆʹ؍ଌ͞Εͨɻʢਤ 3.1

ʢcʣɺʢdʣʣ͢΂ͯͷ؇࿨աఔ͸Թ౓ͷ૿Ճʹ൐ͬͯߴप೾ଆ΁Ҡಈͨ͠ɻ͔͠͠ɺIIa ؇࿨ʹͭ

͍ͯ͸ 263 KҎ্ͷԹ౓Ͱ͸ IIIa؇࿨ͷߴप೾ଆʹ෴͍Ӆ͞Εͯ͠·͍ɺ֬ೝͰ͖ͳ͘ͳͬͨɻ

253 KҎ্ͷԹ౓Ͱ͸ڊେͳిۃ෼ۃͱ௚ྲྀిؾ఻ಋੑ෼͕ IIIa؇࿨ͷ௿प೾ଆʹ؍ଌ͞Εͨɻ

ʢਤ 3.1ʢeʣɺʢfʣʣ

ɻ͔͠͠ɺͨͬߦଌ͞Εͨશͯͷ؇࿨աఔΛಛ௃͚ͮΔͨΊɺΧʔϒϑΟοτʹΑΔղੳΛ؍

ଌఆʹΑΓಘΒΕͨ؇࿨ۂઢ͸ɺ3ͭͷ؇࿨աఔͱిۃ෼ۃΛྀͨ͠ߟ 4ͭͷ Havrilak-Negami

ࣜͱ௚ྲྀిؾ఻ಋੑ෼ͷ଍͋͠ΘͤͷΈͰ͸هड़͢Δ͜ͱ͕Ͱ͖ͳ͔ͬͨɻͦ͜ͰɺIa؇࿨ͱ IIa

؇࿨ͷؒʹ Ib؇࿨ɺIIa؇࿨ͱ IIIa؇࿨ͷؒʹ IIb؇࿨ɺIIIa؇࿨ͱిۃ෼ۃͷؒʹ IIIb؇࿨ͱ

ͯ͠ 3ͭͷ Havrilak-NegamiࣜΛ௥Ճ͠ɺΧʔϒϑΟοτʹΑΔղੳΛݕ౼ͨ͠ɻͨͩ͠ɺIbɺ
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IIbɺIIIb؇࿨͸ڧ౓͕খ͘͞ɺಛʹ IIbɺIIIb؇࿨ʹ͍ͭͯ͸ಠཱͨ͠؇࿨աఔͱͯ͠؍ଌ͕Ͱ͖

ͳ͍ͨΊ͜͜Ͱ͸ٞ࿦ͷର৅֎ͱ͢Δɻθϥνϯਫ༹ӷͷΧʔϒϑΟοτʹ͸ҎԼͷࣜΛ༻͍ͨɻ

ε∗ = ε∞ +
p∑

k

∆εk

(1 + (iωτk)
βk)αk

+
σ

iωε0
. (3.1)

͜͜Ͱ ω ͸֤प೾਺ɺi ͸ i2 = −1Ͱ༩͑ΒΕΔڏ਺୯Ґɺε0 ͸ਅۭͷ༠ి཰ɺε∞ ͸༠ి؇࿨

քͰͷ༠ి཰ɺ∆εݶप೾ߴଌ͞ΕΔ؍͕ ͸؇࿨ڧ౓ɺτ ͸؇࿨࣌ؒɺβ ͸ϐʔΫͷର৅తͳ޿

͕ΓΛද͢ύϥϝʔλʢ0 < β ≤ 1ʣɺα ͸ϐʔΫͷඇରশͳ͕޿ΓΛද͢ύϥϝʔλʢ0 < α ≤

1ʣɺσ ͸ಋి཰ɺͦͯ͠ p = IaɺIbɺIIaɺIIIaɺIIIbɺEPͰ͋Δɻࣜ 3.1ʹΑΔղੳ݁ՌͷҰྫ

ͱͯ͠ਤ 5.3ʹ 40 wt%θϥνϯਫ༹ӷʹ͓͚Δ 258 KͰͷෳૉ༠ి཰ͷप೾਺ґଘੑͱղੳ݁

ՌΛࣔͨ͠ɻβ ͷ஋͸ Ia؇࿨ͷ βɺβIa Ҏ֎ɺ͢΂ͯͷ؇࿨աఔʹ͓͍ͯ΄΅ҰఆͰ͋Γɺͦͷ

஋͸ βIIa ≈ 0.88ɺβIIIa ≈ 0.98ɺβIb ≈ 0.70 Ͱ͋ͬͨɻβIa ͸ 260 K ҎԼͰ͸ ∼ 0.56 Ͱ͋ͬͨ

͕ɺ260 K͔Β 273 KͷؒͰܹٸʹ 0.80·Ͱେ͖͘ͳΓɺͦΕҎ্ͷԹ౓Ͱ͸΄΅ҰఆͰ͋ͬ

ͨɻҰํɺIaɺIIIaɺIb؇࿨ͷඇରশͳ͕޿ΓΛࣔ͢ α͸΄΅ 1Ͱ͋Γɺ͜Ε͸͜ΕΒͷ؇࿨͕

Cole-Coleࣜ [5] Ͱද͞ΕΔ͜ͱΛҙຯ͍ͯ͠ΔɻαIIa ͸ 163 K͔Β 213 KͷൣғͰ΄΅Ұఆͷ

∼ 0.68 Ͱ͋ͬͨɻ213 K͔Β 243 KͷؒͰ αIIa ͸ 0.77·Ͱ૿Ճ͠ɺͦΕҎ্ͷԹ౓Ͱ͸΄΅Ұ

ఆͰ͋ͬͨɻਤ 3.3ɺ3.4ʹΧʔϒϑΟοτʹΑͬͯಘΒΕͨͦΕͧΕͷ؇࿨ͷ∆εp(T )ͱ τp(T )

ͷԹ౓ґଘੑΛࣔ͢ɻ·ͨɺߟࢀͱͯ͠ JohariͱWhalleyʹΑͬͯใ͞ࠂΕͨ७ਮͳණͷ؇࿨

࣌ؒɺ؇࿨ڧ౓΋ࣔͨ͠ɻ[4] ਤ 3.3͔Βɺ∆εIa ͸ 123 K͔Β 260 KͷؒͰҰఆͰ͋Δ͜ͱ͕Θ

͔Δɻ͔͠͠ 263 K͔Β 267 KͷؒͰ ∆εIa ͸Ұ౓ݮগ͠ɺߴʹߋԹͰ͸ܶతʹ૿Ճͨ͠ɻ͞Β

ʹԹ౓ͷ͍ߴ 270 KҎ্Ͱ͸ ∆εIa ͸΄΅Ұఆͱͳͬͨɻա೤࣌ͷ ∆εIa ͷ௿Լ͸ਫͷྫྷ݁থԽ

ʹ༝དྷ͢Δͱ͑ߟΒΕΔɻҰํɺτIa ͸Թ౓ͷ্ঢʹͱ΋ͳͬͯݮগ͠ɺਤ 3.4தͷॎഁઢͰࣔ͢

Α͏ʹɺͦͷԹ౓ґଘੑ͕ 181 Kɺ260 Kɺ270 KͰมԽͨ͠ɻ181 KҎԼͷԹ౓Ͱ͸ τIa ͸ੑ׆

ԽΤωϧΪʔ͕Թ౓ʹґଘ͠ͳ͍ΞϨχ΢εܕͷԹ౓ґଘੑΛࣔͨ͠ɻਤ 3.4தͷഁઢ͸ҎԼͷ

ΞϨχ΢εͷࣜΛ༻͍ͯ࠷খೋ৐๏ʹΑΓ 181 KҎԼͷԹ౓ʹ͓͚Δ τIa ʹର͠ɺΧʔϒϑΟο

τΛ݁ͨͬߦՌͰ͋Δɻ

τ = τ∞Arr exp

(
∆E

RT

)
, (3.2)

͜͜ͰɺT ͸ઈରԹ౓ɺτ∞Arr ͸ϑΟοςΟϯάύϥϝʔλɺR ͸ؾମఆ਺ɺ∆E ͸͚͔ݟͷ׆

ੑԽΤωϧΪʔͰ͋Δɻ༠ి؇࿨ଌఆʹΑΓಘΒΕΔ T g ͱ೤ଌఆʹΑΓಘΒΕΔ T g ͷؔ܎͸

͢Ͱʹௐ΂ΒΕ͓ͯΓɺͦΕʹΑΔͱɺτ ͕ 100͔Β 1000 sʹͳΔԹ౓͕ T g ͱΑ͘Ұக͢Δɻ

͜ͷ͜ͱ͔ΒɺઌͷΞϨχ΢εࣜʹΑΔΧʔϒϑΟοτͷ݁ՌΛ༻͍ͯ Ia؇࿨ͷ T g ͸ 123 KͰ

͋Δ͜ͱ͕Θ͔ͬͨɻ·ͨɺ∆E ͸ ∼47 kJ/molͱͳͬͨɻ͜ͷ T g ͱ ∆E ͸༷ʑͳڀݚͰ؍ଌ

͞Εͨ ν ؇࿨ͷͦΕͱΑ͘Ұகͨ͠ɻ[2, 6–13] 181 KΑΓߴԹଆͰ͸ τIa ͷԹ౓ґଘੑ͸ͦͷԹ౓



38 ୈ 3ষ θϥνϯਫ༹ӷͷΨϥεసҠ

ΑΓ௿ԹͰ؍ଌ͞ΕͨΞϨχ΢ε͔ܕΒ VFܕ [14, 15] ʹมԽͨ͠ɻVFܕͷԹ౓ґଘੑ͸

τ = τ∞VF exp

(
A

T − T0

)
(3.3)

Ͱ༩͑ΒΕΔɻ͜͜Ͱɺτ∞VFɺAɺT0 ͸ϑΟοςΟϯάύϥϝʔλͰ͋Δɻ͜ͷ 181 K෇ۙͰ

ΒΕΔݟ Ia؇࿨ͷ؇࿨࣌ؒͷԹ౓ґଘੑͷΞϨχ΢ε͔ܕΒ VFܕ΁ͷมԽ͸ɺණ݁͠ͳ͍༷ʑ

ͳਫ༹ӷͰ΋؍ଌ͞Ε͖ͯͨɻ[2, 8–10,12,13,16–21] ͜ͷৄࡉʹ͍ͭͯ͸ޙ΄Ͳٞ࿦͢Δɻਤ 3.3ͷ

ૠೖਤٴͼɺਤ 3.4͔Βɺ∆εIa ͱ τIa ͸ 260 KҎ্ͷԹ౓ͰԹ౓ͷ্ঢʹͱ΋ͳܹͬͯٸʹมԽ

ͨ͠ɻ͜Ε͸ණͷ༥ղʹ൐͏΋ͷͰ͋Δɻ·ͨɺτIa ͸༥఺ɺTm Ҏ্Ͱ७ਫͷ؇࿨࣌ؒͱΑ͘Ұ

கͨ͠ɻਤ 3.5ʹ NAͰଌఆͨ͠ 298 Kʹ͓͚Δ༷ʑͳೱ౓ͷθϥνϯਫ༹ӷͷෳૉ༠ి཰ͷप

೾਺ґଘੑΛࣔ͢ɻେ͖ͳ؇࿨ʢIa؇࿨ʣ͕͢΂ͯͷೱ౓Ͱ໌֬ʹ؍ଌ͞Εͨɻ͜ͷ؇࿨͸ೱ౓

ͷ૿Ճͱͱ΋ʹখ͘͞ͳͩΒ͔ʹͳͬͨɻҰൠతʹਫ༹ӷதͷਫͷ؇࿨ڧ౓ͱϐʔΫͷܗ͸༹࣭

ೱ౓ͷ૿Ճʹ൐ͬͯখ͘͞ɺͳͩΒ͔ʹͳΔɻ[22] ͜ΕΒͷ͜ͱ͔ΒɺIa؇࿨͸ਫͷ࠶഑ྻɺͭ·

Γ ν ؇࿨ [23] Ͱ͋Δ͜ͱ͕໌Β͔ͱͳͬͨɻ

ਤ 3.4ʹࣔ͢Α͏ʹɺτIIa ͸Թ౓ͷ্ঢʹͱ΋ͳͬͯݮগ͠ɺ∆εIIa ͸Թ౓มԽʹରͯ͠΄΅ґ

ଘੑ͕ͳ͔ͬͨɻIIa؇࿨͸ 270 KҎ্ͷԹ౓Ͱ͸؇࿨ڧ౓ͷେ͖ͳ IIIa؇࿨ʹ෴͍Ӆ͞Ε׬શ

ʹͳ͘ͳͬͨɻIIa؇࿨աఔΛΑΓ͸͖ͬΓͱ֬ೝ͢ΔͨΊ͑ݟʹ IIa؇࿨Ҏ֎ͷ؇࿨աఔΛ؇࿨

ɻਤͨͬߦઢ͔Βࠩ͠Ҿ͖ΧʔϒϑΟοτΛۂ 3.6ʹ 193 Kʹ͓͚Δࠩ͠Ҿ͘લͱࠩ͠Ҿ͍ͨޙ

ͷ؇࿨ۂઢΛࣔ͢ɻ·ͨɺߟࢀͷͨΊಉ͡Թ౓Ͱͷ७ਮͳණͷ؇࿨ۂઢΛࣔ͢ɻ͜ͷਤ 3.6͔Β

IIa؇࿨͕७ਮͳණͷ؇࿨ͱΑ͘Ұக͢Δ͜ͱ͕Θ͔Δɻ∆εIIa ͸ JohariͱWhalley[4] ʹΑͬͯ

ใ͞ࠂΕͨණͷ؇࿨ڧ౓ͱΑ͘Ұகͨ͠ɻτIIa ͸ Johari ͱWhalley[4] ͕ใͨ͠ࠂ७ਫͳණͱ͸

190 KҎԼͷԹ౓Ͱ͸Ұக͠ͳ͔ͬͨɻ͔͠͠ɺණͷ؇࿨࣌ؒ͸ණͷதͷෆ७෺ʹΑΓେ͖͘ม

Խ͢Δ͢Δ͜ͱ͕໌Β͔ʹͳ͓ͬͯΓɺ͞Βʹɺ60 wt%BSAਫ༹ӷதͷණʢice 1ʣ[6] ͱ IIa؇

࿨ͷ؇࿨͕࣌ؒΑ͘Ұகͨ͜͠ͱ͔ΒɺIIa؇࿨͸ණͷ؇࿨Ͱ͋Δͱͨ͑ߟɻ

ਤ 3.4͔ΒɺτIIIa ͷԹ౓ґଘੑ͕͓Αͦ 260 K෇ۙͰେ͖͘มԽ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ͜Ε

͸ޙ΄Ͳٞ࿦͢Δɻ40 wt%θϥνϯਫ༹ӷͷ IIIa؇࿨ͷ T g ͸ VFࣜʹΑΔΧʔϒϑΟοτ͔

Β 193 K Ͱ͋Δ͜ͱ͕Θ͔ͬͨɻ೤ଌఆʹΑΓಘΒΕΔλϯύΫ࣭ਫ༹ӷͷ T g ͕ 180 K ͔Β

200 KͰ͋Δ [3, 6, 6, 24,25] ͜ͱ͔Β IIIa؇࿨ͷ࣌ؒεέʔϧ͸೤ଌఆʹΑΓಘΒΕΔλϯύΫ࣭

ͷ T g ͱಉ࣌ؒ͡εέʔϧͷ෼ࢠӡಈͰ͋Δͱ͑ݴΔɻ∆εIIIa ͸ଞͷߴ෼ࢠਫ༹ӷதͷߴ෼࠯ࢠ

ͷӡಈʹىҼ͢Δ؇࿨ͷ؇࿨ڧ౓ [26] ͱൺֱͯ͠ 2 ܻ΄Ͳେ͖ͳ஋ͱͳͬͨɻ͜Ε͸ BSA ਫ༹

ӷதͷਫ࿨ BSAͷ؇࿨ [2] Ͱ΋ಉ༷Ͱ͋ͬͨɻIIIa؇࿨ͷେ͖ͳ؇࿨ڧ౓͸λϯύΫ࣭ͷΧ΢ϯ

λʔΠΦϯ΍݁থԽʹ൐͏ෆۉҰͳߏ଄ܗ੒͕ݪҼͰ͋Δͱ͑ߟΒΕΔɻ
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3.3.2 ਫ࿨θϥνϯͱਫͷ؇࿨ͷؔ܎

ਤ 3.7ʹ 40 wt%θϥνϯਫ༹ӷͷ IaɺIIIa؇࿨ͷ؇࿨࣌ؒͷԹ౓ґଘੑΛࣔ͢ɻਤ 3.7ʢaʣ

Ͱ͸άϨʔͰࣔͨ͠ൣғ͕ IIIa؇࿨ͷ؇࿨͔࣌ؒΒਪଌ͞ΕΔ T g ͷऔΓ͏Δ஋Ͱ͋Δɻ͜ͷൣ

ғ͸ IIIa؇࿨ͷ؇࿨࣌ؒΛ 100s ͔Β 1000 sʹ VFܕɺ΋͘͠͸ΞϨχ΢εܕͰ֎ૠͨ͠৔߹ͷ

খ஋ʹΑΓܾఆͨ͠ɻ·ͨɺਤ࠷େ஋ͱ࠷ 3.7ʢbʣͰ͸ Ia؇࿨ͷ؇࿨࣌ؒͷԹ౓ґଘੑ͕ VFܕ

͔ΒΞϨχ΢εܕ΁ͱมԽ͢ΔԹ౓ΛάϨʔͷൣғͰࣔͨ͠ɻIa؇࿨ͷ؇࿨࣌ؒʹର͢Δ VF·

ͨ͸ΞϨχ΢εܕͰͷΧʔϒϑΟοτ͸༷ʑͳԹ౓ൣғͰͨͬߦɻIIIa؇࿨ͷ T g ͸ 176 K͔Β

193 K ͷൣғͰ͋Γɺͦͷൣғ಺Ͱ Ia ؇࿨ͷ؇࿨࣌ؒͷԹ౓ґଘੑ͕มԽ͍ͯ͠Δ͜ͱ͕Θ͔

Δɻ͜ΕΑΓɺθϥνϯਫ༹ӷʹ͓͍ͯ͸ਫͷ؇࿨࣌ؒͷԹ౓ґଘੑ͕มΘΔԹ౓͸ T g ͱΑ͘

Ұக͢Δ͜ͱ͕ࣔ͞Εͨɻ͜ΕΒͷ࣮ࣄ͸θϥνϯਫ༹ӷதͰ؍ଌ͞Εͨ IaɺIIIa؇࿨ͷ͕ؔ܎

͜Ε·Ͱʹใ͞ࠂΕͨ α؇࿨ͱ ν ؇࿨ͷؔ܎ͱΑ͍ͯ͘ࣅΔ͜ͱΛҙຯ͍ͯ͠Δɻ[23, 27]

3.3.3 ΢γ݂ਗ਼Ξϧϒϛϯਫ༹ӷͱͷൺֱ

ਤ 3.8ʹ 20ɺ40 wt%θϥνϯਫ༹ӷ͓Αͼ 20ɺ40 wt%BSAਫ༹ӷ [2] ͷਫ࿨λϯύΫ࣭ͷ

؇࿨࣌ؒͷԹ౓ґଘੑΛࣔ͢ɻਫ࿨ BSA ͷ؇࿨࣌ؒ͸Թ౓ͷ௿Լʹରͯ͠୯ௐʹ૿Ճͨ͠ɻҰ

ํɺਫ࿨θϥνϯͷ؇࿨࣌ؒɺτIIIa ͸ෳࡶͳԹ౓ґଘੑΛࣔ͢ɻτIIIa ͷԹ౓ґଘੑ͸ 260 KҎԼ

Ͱ͸͋·Γ͘ڧͳ͍͕ɺͦΕҎ্ͷԹ౓Ͱ͸Թ౓ґଘੑ͕͘ڧͳΔɻ͜ͷมԽ͸ණͷ༥ղʹΑΓ

Ҿ͖͜͞ىΕ͍ͯΔͱ͑ߟΒΕΔɻઌʹࣔͨ͠Α͏ʹ ∆εIaɺͭ·Γ௿ԹͰ΋ණ݁͠ͳ͍ਫͷྔ͕

260 KҎ্Ͱܹٸʹେ͖͘ͳΔɻBSAਫ༹ӷͱθϥνϯਫ༹ӷͷਫ࿨λϯύΫ࣭ͷ؇࿨࣌ؒͷԹ

౓ґଘੑͷҧ͍͸ਫ༹ӷதͰͷ BSA ͱθϥνϯͷߏ଄ͷҧ͍Ͱ͋Δͱ͑ߟΒΕΔɻθϥνϯਫ

༹ӷ͸ BSA ਫ༹ӷͱ͸ҟͳΓήϧʹͳΔɻήϧʹͳͬͨθϥνϯਫ༹ӷதͰθϥνϯ͸ɺ෦෼

తʹݩͷίϥʔήϯ༷ͷτϦϓϧϔϦοΫεߏ଄Λܗ੒͢Δɻे෼Թ౓͕௿͍৔߹ɺτϦϓϧϔ

ϦοΫεΛܗ੒͍ͯ͠ͳ͍෦෼ͷہॴతͳೱ౓͸ਫͷ݁থԽʹΑΓߴೱ౓ʹͳ͍ͬͯΔͱ͑ߟΒ

ΕΔ͕ɺණ༹͕͚ɺෆౚਫྔ͕૿Ճ͢Δͱͦͷہॴతͳೱ౓͸௿Լ͢Δɻ͜ΕʹΑΓɺ260 KҎ

্Ͱͷ τIIIa ͷܹٸͳมԽ͕Ҿ͖͜͞ىΕΔͱ͑ߟΒΕΔɻҰํɺBSA͸ٿঢ়λϯύΫ࣭Ͱ͋Δ

ͨΊɺBSAपΓͷہॴతͳೱ౓͸େ͖͘มԽ͠ͳ͍ɻ

3.4 ·ͱΊ

ຊষͰ͸ 20ɺ40 wt%θϥνϯਫ༹ӷʹ͍ͭͯɺप೾਺ൣғ 10 mHz͔Β 50 GHzɺԹ౓ൣғ

113 K͔Β 298 KͰͷ༠ి؇࿨ଌఆʹ͍ͭͯใͨ͠ࠂɻ༻͍ͨਫ༹ӷ͸෦෼తʹණ݁͠ɺණͷ૬
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ͱෆౚਫͱθϥνϯ͔ΒͳΔೱް༹ӷ૬ͷ 2ͭʹ෼཭ͨ͠ɻຊڀݚͰಘΒΕͨ஌ݟΛҎԼʹ·ͱ

ΊΔɻ

1. ෆౚਫɺණɺਫ࿨θϥνϯͷ༠ి؇࿨͕؍ଌ͞ΕɺͦΕͧΕ͕ BSAਫ༹ӷͰ؍ଌ͞Εͨ؇

࿨աఔͱಉ͡ಛ௃Λ࣋ͭ͜ͱ͕໌Β͔ͱͳͬͨɻ

2. ਫ࿨θϥνϯʹ༝དྷ͢Δ؇࿨ʢIIIa؇࿨ʣͱෆౚਫͷ؇࿨ʢIa؇࿨ʣͷ؇࿨࣌ؒͷ͕ؔ܎

༷ʑͳණ݁͠ͳ͍ਫ༹ӷͰ؍ଌ͞ΕΔ α؇࿨ͱ ν ؇࿨ͷؔ܎ͱಉ͡Ͱ͋Δ͜ͱ͕໌Β͔ʹ

ͳͬͨɻ

3. ਫ࿨θϥνϯͷ؇࿨ʢIIIa؇࿨ʣͷ؇࿨࣌ؒͷԹ౓ґଘੑ͸ BSAਫ༹ӷதͷਫ࿨ BSAͷ

؇࿨ͱҟͳΓɺ260 KͰେ͖͘มԽ͢Δ͜ͱ͕໌Β͔ͱͳͬͨɻ
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Figure 3.1 Frequency dependences of real (a), (c), (e), (g) and imaginary (b), (d), (f),

(h) parts of dielectric functions for 40 wt% gelatin-water mixture at various temperatures

and frequencies between 10 mHz and 50 GHz. The dielectric functions are shown at

temperatures from 123 to 253 K in steps of 10 K (a), (b), (c), (d); from 254 to 273 K

in steps of 1 K (e), (f), (g), (h). The arrows in each figure indicate relaxation processes

Ia, IIa, IIIa and electrode polarization (EP) a. These dielectric functions are displayed

in this manner to simplify figures.
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Figure 3.2 Real and imaginary parts of dielectric functions for 40 wt% gelatin-water

mixture at 258 K. The plots were obtained experimentally. The black solid curves were

obtained by the fitting procedure. The blue, light blue, green, red, gray, lines and pink

and black dashed lines are the processes Ia, Ib, IIa, IIIa, dc conductivity, IIIb, and

electrode polarization, respectively.
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Figure 3.3 Plots of relaxation strength ∆ε for 40 wt% gelatin-water mixture against

reciprocal temperature for processes Ia (blue), Ib (light blue), IIa (green) and IIIa (red).

Inset: dielectric strength of relaxation process Ia at temperatures from 233 to 298 K.

Gray open and filled stars respectively denote the plots of pure ice obtained by Johari

and Whalley[4] and us.
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Figure 3.4 Plots of relaxation time τ for 40 wt% gelatin-water mixture against recipro-

cal temperature for processes Ia (blue), Ib (pale blue), IIa (green) and IIIa (red). Gray

open and filled stars respectively denote the plots of pure ice obtained by Johari and

Whalley[4] and us. The straight dotted line is obtained by an Arrhenius fit and the solid

lines are obtained by a VF fit. The vertical dashed lines indicate temperatures, 270,

260, and 181 K.
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Figure 3.5 Real part ε′ and imaginary part ε′′ of dielectric functions for 0 (black), 10

(red), 20 (orange), 30 (green), and 40 wt% (blue) gelatin in water at 298 K.
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Figure 3.6 Plots of real part ε′ and imaginary part ε′′ of dielectric functions of pure

ice measured by us (black) and 40 wt % gelatin-water mixture before (blue filled), and

after (blue open) subtrancting all relaxation processes except the process IIa at 193 K.

The arrows indicate relaxation process IIa (blue) and that of pure ice (black).
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Figure 3.7 Plots of relaxation time, τ for 40 wt% gelatin-water mixture against re-

ciprocal temperature for processes Ia (b, blue circles) and IIIa (a, red circles). Dotted

circles were not used for VF or/and Arrhenius fits. Straight solid lines were obtained

by Arrhenius fits and dotted curves were obtained by VF fits. Horizontal dashed and

dotted-dashed lines indicate relaxation times of τ=100 and 1000 s, respectively. Shaded

areas indicate the possible ranges of T g (upper window) and crossover temperature

(lower window) for each relaxation.
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Figure 3.8 Plots of relaxation time τ for hydrated proteins in 40 wt% (red pluses)

and 20 wt% (red crosses) gelatin-water mixtures and 40 wt% (orange triangles) and 20

wt% (orange squares) BSA-water mixtures against reciprocal temperature. Large black

circles and black line indicate the glass transition temperature for partially crystallized

BSA-water mixture in ref[?]. Straight lines are a guide for the eyes and other lines are

obtained from the VF-type temperature dependence. Solid lines are drawn for a protein

concentration of 40 wt% and dotted lines are drawn for a protein concentration of 20

wt% in the protein-water mixtures.
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෦෼తʹණ݁ͨ͠θϥνϯਫ༹ӷதͷ

ਫͷ෼ࢠӡಈ

4.1 എܠ

͜Ε·Ͱʹɺ߹੒ߴ෼ࢠਫ༹ӷ΍λϯύΫ࣭ਫ༹ӷʹ͍ͭͯɺஅ೤೤ྔܭ΍ࣔࠩ૸ࠪܕ೤ྔଌ

ఆʢDifferential scanning calorimetry : DSCʣͳͲͷ೤෼ੳʹΑΓɺਫͷౚ݁ٴͼ༥ղ͕੝Μʹ

ྉԹ౓Λίϯτϩʔϧ͠ͳ͕ΒɺࢼͯͬैʹΕ͖ͯͨɻ͜ΕΒͷଌఆ͸ɺҰఆͷϓϩάϥϜ͞ڀݚ

Թ౓΍ߏ଄ͷมԽʹ൐͏೤ͷग़ೖΓΛଌఆ͢Δख๏Ͱ͋Δɻͦͷ؆ศ͔͞ΒɺਫΛؚΜͩ෺࣭ͷ

0 ˆҎԼͷԹ౓ҬͰͷ෺ੑڀݚʹසൟʹ༻͍ΒΕ͍ͯΔɻ༷ʑͳߴ෼ࢠਫ༹ӷͰ؍ଌ͞ΕΔਫͷ

༥ղΤϯλϧϐʔ ∆H ͸ɺ༹ӷதͷ͢΂ͯͷਫ͕ౚ݁ͨ͠৔߹ͱൺֱͯ͠খ͍͞஋Λ࣋ͭɻ͜Ε

͸༥ղԹ౓ Tm ҎԼͰ΋ౚΔ͜ͱͳ͘ɺӷମঢ়ଶΛҡ࣋ͨ͠ෆౚਫͱݺ͹ΕΔਫ͕ଘ͢ࡏΔͨΊ

Ͱ͋Δͱ͑ߟΒΕΔɻզʑ͸͜ͷΑ͏ͳঢ়ଶΛ෦෼తͳౚ݁ͱݺΜͰ͍Δ [1–3]ɻ

͔͠͠ɺ͜ΕΒͷ೤తͳଌఆख๏Ͱ͸෼ࢠӡಈͷϝΧχζϜΛৄࡉʹٞ࿦͢Δ͜ͱ͕Ͱ͖ͳ

͍ɻͦ͜Ͱɺզʑ͸෯؍͍޿ଌ࣌ؒ૭Λ࣋ͭ༠ి෼ޫ๏ʢDielectric Relaxation Spectroscopy :

DRSʣΛ༻͍ɺλϯύΫ࣭ͷҰͭͰ͋ΔθϥνϯΛ༹࣭ͱͯ͠༻͍ͨਫ༹ӷͷ༥ղͱͦΕʹ൐͏

ਫͷμΠφϛΫεͷมԽΛ؍ଌͨ͠ɻ

͜Ε·Ͱͷ DRSʹΑΔ͍޿Թ౓ɺೱ౓ൣғʹ͓͚Δɺ༷ʑͳߴ෼༹ࢠӷͷ͔ڀݚΒɺ༹ഔͷڽ

఺ݻ T c ҎԼͰ༹ӷதͷ༹ഔ͕ౚ݁ͨ͠৔߹Ͱ΋ɺҰ෦ͷ༹ഔ͸௿ԹͰ΋ౚΔ͜ͱͳ͘ɺӷ૬Λ

อ༹ͬͨഔͷଘ͔͕֬ࡏΊΒΕͨɻ[1] ·ͨɺલষͰड़΂ͨΑ͏ʹɺೱ౓ 20ɺ40 wt%ͷ෦෼తʹ

ණ݁ͨ͠θϥνϯਫ༹ӷͷ޿ଳҬ༠ి෼ޫଌఆΛɺ10 mHz͔Β 50 GHzͷप೾਺Ҭɺ113͔Β

298 KͷԹ౓ҬͰͨͬߦͱ͜Ζɺෆౚਫ (I؇࿨)ɺණ (II؇࿨)ɺਫ࿨ͨ͠λϯύΫ࣭ (III؇࿨)ͷ

3ͭͷ؇࿨͕؍ଌ͞Εͨɻಛʹෆౚਫͷ؇࿨͸ɺͦͷ؇࿨࣌ؒͷԹ౓ґଘੑ͕ɺ௿ԹͰౚ݁͠ͳ͍

༷ʑͳਫ༹ӷͰ؍ଌ͞Εͨෆౚਫͷ΋ͷͱΑ͍ͯ͘ࣅΔ͜ͱ͕෼͔ͬͨɻ[?]
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ຊڀݚͰ͸ɺθϥνϯΛ༹࣭ͱͯ͠༻͍ɺθϥνϯೱ౓ 10wt%͔Β 40 wt%ͷൣғͰਫ༹ӷΛ

ௐ੡͠ɺౚ݁͢ΔԹ౓ΛؚΉ-50 ˆ͔Β 25 ˆͷԹ౓ൣғΛɺ1 MHz͔Β 50 GHzͷप೾਺ҬͰ

DRSଌఆΛͨͬߦɻ؇࿨࣌ؒ τ Ͱ͸ɺ͓͓Αͦ 0.1 µs͔Β 3 psʹରԠ͢Δ޿Ҭͳ࣌ؒεέʔϧ

ͰͷӡಈΛಉ͡Թ౓Ͱಉ࣌ʹ؍ଌ͢Δ͜ͱ͕Ͱ͖Δɻ͞Βʹɺ-55 ˆ͔Β 25 ˆͷԹ౓ൣғΛঢԹ

଎౓ 5 ˆ /minͰ DSCʹΑΔ೤෼ੳΛͨͬߦɻ

4.2 ݧ࣮

༹࣭ͱͯ͠࢖༻ͨ͠θϥνϯ͸ɺPM Biomedicals੡ɺಲൽ༝དྷͷ΋ͷͰ͋ΔɻҰൠʹθϥν

ϯͳͲͷੜମߴ෼ࢠ͸ɺిղ࣭ߴ෼ࢠͰ͋ΔͨΊɺͦͷਫ༹ӷ͸ɺ༹ӷதʹؚ·ΕΔΠΦϯʹΑ

Δ௚ྲྀిؾ఻ಋ੒෼ʢdcʣ΍ɺిۃ෼ۃͷد༩ʹΑΓɺ෼ࢠӡಈʹىҼ͢Δ؇࿨͕ӅΕͯ͠·͏ɻ

ͦΕΒΛܰ͢ݮΔͨΊʹɺલষͰड़΂ͨํ๏ͱಉ͡ํ๏Λ༻͍ͯθϥνϯʹରͯ͠୤ΠΦϯॲཧ

Λޙͨ͠ࢪɺਫ෼Λআ͢ڈΔͨΊʹౚ݁ס૩Λͨͬߦɻ༹ഔʹ͸্هͷ΋ͷͱಉ͡७ਫΛ࢖༻͠ɺ

θϥνϯೱ౓ Cg ͕ 10ɺ20ɺ30ɺ40 wt%ͱͳΔΑ͏ʹͦΕͧΕࠞ߹ͨ͠ޙɺ40 ˆ͔Β 60 ˆʹ

Ճ೤͠ɺ࠷େ໿ 1࣌ؒɺϚάωςΟοΫελϥʔͰ֧፩͠ۉҰͳࢼྉΛௐ੡ͨ͠ɻ

DRSଌఆ͸ɺimpedance/material analyzerʢIMAɺAgilentɺE4991Aɺ1 MHz͔Β 3 GHzʣ

ͱ network analyzerʢNAɺAgilentɺN5230Cɺ1 MHz ͔Β 50 GHzʣͷ 2 ͭͷ૷ஔΛ࢖༻͠ɺ

ঢԹաఔͰͨͬߦɻIMAͰͷଌఆʹ͸ɺQuatro CryosystemʢNovocontrolʣΛ࢖༻͠ɺଌఆԹ

౓ൣғ-50͔Β 25ˆͷؒͰɺʶ 0.01ˆͷൣғʹԹ౓Λ҆ఆͤͨ͞ɻNAͰͷଌఆʹ͸ɺ॥߃؀ࣜ

Թ૧Λ༻͍ͯ-10ʵ 25ˆͷؒͰɺʶ 0.05ˆͷൣғʹԹ౓Λ҆ఆͤͨ͞ɻIMAͰͷଌఆʹ͸௚ܘ

2.6 mmͷۃ൘Λɺۃ൘ִؒ 1.3 mmʹઃఆͨ͠ฏߦฏ൘ۃిܕΛ༻͍ɺNAͰͷଌఆʹ͸઀৮ࣜ

ͷಉ࣠։์୺ిۃʢAgilentɺ85070EʣΛ༻͍ͨɻ

·ͨɺࣔࠩ૸ࠪܕ೤ྔܭʢDSCʣʢPerkin ElmerɺDSC7ʣʹΑΓɺθϥνϯਫ༹ӷͷ༥ղʹ൐

͏೤ͷग़ೖΓΛ-55͔Β 25ˆͷൣғͰଌఆͨ͠ɻଌఆલʹϕϯθϯɺ1,2δΫϩϩΤλϯΛ༻͍ɺ

ଌఆͱಉ͡ঢԹɺ߱Թ଎౓Ͱߍਖ਼Λͨͬߦɻଌఆʹ͸ɺ஠ૉงғؾԼʹ͓͍ͯɺΞϧϛχ΢Ϝͷ༰

෧ೖ͞Εͨʹث 10 mgఔ౓ͷࢼྉΛɺ25ˆ͔Β-60ˆʹ 5ˆ/minͷྫྷ٫଎౓Ͱྫྷ٫͠ɺ-60ˆ

Ͱ 10෼ؒ์ஔͨ͠ޙɺ5ˆ/minͷঢԹ଎౓Ͱ 25ˆ·ͰՃ೤͠ͳ͕Βଌఆͨ͠ɻ

ਫ͸աྫྷ٫ঢ়ଶʹͳΓ΍͘͢ɺ݁থԽԹ౓͸ྫྷ٫଎౓ʹΑͬͯେ͖͘มԽ͢ΔͨΊɺٞ࿦͕ࠔ

೉Ͱ͋ΔɻͦͷͨΊຊڀݚͰ͸ɺঢԹաఔʹ͓͚Δ༥ղΛ؍ଌͨ͠ɻ
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ਤ 4.1 ʹ DSC Ͱͷ೤ଌఆͷ݁ՌΛࣔ͢ɻ͢΂ͯͷೱ౓ͷθϥνϯਫ༹ӷͰɺ༹ӷதͷණͷ༥

ղʹΑΔٵ೤ϐʔΫ͕-6 ͔Β 0 ˆͷؒͰݟΒΕΔɻ·ͨɺೱ౓ͷ૿Ճʹ൐͍ɺ༥ղ೤ ∆H ͷݮ

গɺೱ౓ͷ૿Ճʹ൐͏༥ղͷΦϯηοτԹ౓ Tm,onset ͓ΑͼɺϐʔΫԹ౓ Tm,peak ͷ௿Թଆ΁ͷ

γϑτ͕֬ೝͰ͖Δɻ30 wt% ΑΓߴೱ౓Ͱ͸໌Β͔ͳ௿Թ݁থԽ͕ݟΒΕΔɻଌఆ͞Εͨ༥ղ

೤ ∆H ͔ΒɺҎԼͷࣜ 4.1ʹΑΓෆౚ༹ӷ૬ͷೱ౓ Cg,UCP Λࢉग़͢Δ͜ͱ͕Ͱ͖Δɻ

Cg,UCP =
Cg

1− ∆H

333

(4.1)

͜͜Ͱ͸ɺ७ਫ 1 gͷ༥ղ೤ 333 J/gΛ༻͍ͯɺθϥνϯਫ༹ӷͷ༥ղ೤ྔ͔Βɺౚ͍ͬͯͳ͍

ਫͷྔΛࢉग़͠ɺCg,UCP Λੵݟ΋ͬͨɻ೤ଌఆʹΑͬͯಘΒΕͨͦΕΒͷ਺஋Λද 1ʹࣔ͢ɻ

ਤ 4.2ʹ 30 wt%θϥνϯਫ༹ӷͷɺ-50͔Β 25ˆͷԹ౓Ͱଌఆ͞Εͨෳૉ༠ి཰ͷ࣮෦ ε′ ͓

Αͼڏ෦ ε”Λࣔ͢ɻ͜͜Ͱɺෳૉ༠ి཰ͷ࣮෦ͱ͸ൺ༠ి཰Ͱ͋Γɺڏ෦͸༠ిଛࣦͰ͋Δɻਤ

4.2͔Βɺ࠷΋௿͍-50ˆͰ͸ɺ10 MHz ෇ۙʹϐʔΫΛ࣋ͭ؇࿨ΛҰͭ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɻ

͜ͷ؇࿨͸Թ౓্ঢͱͱ΋ʹߴप೾ଆ΁γϑτ͠ɺ25ˆͰ͸ 10 GHz෇ۙʹϐʔΫΛ࣋ͭ؇࿨΁

ͱଓ͘ɻ·ͨɺ0ˆΛڥʹ؇࿨ۂઢ͕ۃ୺ʹมԽ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ

ෳૉ༠ి཰ͷڏ෦ͷϐʔΫ͕͸͖ͬΓͱࣝผͰ͖Δ؇࿨ΛɺI ؇࿨ͱͯ͠ɺCole-Cole ͷࣜ [4]

ͰԾఆͨ͠ɻ·ͨɺϐʔΫΛࣝผ͢Δ͜ͱ͕Ͱ͖ͳ͍͕ɺͦΕແ͠Ͱ͸ෳૉ༠ి཰Λ͏·͘දݱ

Ͱ͖ͳ͍ͱ͑ߟΒΕΔ Ib؇࿨ɺ͞Βʹɺ؇࿨ڧ౓͕ 100ఔ౓ͷେ͖͞Λ࣋ͪɺଌఆप೾਺ൣғͷ

Δණͷ؇࿨Λ͢ࡏ௿प೾ଆʹଘʹߋ II؇࿨ͱͯ͠ɺͦΕͧΕ Cole-ColeͷࣜͰԾఆͨ͠ɻ͜ͷ̏

ͭͷ؇࿨ʹՃ͑ɺ௚ྲྀిؾ఻ಋ੒෼ʢdcʣΛԾఆͯࣜ͠ 4.2ͷ༷ʹ଍͋͠ΘͤͯΧʔϒϑΟοτ

Λ͜͏ߦͱͰɺଌఆͰಘΒΕͨෳૉ༠ి཰ͷप೾਺ґଘੑΛ͏·͘هड़͢Δ͜ͱ͕Ͱ͖ͨɻͨͩ

͠ɺ0ˆҎ্ͷԹ౓ҬͰ͸ II؇࿨͸ফࣦ͠ɺଌఆप೾਺ΑΓ௿प೾ଆʹଘ͢ࡏΔిۃ෼ۃͱͯ͠

Cole-ColeͷࣜʹΑΓ؇࿨Λ 1ͭԾఆͨ͠ɻ

ε∗ = ε∞ +
p∑ ∆εp

1 + (iωτp)
βp

+
σ

iωε0
(4.2)

͜͜Ͱ τ ͸؇࿨࣌ؒɺ∆ε ͸؇࿨ڧ౓ɺβ(0< β <1)͸؇࿨ͷରশతͳ͕޿ΓΛද͢ύϥϝʔλͰ

͋Γɺβ ͷ஋͕খ͍͞΄Ͳ͕ͨͬ޿؇࿨ͱͳΔɻε∞ ͸ଌఆप೾਺ΑΓ΋ޫֶྖҬʹ͍͍ۙߴप೾

਺Ͱͷ༠ి཰ɺi͸ڏ਺୯Ґɺσ ͸ిؾ఻ಋ౓ɺω ͸֯प೾਺Ͱ͋Δɻਤ 4.3ʹ-12ˆʹ͓͚Δ 30

wt%θϥνϯਫ༹ӷͷෳૉ༠ి཰Λɺࣜ 4.2ͰಘͨۂઢͱڞʹҰྫͱͯࣔ͢͠ɻ

ΧʔϒϑΟοτΛ͢΂ͯͷೱ౓ɺԹ౓ʹର͍ͯ͠ߦɺͦΕͧΕͷೱ౓Ͱͷ؇࿨࣌ؒɺ؇࿨ڧ౓ɺ
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؇࿨ͷର৅ͳ͕޿ΓΛද͢ύϥϝʔλ β ΛಘͨɻI؇࿨ͷ؇࿨࣌ؒɺ؇࿨ڧ౓ɺ؇࿨ͷ͕޿ΓΛ

ද͢ύϥϝʔλͷԹ౓ґଘੑΛਤ 4.4ʹࣔ͢ɻIb؇࿨͸ I؇࿨ʹൺ΂࠷େ 9ˋఔ౓ͷڧ౓͔͠ͳ

͘ɺෳૉ༠ి཰ͷڏ෦ͰͷϐʔΫΛࣝผ͢Δ͜ͱ͕Ͱ͖ͳ͍ͨΊɺ͜͜Ͱ͸ٞ࿦͠ͳ͍ɻ·ͨɺII

؇࿨͸ɺෳૉ༠ి཰ͷڏ෦ͰͷϐʔΫ͕ଌఆप೾਺ΑΓ௿प೾ଆʹଘ͢ࡏΔͨΊɺಉ༷ʹٞ࿦͠

ͳ͍ɻਤ 4.4͔Βɺ͢΂ͯͷ؇࿨ύϥϝʔλͷԹ౓ґଘੑʹ͍ͭͯɺ0ˆҎ্ͷൣғͰ͸ΏΔ΍͔

ʹมԽ͍ͯ͠Δ͕ࣄΘ͔Δɻ͔͠͠ɺ0ˆ͔Β-10ˆͷൣғͰ͸ܶతʹมԽ͠ɺͦΕҎԼͷԹ౓Ͱ

͸·ͨΏΔ΍͔ͳมԽͱͳΔɻਤ 4.4ʢbʣʹࣔͨ͠௚ઢ͸ɺೱ౓͝ͱʹ 1ˆҎ্ͷϓϩοτ͔Β

খೋ৐๏ʹΑͬͯඳ͍ͨɻ࠷

4.4 ࡯ߟ

ਤ 4.4ʢaʣʹࣔ͢Α͏ʹɺI؇࿨ͷ؇࿨࣌ؒ͸-10ˆ෇͔ۙΒݮʹܹٸগ͠ɺ༥఺Ҏ্Ͱਫͷ؇

࿨ͱΑ͘Ұகͨ͠ [5]ɻ·ͨɺθϥνϯਫ༹ӷͷΨϥεసҠʹؔ͢ΔڀݚͰݟΒΕͨɺ௿ԹͰ΋ౚ

Βͳ͍ਫͷ؇࿨ͷ؇࿨࣌ؒͷԹ౓ґଘੑͱΑ͘Ұகͨ͠ɻ͜ͷ͜ͱ͔Βɺθϥνϯਫ༹ӷͰ؍ଌ

͞Εͨ I؇࿨͸ɺ௿ԹͰ΋݁থԽ͠ͳ͍ɺෆౚਫͷμΠφϛΫεʹ༝དྷ͢Δ΋ͷͰ͋Δ͜ͱ͕෼

͔Δɻ͜ͷෆౚਫ͕௿ԹͰ΋ණ݁͠ͳ͍ͷ͸ɺθϥνϯۙ๣ʹଘ͢ࡏΔ͜ͱ΍ɺͦΕΒʹғ·Ε

ͨঢ়ଶʹ͋Δ͜ͱ͔Βɺණͷ݁থߏ଄Λܗ੒Ͱ͖ͳ͍ͨΊͰ͋Δͱਪଌ͞ΕΔ [1]ɻ

؇࿨ڧ౓͸ɺҰൠʹԹ౓ͷ௿Լʹରͯ͠ɺౚ݁΍ΨϥεసҠͳͲ͕͜ىΒͳ͍ݶΓ૿େ͢Δɻྫ

͑͹ߴ෼ࢠਫ༹ӷதͷਫͷ؇࿨ͷ؇࿨ڧ౓͸ɺ݁ থԽԹ౓Λڥʹେ͖͘ݮগ͢Δ [1]ɻͭ·Γɺ0ˆ

ҎԼͰͷԹ౓্ঢʹ൐͏؇࿨ڧ౓ͷ্ঢ͸ɺණͷ༥ղʹΑΔෆౚਫྔͷ૿ՃͰ͋Δ͜ͱ͕෼͔Δɻ

؇࿨ڧ౓͕ਤ 4.4ʢbʣʹࣔ͢௚ઢͷΑ͏ʹɺԹ౓ͷมԽʹରͯ͠Ұ࣍ؔ਺తʹมԽ͢ΔͱԾఆ

͢Ε͹ɺҎԼͷࣜ 4.3Λ༻͍Δ͜ͱͰɺTm ҎԼͷ೚ҙͷೱ౓ʹ͓͚Δෆౚ༹ӷ૬ͷθϥνϯೱ౓

Cg,UCP Λࢉग़͢Δ͜ͱ͕Ͱ͖Δɻ

Cg,UCP =
Cg

Cg + (100− Cg)
∆ε

∆εall

(4.3)

͜͜ͰɺCg ͸ௐ੡ͨ͠θϥνϯೱ౓ɺ∆εall ͸ɺͦΕͧΕͷԹ౓Ͱ͢΂ͯͷਫ͕ౚΒͳ͔ͬͨͱ

Ծఆͨ͠৔߹ͷ I؇࿨ͷ؇࿨ڧ౓Ͱ͋ΔɻԹ౓௿Լʹର͢Δ༠ి཰ͷ૿େ͸ɺੑۃӷମͷ؇࿨ڧ

౓ͱ஫໨͢Δ෼ࢠͷӬٱ૒ࢠۃϞʔϝϯτͷؔ܎Λࣔ͢ΧʔΫ΢ουͷ͔ࣜΒ΋༧ଌ͞Εɺݱ৅

࿦తʹ͸ɺԹ౓௿Լʹ൐͍೤ӡಈʹΑΔ৙ཚ͕গͳ͘ͳΔ͜ͱʹىҼ͢Δ෼ۃ཰ͷ૿େͰ͋Δɻ

ΧʔΫ΢ουͷࣜʹΑΕ͹ɺ؇࿨ڧ౓͸Թ౓ͷٯ਺ʹରͯ͠ൺྫ͢Δɻ͔͠͠ɺਤ 4.4ʢbʣʹࣔ͞

Εͨ؇࿨ڧ౓ͷԹ౓ґଘੑΛݟΔͱɺ1ˆҎ্ͷଌఆԹ౓ൣғͰ͸ɺI؇࿨ͷ؇࿨ڧ౓͕Թ౓ͷม

Խʹରͯ͠Ұ࣍ؔ਺ͰΑ͘هड़͞ΕΔ͜ͱ͕෼͔Δɻ΋͠ɺ؇࿨ڧ౓͕ɺຊڀݚͷଌఆԹ౓ൣғ
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ʹ͓͍ͯɺԹ౓ͷٯ਺ʹൺྫͨ͠ͱͯ͠΋ɺࣜ 4.3ͰԾఆ͍ͯ͠Δ∆εall ͱൺ΂ɺ࠷େͰ΋ 6 %ͷ

ҧ͍͔͠ͳ͍ɻ͞Βʹɺࢉग़͞Εͨ∆εall Λ༻͍ͯࣜ (3)Ͱ͞ࢉܭΕΔ Cg,UCPͰ͸ɺ1 %ҎԼ

ͷҧ͍ͱͳΔɻ·ͨɺΧʔΫ΢ουͷࣜʹΑΕ͹ɺ؇࿨ڧ౓͸૒ີࢠۃ౓ͷݮগʹ൐͍ݮগ͢Δɻ

Ұൠʹਫ͸ɺ݁থԽͷࡍʹີ౓͕ݮগ͢Δ͜ͱ͕஌ΒΕ͓ͯΓɺ10 wt%ͷߴ෼ࢠਫ༹ӷͷ৔߹ɺ

ਫ༹ӷதͷ͢΂ͯͷਫ͕ౚͬͨ৔߹Ͱ΋ɺີ౓ͷݮগ͸େ͖͘ੵݟ΋ͬͯ΋ 9 %ఔ౓Ͱ͋Δɻͭ

·Γɺࣜ 4.3Ͱ͸ɺີ౓มԽʹىҼ͢Δࠩޡ 9 %ఔ౓Ͱ Cg,UCP Λ͢ࢉܭΔ͜ͱ͕Ͱ͖Δͱ͑ݴ

Δɻࣜ 4.3Λ༻͍ͯಘΒΕͨ Cg,UCP ͱԹ౓ͷؔ܎Λਤ 4.5ʹࣔ͢ɻ͜ͷਤ 4.5͔Βɺे෼௿͍Թ

౓Ͱ Cg,UCP ͸ 75͔Β 90 wt%ఔ౓Ͱ͋Δ͜ͱ͕Θ͔ΔɻԹ౓ͷ্ঢʹͱ΋ͳͬͯɺ-10ˆ෇ۙ

͔Β௿Լ࢝͠Ίɺ0ˆҎ্Ͱ Cg ͱҰக͢Δɻ

Cg,UCP ͱ؇࿨࣌ؒɺ؇࿨ͷ͕޿ΓΛද͢ύϥϝʔλ β ͷؔ܎Λਤ 4.6ʹࣔ͢ɻਤ 4.6͔Βɺͦ

ΕͧΕͷύϥϝʔλ͸ɺ༹ ӷதͷණͷ༥ղʹΑΔෆౚ༹ӷ૬ͷೱ౓௿Լʹ൐͍ɺࠇͷͰࣔͨ͠ 0ˆ

෇ۙͰͷ७ਮͳਫͷϓϩοτ [5, 6] ʹ͍͍ۙͮͯΔ͜ͱ͕෼͔Δɻ·ͨɺ؇࿨ͷܗΛද͢ύϥϝʔ

λ͸ɺ0ˆҎ্ͷԹ౓ҬͰɺ໌Β͔ͳ Cg ґଘੑ͕ೝΊΒΕΔ͕ɺ0ˆҎԼͷԹ౓ҬͰ͸ɺਤ 4.6

ʢbʣʹࣔ͞ΕΔΑ͏ʹɺౚ݁ʹΑΔೱॖʹΑͬͯ Cg ʹ͸ґଘ͠ͳ͘ͳΔɻҎ্ͷ͜ͱ͔Βɺෆౚ

༹ӷ૬ͷਫͷμΠφϛΫε͸ɺCg,UCPʹΑܾͬͯఆ͞ΕΔͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻ͜ΕΒΛ෦

෼తʹౚ݁ͨ͠߹੒ߴ෼ࢠਫ༹ӷதͷෆౚਫͷμΠφϛΫε [1] ͱൺֱ͢Δͱɺ্هͷಛ௃͕ඇৗ

ʹΑ͍ͯ͘ࣅΔ͜ͱ͕Θ͔Δɻ࣍ʹ-40ˆͰͷ ∆εI ͷೱ౓ґଘੑΛਤ 4.7ʹࣔ͢ɻ͜ͷਤ 4.7͔

Βɺθϥνϯͷೱ౓͕૿େ͢Δͱෆౚਫྔ΋૿େ͢Δ͜ͱ͕Θ͔Γɺෆౚਫ͸θϥνϯΛแΈࠐ

ΉΑ͏ʹଘ͍ͯ͠ࡏΔͱਪଌ͞ΕΔɻ·ͨɺෆౚਫͷ؇࿨ڧ౓͕θϥνϯೱ౓ʹൺྫ͠ͳ͍༷ࢠ

͕ਤ 4.7͔ΒΘ͔Δɻਤதͷ࣮ઢ͸ɺೱ౓ 10ɺ20ɺ30 wt%ਫ༹ӷͷϓϩοτʹର͠ɺݪ఺Λ௨

ΔΑ͏ͳ௚ઢΛ࠷খೋ৐๏ʹΑΓඳ͍ͨ΋ͷͰ͋Γɺ40 wt%ਫ༹ӷͷϓϩοτ͕େ͖͘֎Ε͍ͯ

Δ͜ͱ͕෼͔Δɻ࣍ʹɺ-40ˆͰͷ Cg,UCP Λ༻͍ͯɺࣜ 4.4͔Βࢉग़ͨ͠θϥνϯ 1 g͋ͨΓͷ

ෆౚਫྔΛ UCW/gelatinͱͯ͠ Cg ͱͷؔ܎Λਤ 4.8ʹࣔͨ͠ɻ

UCW/gelatin =
100

Cg,UCP
− 1 (4.4)

ਤ 4.8͔Βɺθϥνϯ 1 g͕อ࣋͢Δ͜ͱͷͰ͖Δෆౚਫͷྔ͸ɺ10͔Β 30 wt%ਫ༹ӷ·Ͱ

͸΄΅Ұఆ͔ɺΘ͔ͣʹθϥνϯೱ౓ͱڞʹ૿Ճ͍ͯ͠Δ͕ɺ40 wt%ਫ༹ӷͰ͸ɺͦΕҎԼͷೱ

౓ͷਫ༹ӷͱൺ΂ͯෆౚਫͷྔ͕ଟ͍͜ͱ͕෼͔Δɻ͞ΒʹɺDSCͰಘΒΕͨ Cg,UCP ͱɺDRS

ଌఆͰಘΒΕͨ-40ˆͰͷ Cg,UCP ͷ Cg ґଘੑΛਤ 4.9ʹࣔ͢ɻ͜ͷਤ 4.9͔ΒɺͦΕͧΕͷଌ

ఆ๏ͰಘΒΕͨ Cg,UCP ͷ͹Β͖͕ͭେ͖͍͜ͱɺDSCͱ DRS ͷଌఆͰಘΒΕͨ Cg,UCP ͕

େ͖͘ҟͳΔ͜ͱ͕෼͔ΔɻDSCଌఆͰ͸ Cg,UCP ͕ 50͔Β 60 wt%ͱͳ͕ͬͨɺDRSଌఆͰ

͸ 75͔Β 90 wt%ͱͳΓҰக͠ͳ͍ɻ͜ͷݪҼͱͯ͠ɺଌఆʹ͓͚ΔࢼྉͷԹ౓ཤྺ͕େ͖͘ҟ
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ͳΔ͜ͱ͕·ͣ͑ߟΒΕΔɻDRSଌఆͰ͸ɺ࠷௿ 20෼ఔ౓ɺଌఆલʹԹ౓ͷ҆ఆԽΛ͏ߦɻҰ

ํͰ DSCଌఆͰ͸ɺ͋ΔҰఆͷ଎͞Ͱ࿈ଓతʹԹ౓Λม͑ͯଌఆΛ͏ߦɻͦͷͨΊɺDSCͰͷ

೤෼ੳͰ͸ɺྫྷ٫աఔʹ͓͍ͯණͷ݁থ͕े෼ʹ੒௕͢Δ͜ͱ͕Ͱ͖ͣɺෆౚ༹ӷ૬ͷೱ౓͕௿

͘ͳΔͱ͑ߟΒΕΔɻ

4.5 ·ͱΊ

प೾਺ൣғ 10 MHz͔Β 50 GHzɺԹ౓ൣғ-50͔Β 25ˆɺೱ౓ൣғ 10͔Β 40wt%ͷθϥν

ϯਫ༹ӷͷঢԹաఔʹΑΔ DRSٴͼ DSCଌఆʹΑΓɺණͷ༥ղʹ൐͏ਫͷμΠφϛΫεͷมԽ

Λ؍ଌͨ͠ɻͦͷ݁ՌΛ·ͱΊΔͱҎԼͷ߲໨͕͛ڍΒΕΔɻ

1. λϯύΫ࣭ਫ༹ӷʹ͓͍ͯ΋ɺ߹੒ߴ෼ࢠਫ༹ӷͱಉ͡Α͏ʹ 0ˆҎԼͰ΋ౚΒͳ͍ਫ͕

ଘ͢ࡏΔ͜ͱ͕ DRSଌఆͰ͔֬ΊΒΕͨɻ

2. ӷମͱͯ͠ͷਫͷ؇࿨ڧ౓ͷԹ౓ґଘੑ͔Βɺ-10ˆҎԼͰͷෆౚ༹ӷ૬ͷθϥνϯೱ౓͸

75͔Β 90 wt%Ͱ͋Δ͜ͱ͕Θ͔ͬͨɻ

3. ਫͷμΠφϛΫε͸෦෼తͳౚ݁ʹΑΔෆౚ༹ӷ૬ͷθϥνϯೱ౓ͷ૿ՃʹΑܾͬͯఆ͞

ΕΔ͜ͱ͕Θ͔ͬͨɻ

4. DRSଌఆͱ DSCଌఆͰ͸Թ౓ཤྺͷҧ͍ʹΑΓෆౚ༹ӷ૬ͷθϥνϯೱ౓͕ҟͳͬͨɻ
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Table 4.1 Tm,onset, Tm,peak, ∆H, and Cg,UCP[∆H] for gelatin-water mixtures with various Cg.

Cg (wt%) Tm,onset (ˆ) Tm,peak (ˆ) ∆H (J/g) Cg,UCP[∆H] (wt%)

10 -3.9 -1.0 271 54

20 -4.5 -1.3 215 57

30 -5.0 -2.3 164 59

40 -6.6 -3.3 71 51
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Figure 4.1 DSC thermogram of gelatin-water mixtures.
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Figure 4.2 Frequency dependence of dielectric permittivities for 30 wt% gelatin-water

mixture. Plots are indicate temperature, ˘-50ˆ, ˙-40ˆ, ˓-30ˆ, ˔-20ˆ, ˖-16ˆ,

˗-12ˆ, ˚-8ˆ, ˛-4ˆ, 5ˆ, ˜ 15ˆ, and ˝ 25ˆ.
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Figure 4.3 Frequency dependence of dielectric permittivity for 30 wt% gelatin-water

mixture at -12ˆ. Curves are obtained by fitting procedure.
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Figure 4.4 Temperature dependence of the relaxation time (a), strength (b), and β (c)

for 10 (˓), 20 (˘), 30 (˚), and 40 (˜) wt% gelatin-water mixtures. Lines in panel (b)

are obtained by least square fit for the plots at temperatures above 1ˆ.
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Figure 4.5 Temperature dependence of Cg,UCP for 10 (˓), 20 (˘), 30 (˚), and 40

(˜) wt% gelatin-water mixtures.
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Figure 4.6 Cg,UCP dependence of the relaxation time (a) and β (b) for 10 (˓), 20 (˘),

30 (˚), and 40 (˜) wt% gelatin-water mixtures. indicate the data of pure water.[5]
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Figure 4.7 Relation ship between the relaxation strength for process I and Cg at ʵ

40 ˆ. Line is obtained by least square fit for the data of 10 to 30 wt% gelatin-water

mixtures.
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Figure 4.8 Relation ship between amount of uncrystallized water and Cg. Line is

obtained by least square fit for the data of 10 to 30 wt% gelatin-water mixtures.
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Figure 4.9 Cg dependence of Cg,UCP obtained by DRS (˔) and DSC (˙) measurements.
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సҠ

5.1 എܠ

ଳҬ༠ి෼ޫ๏ʢbroadband޿ dielectric spectroscopyɺBDSʣΛ༻͍ͨ෼ྔࢠͷখ͞ͳ༹࣭

Λ༻͍ͨණ݁͠ͳ͍ਫ༹ӷͷ෼ࢠӡಈ΍ΨϥεసҠʹؔ͢Δڀݚ͸਺ଟ͘ͳ͞Ε͖͕ͯͨɺߴ෼

͸͋·Γଟ͘ͳ͘ɺ·ͨɺ༹ӷதͷෆ७෺ͱͯ͠ͷΠΦϯʹΑΔڀݚΛ༹࣭ʹ༻͍ͨ௿ԹͰͷࢠ

େ͖ͳిۃ෼ۃ΍௚ྲྀిؾ఻ಋੑ෼ͷӨڹʹΑΓɺα؇࿨ʹ૬౰͢Δ؇࿨աఔͱͦͷΨϥεసҠ

ʹ͍ͭͯ͸ใ͕ࠂͳ͞Ε͍ͯͳ͍ɻ࣮ࣄɺCervenyΒ΋ BDSʹΑΔߴ෼ࢠਫ༹ӷͷ α؇࿨ͷ؍

ଌ͸্هͷཧ༝ʹΑΓࠔ೉Ͱ͋Δͱ͍ͯ͑ߟΔɻ͔͠͠ɺࣨԹͰߦΘΕͨ BDSΛ༻͍͍͔ͨͭ͘

ͷڀݚ [1, 2] Ͱ͸ߴ෼ࢠ༝དྷͷ؇࿨ɺͭ·Γ α؇࿨Ͱ͋Δͱ͑ߟΒΕΔ؇࿨͕؍ଌ͞Ε͍ͯΔɻ͜

ΕΒͷڀݚʹΑΕ͹ɺߴ෼ࢠਫ༹ӷதʹ͸ 2ͭͷ؇࿨աఔ͕ଘ͢ࡏΔ͜ͱ͕໌Β͔ʹͳ͓ͬͯΓɺ

ͦΕͧΕߴ෼ࢠͱਫͷ෼ࢠӡಈʹىҼ͢Δͱ͑ߟΒΕͨɻBDS Ͱ͸ߴ෼ࢠਫ༹ӷதͷ α ؇࿨Λ

ཚ๏ʢNewtronࢄࢠଌ͢Δ͜ͱ͕೉͍͠ͷͰɺCervenyΒ͸தੑ؍ ScatteringɺNSʣΛ༻͍ͯӷ

ମ͔ΒΨϥεঢ়ଶ·Ͱͷߴ෼ࢠਫ༹ӷதʹଘ͢ࡏΔ α؇࿨ͱਫͷہॴతͳӡಈʹىҼ͢Δ ν ؇࿨

ͷ؍ଌΛ࣮ͨ͠ࢪɻϙϦϏχϧϐϩϦυϯʢpolyʢvinyl pyrrolidoneʣɺPVPʣ[3, 4] ͱϙϦϏχϧ

ϝνϧΤʔςϧʢpolyʢvinyl methyl etherʣɺPVMEʣʣ[5, 6] ͷͦΕͧΕͷਫ༹ӷͰ NSͱ BDS

Λ༻͍ͯͦͷ෼ࢠӡಈ͕ௐ΂ΒΕͨɻɹ͜ΕΒͷڀݚͰ͸ɺ७ਮͳ PVMEͰ͸ BDSɺNSͱ΋

ʹ α؇࿨Λ؍ଌ͢Δ͜ͱ͕Ͱ͖ɺ྆ऀͷ؇࿨࣌ؒ͸Α͘Ұகͨ͠ɻ[6] ͜ΕΑΓɺNSͰ؍ଌ͞Ε

ͨ PVME[6]ɺPVP[4] ਫ༹ӷதͷ α؇࿨ͷ؇࿨࣌ؒ͸Ͳ͏΍Β͔֬Β͍͠ͱ͍͏͜ͱ͕ࣔ͞Εͨɻ

͔͠͠ɺNSʹΑΔ෼ࢠӡಈͷ؇࿨࣌ؒͷଌఆ͸ɺͦͷ؍ଌ࣌ؒ૭ͷ͞ڱ΍ղੳͷ೉͔͠͞Βɺ

Reprinted with permission from The Journal of Physical Chemistry B 2016 120 (27), 6882-6889. Copy-

right 2016 American Chemical Society.
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Ͱ͸ɺNSʹΑΓಘΒΕͨڀݚఠ͞ΕΔɻPVMEͱͦͷਫ༹ӷͷࢦ೉Ͱ͋Δ͜ͱ͕͠͹͠͹ࠔ α

؇࿨ͷ؇࿨࣌ؒ͸ɺจݙ 6ͷਤ 3ʹࣔ͞ΕΔΑ͏ʹɺಛʹ७ਮͳ PVMEͰͷଌఆ͕ NSͱ BDS

ͱͰΑ͘Ұக͢Δ͜ͱ͔Βɺ΋ͬͱ΋Β͍͠ͱ͑ߟΒΕΔɻͰ͸ PVPͷ৔߹͸Ͳ͏Ͱ͋Ζ͏͔ɻ

PVPॏਫ༹ӷதͷ PVPͷ؇࿨ͷԹ౓ґଘੑ͸ɺBusselezΒ͕ใͨ͠ࠂจݙ 4ͷਤ 7ʢcʣதͰ

੺͍࢛֯ͷϓϩοτͰࣔ͞Ε͍ͯΔɻҰݟɺPVP-ॏਫ༹ӷதͷ α ؇࿨͕؍ଌ͞Ε͔ͨͷΑ͏ʹ

Δ͕ɺ298͑ݟ Kʹ͓͚Δ PVPਫ༹ӷதͷ PVPͷ؇࿨࣌ؒ [2] ͱ NSͰ؍ଌ͞Εͨ؇࿨࣌ؒ [4]

͸Ұக͠ͳ͍ɻ͜Ε͸ NS ʹΑΔଌఆͷ؍ଌ࣌ؒ૭͕ PVP ͷ؇࿨ͷଌఆʹ͸ෆे෼Ͱ͋Δ͜ͱ

Λ͓ࣔࠦͯ͠ΓɺPVPਫ༹ӷʹ͓͍ͯ͸ BDSͱ NSͰଌఆ͞ΕΔ؇࿨࣌ؒ͸௚઀ൺֱ͢Δ͜ͱ

͕Ͱ͖ͳ͍͜ͱΛҙຯ͍ͯ͠Δɻ

ຊڀݚͰ͸ PVPΛਫ਼੡͠ෆ७෺ΛऔΓআ͘͜ͱͰ BDSʹΑΔ PVPਫ༹ӷதͷ α؇࿨ͷ؍ଌ

ΛՄೳʹ͠ɺԹ౓ൣғ 298 K͔Β 123 Kɺೱ౓ 60ɺ65ɺ70 wt%ͷ PVPਫ༹ӷதͷਫɺPVPͷ

؇࿨ͱͦΕͧΕͷؔ͠࡯ߟ͍ͯͭʹ܎ɺߴ෼ࢠਫ༹ӷʹ͓͚Δਫͷ Fragile-to-StrongసҠͱΨϥ

εసҠԹ౓ͷؔ͢ٴݴ͍ͯͭʹ܎Δɻ

5.2 ݧ࣮

ຊڀݚͰ༻͍ͨ PVP͸ Sigma Aldrich͔ࣾΒߪೖͨ͠ॏྔฏۉ෼ྔࢠɺMw = 10,000 g/mol

ͷ΋ͷͰ͋Δɻਫ༹ӷΛௐ੡͢Δલʹిۃ෼ۃ΍௚ྲྀిؾ఻ಋੑ෼ΛݮΒͨ͢ΊɺΠΦϯަ׵थ

ɻPVPͨͬߦΑΔ୤ԘΛʹࢷ ਫ༹ӷ͸ PVP ೱ౓ 60ɺ65ɺ70 wt% ͱͳΔΑ͏ʹ७ਫʢൺ఍߅

18.2 MΩcmʣͱ PVPΛࠞ߹ͨ͠ɻ

BDS ଌఆ͸प೾਺ൣғ 20 mHz ͔Β 3 GHz ͷൣғͰ͍ߦɺAlpha analyzerʢNovocontrolɺ

10 mHz ͔Β 10 MHzʣɺimpedance analyzerʢIAɺAgilentɺ4294Aɺ40 Hz ͔Β 110 MHzʣɺ

impedance/material analyzerʢIMA, Hewlett-Packardɺ4291Aɺ1 MHz͔Β 1.8 GHzͱAgilentɺ

E4991Aɺ1 MHz ͔Β 3 GHzʣΛ༻͍ͨɻIA ͱ IMA ͷଌఆʹ͓͚ΔԹ౓ίϯτϩʔϧʹ͸

Kleemenko CoolerʢMMR TechnologiesɺBio120ʣɺ·ͨ͸ࣗ࡞ͷӷମ஠ૉΛ༻͍ͨྫྷ٫γε

ςϜΛ༻͍ɺ153 K ͔Β 298 K ͷԹ౓ൣғΛ 5 K ͝ͱʹɺͦΕͧΕͷԹ౓Ͱ ±0.1 K ʹԹ౓

Λ҆ఆͤͨ͞ɻAlpha analyzer ʹΑΔଌఆʹ͓͚ΔԹ౓ίϯτϩʔϧʹ͸ Quatro cryosystem

ʢNovocontrolʣΛ༻͍ɺ123 K͔Β 298 KͷԹ౓ൣғΛ 5 K͝ͱʹɺͦΕͧΕͷԹ౓Ͱ ±0.01 K

ʹԹ౓Λ҆ఆͤͨ͞ɻଌఆʹ͸ಉ৺ԁঢ়ͷిۃΛ༻͍ɺIAɺIMAͷଌఆͰ͸಺ܘ 3.5 mmͷ֎෦

ಋମͱ֎ܘ 2.0 mmɺ௕͞ 2.0 mmͷத৺ಋମΛ༻͍ͨɻ͜ͷిۃͷزԿ༰ྔ͸ 0.23 pFͰ͋ͬ

ͨɻAlpha AnalyzerͷଌఆͰ͸಺ܘ 24.0 mmͷ֎෦ಋମͱ֎ܘ 19.0 mmͷத৺ಋମΛ༻͍ͨɻ

͜ͷిۃͷزԿ༰ྔ͸ 1.11 pFͰ͋ͬͨɻ

ΨϥεసҠԹ౓Λܾఆ͢ΔͨΊʹͨͬߦ DSCଌఆʹ͸ DSC7ʢPerkin-ElmerʣΛ༻͍ͨɻଌ
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ఆࢼྉ͸Ξϧϛ੡ͷ༰ثʹ෧ೖ͞Ε஠ૉΨεԼͰଌఆΛͨͬߦɻࢼྉ͸·ͣɺ298 K͔Β 208 K

ʹ 10 K/minͷ଎͞Ͱྫྷ٫͞Εɺͦͷޙ 5෼อԹͨ͠ɻͦͷޙɺ298 K·Ͱ 10 K/minͷ଎͞Ͱ

Ճ೤͠ɺଌఆΛͨͬߦɻDSC7͸ଌఆͷ௚લʹϕϯθϯͱδΫϩϩΤλϯͰߍਖ਼Λͨͬߦɻ

5.3 ݁Ռ

ਤ 5.1ʹ 60ɺ65ɺ70 wt%PVPਫ༹ӷͷ೤෼ੳͷ݁ՌΛࣔ͢ɻຊڀݚͰ͸೤෼ੳʹΑΓಘΒΕ

ΔΨϥεసҠԹ౓Λ T g,DSCͱ͠ɺਤதͷεςοϓͷத৺Թ౓Λ T g,DSCͱͨ͠ɻਤ͔ΒɺT g,DSC

͕ PVPೱ౓ͷ௿Լͱͱ΋ʹ௿͘ͳΔ͜ͱ͕Θ͔Δɻද 5.1ʹ֤ೱ౓Ͱͷ T g,DSC Λ·ͱΊͨɻ

ਤ 5.2ʹଌఆʹΑΓಘΒΕ༷ͨʑͳԹ౓ʹ͓͚Δ 60 wt%PVPਫ༹ӷͷෳૉ༠ి཰ͷप೾਺ґ

ଘੑΛࣔ͢ɻ263 K Ͱ 100 MHz ෇ۙʹରশతͳ͕޿ΓΛ࣋ͭ؇࿨͕؍ଌ͞Εͨɻ͜ͷ؇࿨Λ h

؇࿨ͱݺͿɻ࣮਺෦͔Β h؇࿨ͷ௿प೾ଆɺ10 kHz෇ۙʹผͷ؇࿨͕ଘ͢ࡏΔ͜ͱ͕Θ͔Δɻ͜

ͷ؇࿨Λ l ؇࿨ͱݺͿɻ͜ΕΒ 2ͭͷ؇࿨աఔ͸Թ౓ͷ্ঢͱͱ΋ʹߴप೾ଆ΁Ҡಈͨ͠ɻ2ͭ

ͷ؇࿨աఔɺhɺl؇࿨͸ͦΕͧΕਫɺPVPͷӡಈͰ͋Δͱ͑ߟΒΕΔɻͦΕͧΕͷؼଐʹؔ͢Δ

ٞ࿦͸ޙड़͢ΔɻຊڀݚͰ͸ΠΦϯަ׵थࢷʹΑΔ PVP ͷਫ਼੡Λͨͬߦɻ͜ΕʹΑΓɺ͜Ε·

ͰෆՄೳͰ͋ͬͨ PVPਫ༹ӷதͷ PVPͷ؇࿨ͷ؍ଌ [3, 7] ͕Մೳͱͳͬͨɻ

͜ΕΒͷ؇࿨Λಛ௃͚ͮΔͨΊɺh؇࿨ʹ͸ Cole-Coleͷࣜɺl؇࿨ʹ͸Kohlrausch-Williams-

WattsʢKWWʣͷࣜΛ༻͍ɺ͞Βʹిۃ෼ۃͱ௚ྲྀిؾ఻ಋੑ෼ͷ࿨ͱͯ͠ҎԼͷࣜΛ༻͍ͨ

ΧʔϒϑΟοτΛͨͬߦɻ

ε∗ = ε∞ +
h,EP∑

k

∆εk

1 + (iωτk)
βk

+∆εl

∫ ∞

0

[
−dΦl

dt

]
exp(−jωt)dt (5.1)

+
σ

iωε0
,

ͨͩ͠

Φα(t) = exp

[
−
(

t

τl

)βKWW
]
,

͜͜Ͱ ε0 ͸ਅۭͷ༠ి཰ɺε∞ ͸؇࿨աఔͷߴप೾ݶքͰͷ༠ి཰ɺτ ͸؇࿨࣌ؒɺω ͸֯प೾

਺ɺσ ͸ಋి཰ɺβ ͱ βKWW (0 < β, βKWW ≤ 1) ͸ରশɺඇରশͳϐʔΫͷ͕޿ΓΛද͢ύϥ

ϝʔλͰ͋Δɻਤ 5.3ʹΧʔϒϑΟοτͷྫͱͯ͠ 263 Kʹ͓͚Δ 60 wt%PVPਫ༹ӷʹ͓͚Δ

ෳૉ༠ి཰ͷप೾਺ґଘੑΛΧʔϒϑΟοτʹΑΓಘΒΕͨ؇࿨ۂઢͱͱ΋ʹࣔ͢ɻ͞Βʹɺి

ઢ΋ࣔͨ͠ɻۂ఻ಋੑ෼Λࠩ͠Ҿ͍ͨ؇࿨ؾͱ௚ྲྀిۃ෼ۃ

ਤ 5.4ʢaʣʹ 60ɺ65ɺ70 wt%PVPਫ༹ӷͷ؇࿨࣌ؒͷԹ౓ґଘੑΛࣔ͢ɻl؇࿨ͷ؇࿨࣌ؒɺ
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τl ͸Թ౓ͷݱ৅ͱͱ΋ʹܹٸʹେ͖͘ͳͬͨɻBDSଌఆͰ͸؇࿨͕࣌ؒ 100 s͔Β 1000 sʹͳ

ΔԹ౓͕ T g ͱఆٛ͞ΕΔɻΑͬͯɺT g,l ͸ҎԼͷ VFࣜΛ༻͍ͯٻΊΔ͜ͱ͕Ͱ͖Δɻ

τ = τ∞,VF exp

(
A

T − T0

)
, (5.2)

͜͜Ͱ T ͸ઈରԹ౓ɺτ∞,VFɺAɺT0 ͸ϑΟοςΟϯάύϥϝʔλͰ͋Δɻͨͩ͠ τ∞,VF ͸-10

ҰఆͰ͋Δͱͨ͠ɻೱ౓ʹґଘ͠ͳ͍ τ∞,VF ͸ແ༹ੑۃഔதͰͷہॴతͳߴ෼࠯ࢠͷӡಈʹؔ͢

ΔڀݚΛߟࢀʹͨ͠ɻ[8–10] ͜ΕΒͷ AɺT 0ɺT g,l Λද 5.1ʹ·ͱΊͨɻ؇࿨࣌ؒͷԹ౓ґଘੑ

͕Ͳͷఔ౓ΞϨχ΢εଇ͔Βҳ୤͍ͯ͠Δ͔Λௐ΂Δํ๏ͱͯ͠ɺfragilityͱݺ͹ΕΔ஋͕͋Δɻ

͜Ε͸ AngelʹΑͬͯఏҊ͞Εɺ༷ʑͳΨϥεܗ੒෺࣭ͷ α؇࿨ͷ؇࿨࣌ؒ΍೪ੑ཰ʹ͍ͭͯௐ

΂ΒΕ͖ͯͨɻ[11] ͜ͷ fragilityɺm͸ҎԼͷࣜͰٻΊΒΕΔɻ

m =
d [log τ ]

d (Tg/T )T=Tg

(5.3)

ͭ·Γɺm͸ VF͸ࣜͷύϥϝʔλΛ༻͍ͯ

m =
A

Tg

(
1−

(
T0

Tg

))2 (5.4)

ͱදݱͰ͖Δɻࢉܭͷ݁Ռɺm͸ PVPೱ౓ͷ૿Ճʹͱ΋ͳͬͯ૿Ճ͢Δ͜ͱ͕Θ͔ͬͨɻPVP

ਫ༹ӷͷ l ؇࿨ͷ؇࿨࣌ؒͷԹ౓ґଘੑ͔Β͞ࢉܭΕͨmΛද ؇ɻҰํɺh؇࿨ͷͨͤࡌʹ5.1

࿨࣌ؒɺτh ͷԹ౓ґଘੑ͸ߴԹͰ͸ VFܕͰ͋Δ͜ͱ͕Θ͔Δɻ͔͠͠ɺ͜ͷԹ౓ґଘੑ͸௿Թ

΁͸ଓ͔ͣɺҎԼͷࣜͰ༩͑ΒΕΔΞϨχ΢εܕ΁ͱมԽͨ͠ɻ

τ = τ∞,Arr exp

(
∆E

RT

)
, (5.5)

͜͜Ͱɺτ∞,Arr ͸ϑΟοςΟϯάύϥϝʔλɺR͸ؾମఆ਺ɺ∆E ͸ੑ׆ԽΤωϧΪʔͰ͋Δɻ͜

ͷԹ౓ґଘੑͷมԽ͸ਫͷ Fragile-to-StrongసҠʢFragile-to-Strong transitionɺFSTʣͰ͋Δɻ

ਤ 5.4ʢbʣʹ ∆εͷԹ౓ґଘੑΛࣔ͢ɻlɺh؇࿨ͷ؇࿨ڧ౓ɺ∆εlɺ∆εh ͸ PVPೱ౓ʹґଘ

͠ɺPVPೱ౓ͷ૿Ճʹͱ΋ͳͬͯ∆εh ͸ݮগ͠ɺ∆εl ͸૿Ճͨ͠ɻ࣍ʹ∆εlɺ∆εh ͷԹ౓ґଘੑ

ʹ͍ͭͯड़΂Δɻ∆εlɺ∆εh ͸ T g,l Ҏ্ͷԹ౓ҬͰ͸Թ౓ͷ௿Լͱͱ΋ʹ૿Ճͨ͠ɻҰํɺT g,l

ҎԼͰ͸ ∆εh ͸Թ౓มԽʹ΄΅ґଘ͠ͳ͘ͳͬͨɻ

ਤ 5.4ʢcʣʹ β ͱ βKWW ͷԹ౓ґଘੑΛࣔ͢ɻβ ͱ βKWW ͸ PVPೱ౓ͷ૿Ճʹͱ΋ͳͬͯ

গͨ͠ɻl؇࿨ͷݮ βKWW ͸Թ౓ʹґଘͤͣ΄΅ҰఆͰ͋ͬͨɻҰํɺh؇࿨ͷ β ͷԹ౓ґଘੑ

͸ T g,l Ҏ্Ͱ͸Թ౓ͷ௿Լʹରͯ͠ݮগ͕ͨ͠ɺT g,l ҎԼͰ͸΄΅ҰఆͰ͋ͬͨɻ
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5.4 ࡯ߟ

5.4.1 ؇࿨աఔͷؼଐ

ഔΛ༻͍༷ͯʑͳԹ౓ɺೱ༹ੑۃॳɺແ࠷͸ɺڀݚͷ؇࿨աఔʹ͍ͭͯͷࢠ෼ߴӷதͷ༹ࢠ෼ߴ

౓ͰߦΘΕͨɻ[9] ແ༹ੑۃഔΛ༻͍ͨߴ෼༹ࢠӷதͰ͸ߴ෼ࢠͷ؇࿨͸໌֬ʹ؍ଌ͞ΕΔɻ͜Ε

͸༹ഔ෼͕ࢠ༠ి؇࿨Λࣔ͞ͳ͍ͨΊͰ͋Δɻ

͍ͨ༺ഔΛ༹ੑۃ PVP༹ӷͷڀݚ͸༹ഔͱͯ͠ɺਫ [2, 12]ɺΞϧίʔϧ [2]ɺΤνϨϯάϦίʔ

ϧΦϦΰϚʔ [13]ɺΫϩϩϗϧϜ [14] Λ༻͍ͯߦΘΕ͖ͯͨɻ͜ΕΒͷڀݚͰ͸ɺ298 Kʹ͓͍ͯ

͸ 100 MHzҎ্ͷप೾਺ҬʹҰͭɺ10 MHzҎԼͷप೾਺ҬʹҰͭ؇࿨͕؍ଌ͞Εͨɻ[2, 2, 12–14]

10 MHzҎԼͷप೾਺Ҭʹଘ͢ࡏΔ؇࿨͸ PVPͷηάϝϯτͷӡಈɺ100 MHzҎ্ͷप೾਺Ҭ

ʹଘ͢ࡏΔ؇࿨͸༹ഔͷہॴతͳӡಈʹΑΔ΋ͷͰ͋Δͱ͑ߟΒΕ͓ͯΓɺ͜ΕΒͷ؇࿨ͷؼଐ

ʹ͍ͭͯ͸ৄ͘͠ௐ΂ΒΕ͖ͯͨɻ·ͣɺ͢΂ͯͷ PVP ༹ӷʹ͓͍ͯɺPVP ͷ෼ࢠӡಈʹى

Ҽ͢Δ؇࿨ɺ༹ഔʹىҼ͢Δ؇࿨ͷͦΕͧΕͷ؇࿨ڧ౓͸ PVP ೱ౓ͷ૿Ճʹରͯͦ͠ΕͧΕ૿

Ճɺݮগͨ͠ɻ͜ΕΒͷ؇࿨ڧ౓Λ༻༹͍ͯӷதͰͷ PVPͷ༗ޮͳ૒ࢠۃϞʔϝϯτʢeffective

dipole momentɺµeffʣ͕ OnsagerͷࣜΛ༻͍ͯ͞ࢉܭΕͨɻ[1] ༹ӷதͷ PVP܁Γฦ͠୯Ґ͋

ͨΓͷ µeff ͸ PVPʹ༝དྷ͢Δ؇࿨ͷߴप೾ଆͷ༠ి཰Λ༻͍ͯ͞ࢉܭΕΔɻͦͷ݁Ռɺ਺஋ܭ

ΕͨਅۭதͰͷ͞ࢉ PVP܁Γฦ͋ͨ͠Γͷ µeff ͱߴप೾ଆͷ༠ి཰Λ̍ʹ֎ૠͨ࣌͠ͷ µeff ͕

Α͘Ұகͨ͠ɻ͜ΕΑΓɺ؍ଌ͞Εͨ PVP༹ӷதͷ PVPͷ؇࿨͸ɺ७ਫͳ PVPͰ؍ଌ͞ΕΔ

Λ࣋ͭ͜ͱ͕໌Β͔ʹͳͬͨɻ[1]ݯىͷΏΒ͗ͱಉ͡࠯ࢠ෼ߴॴతͳہ ͞Βʹɺ༹ӷதͷ PVP

ͷ؇࿨࣌ؒ͸༹ഔͷ೪ੑʹґଘ͢Δ͜ͱ͕Θ͔͍ͬͯΔɻ[2, 14] Ҏ্ͷ࣮͔࣮ࣄݧΒɺ100 MHz

Ҏ্͓Αͼ 10 MHzҎԼͰ؍ଌ͞Εͨ 2ͭͷ؇࿨͸ͦΕͧΕ༹ഔɺPVPͷηάϝϯτͷӡಈͰ

͋Δ͜ͱ͕෼͔Δɻ͜Ε͸ͭ·ΓɺຊڀݚͰ؍ଌ͞Εͨ lɺh؇࿨͸ͦΕͧΕਫͱ PVPʹىҼ͢

Δ͜ͱΛҙຯ͍ͯ͠Δɻ

5.4.2 l؇࿨ͱ h؇࿨ͷؔੑ܎

͜Ε·Ͱʹ༹࣭ͱͯ͠λϯύΫ࣭ [15–18]ɺ౶ [19–24]ɺΞϧίʔϧ [25–32]ɺ߹੒ߴ෼ࢠ [3–6] Λ༻͍

༷ͨʑͳਫ༹ӷͷΨϥεసҠ͕ BDSΛ͍࣋ͪͯௐ΂ΒΕ͖ͯͨɻ͜ΕΒͷڀݚͱൺֱͯ͠ PVP

ਫ༹ӷͰ͸ࣨԹͰ͢Ͱʹ̎ͭͷ؇࿨ɺlɺh؇࿨͕؍ଌ͞ΕΔͱ͍͏఺ͰϢχʔΫͰ͋Δɻ౶΍Ξ

ϧίʔϧΛ༹࣭ͱͯ͠༻͍ͨਫ༹ӷͷΨϥεసҠʹؔ͢ΔڀݚͰ͸ɺԹ౓ͷ௿Լʹ൐ͬͯࣨԹͰ

͸ҰͭͰ͋ͬͨ؇࿨͕ α؇࿨ͱ ν ؇࿨ʹ෼཭͢ΔɻҰํɺλϯύΫ࣭΍߹੒ߴ෼ࢠΛ༹࣭ͱͨ͠

ਫ༹ӷͰ͸͜͏͍ͬͨ෼཭͸؍ଌ͞Ε͍ͯͳ͍ɻ͜Ε͸༹࣭ͷ T g ͕ൺֱతߴԹͰ͋Δ͜ͱ͕ͦ
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ͷݪҼͱͯ͑͠ߟΒΕΔ͕ɺະͩ͞ূݕΕ͍ͯͳ͍໰୊ͷҰͭͰ͋ΔɻຊڀݚͰ؍ଌ͞Εͨ PVP

ਫ༹ӷதͷ τh ͷԹ౓ґଘੑ͸ҎԼͷ఺Ͱ͜Ε·Ͱʹௐ΂ΒΕ͖ͯͨਫ༹ӷͰ؍ଌ͞Εͨ ν ؇࿨

ͱಉ͡ಛ௃Λ࣋ͭɻ1ʣਫͷ FST͕ T g Ͱ͜ىΔɻ[3, 19–21,23–30,33] 2ʣT g ҎԼͷԹ౓ҬͰͷ∆E

͕͓Αͦ 50 kJ/molͰ͋Δɻ[3, 17,19,23,29,30,33] 3ʣࣨԹͰਫͷ؇࿨࣌ؒͱҰக͢Δɻ[19]

ਤ 5.5ʹ 65 wt%PVPਫ༹ӷͷ DSCΧʔϒͱ؇࿨࣌ؒͷԹ౓ґଘੑΛࣔͨ͠ɻl؇࿨ͷ؇࿨࣌

ؒͷԹ౓ґଘੑ͸ VFࣜͰΑ͘ද͢͜ͱ͕Ͱ͖ͦͷ T g,l ͸ T g,DSC ͱΑ͘Ұகͨ͠ɻ͞Βʹ l؇

࿨͸ɺVFܕͷԹ౓ґଘੑΛ࣋ͭ͜ͱ΍ɺ؇࿨ڧ౓͕Թ౓ͷ௿Լͱͱ΋ʹ୯ௐʹେ͖͘ͳΔ͜ͱɺ

ϐʔΫΛ࣋ͭ͜ͱ͔Β͕ͨͬ޿प೾ଆ͕ߴ PVPਫ༹ӷͷ α؇࿨Ͱ͋Δͱ͍͑Δɻ͜ͷ͜ͱ͔Βɺ

l ؇࿨͸Ψϥεܗ੒෺࣭ʹීวతʹଘ͢ࡏΔଟ਺ͷ෼ࢠͷڠಉతͳ෼ࢠӡಈʹىҼ͢Δ α ؇࿨Ͱ

͋Δͱ͑ߟΒΕΔɻ͜͜ͰҰͭٙ໰͕ੜ͡ΔɻͦΕ͸ l ؇࿨͸ԿͷڠಉతͳӡಈͰ͋Δͷ͔ͱ͍

͏͜ͱͰ͋ΔɻՄೳੑͱͯ͠ɺߴ෼ࢠಉ࢜ͷڠಉతͳӡಈɺߴ෼ࢠͱਫͷڠಉతͳӡಈɺͦͯ͠

ͦͷͲͪΒͱ΋ΛؚΉڠಉӡಈͷࡾछྨ͕͑ߟΒΕΔɻߴ෼༹ࢠӷʹ͓͚Δߴ෼ࢠͷڠಉతͳӡ

ಈ͸ߴ෼ؒ࠯ࢠͷഉআମੵޮՌ͕ͦͷݪҼͰ͋Δɻͭ·Γɺߴ෼ؒ࠯ࢠͷ૬࡞ޓ༻͸ຎࡲͰ͋Γɺ

ೱ౓ͷ૿Ճʹ൐ͬͯ؇࿨͕࣌ؒେ͖͘ͳΔɻ[14]ࢠ෼ߴ PVP ΫϩϩϗϧϜ༹ӷͷڀݚ [14] Ͱ͸ɺ

PVPͷ؇࿨ͷ؇࿨͕࣌ؒ PVPೱ౓ͷࣗ৐ʹൺྫɺͭ·Γ؇࿨͕࣌ؒୈ 2ϏϦΞϧ܎਺ͷؔ਺Ͱ

͋Δ͜ͱ͔ΒɺPVPΫϩϩϗϧϜ༹ӷதͷ PVPͷ؇࿨͸ߴ෼ࢠಉ࢜ͷڠಉӡಈͰ͋Δͱղऍ͞

Εͨɻ·ͨɺ͜Ε·ͰʹߦΘΕͨ෼ྔࢠͷখ͞ͳ༷ʑͳ༹࣭Λ༻͍ͨਫ༹ӷͷڀݚͰ͸ɺࣨԹ෇

ۙͷ͍ߴԹ౓ͰҰͭͷ؇࿨͕؍ଌ͞ΕɺԹ౓ͷ௿Լʹͱ΋ͳͬͯΫϩεΦʔόʔԹ౓ɺTcɺͱݺ

͹ΕΔԹ౓Λڥʹɺ༹࣭෼ࢠͱ༹ഔ෼ࢠͷڠಉӡಈͰ͋Δ α؇࿨ͱਫͷہॴతͳӡಈͰ͋Δ ν ʹ

෼཭ͨ͠ɻ͜ͷͱ͖ɺν ؇࿨ͷ؇࿨ڧ౓ɺ∆εν ͸Թ౓ͷ௿Լʹͱ΋ͳͬͯ Tc ·Ͱ͸૿Ճ͕ͨ͠ɺ

௿ԹͰ͸ʹߋ Tg ·Ͱݮগ͠ɺTg ҎԼͰ͸Թ౓ʹ΄΅ґଘ͠ͳ͘ͳͬͨɻ͞ΒʹɺTc ͱ Tg ͷؒ

Ͱͷ ∆εν ͱ α؇࿨ͷ؇࿨ڧ౓ͷ࿨͕ Tc Ҏ্Ͱ؍ଌ͞Εͨ؇࿨ͷ؇࿨ڧ౓ͷԹ౓ґଘੑͷ֎ૠ஋

ͱΑ͘Ұகͨ͠ɻ͜Ε͸ ν ؇࿨ʹد༩͍ͯͨ͠ਫͷӡಈ͕Թ౓ͷ௿Լͱͱ΋ʹ α؇࿨ʹد༩࢝͠

Ίͨ͜ͱ͕ݪҼͰ͋Δͱ͑ߟΒΕͨɻ͜ΕΑΓɺ௿෼ྔࢠ෼ࢠΛ༹࣭ͱͨ͠ਫ༹ӷͰ͸ α؇࿨͸

ਫͱ༹࣭෼ࢠͷڠಉతͳӡಈͰ͋Δͱ݁࿦෇͚ΒΕͨɻ͔͠͠ɺຊڀݚͰ༻͍ͨ PVP ਫ༹ӷͰ

͸∆εh ͸ Tg Ҏ্Ͱݮগ͠ͳ͍ɻ͜ΕΒͷ͜ͱ͔Βɺl؇࿨͸ߴ෼࠯ࢠಉ࢜ͷڠಉӡಈͰ͋Δͱߟ

͑ͨɻ

5.4.3 FSTͱ Tg,l

ઌʹ΋ड़΂͕ͨɺਫ༹ӷதͷਫͷ FST ͸ NS[6, 34–38]ɺNMR[39]ɺMD simulations[38]ɺ

BDS[3–5,18–20,29–31,40,41] Λ༻͍ͯۙ೥੝Μʹௐ΂ΒΕ͍ͯΔɻਫͷ FSTͷݪҼ͸ҎԼͷΑ͏ʹ

੒෺ܗӡಈʹؔ͢ΔཧղʹΑΕ͹ɺΨϥεࢠ੒෺࣭ͰಘΒΕͨ෼ܗΔ͜ͱ͕Ͱ͖ΔɻΨϥε͑ߟ
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࣭ʹ͸ 2ͭͷ෼ࢠӡಈɺα؇࿨ͱ JG β ؇࿨͕ଘ͢ࡏΔɻ[42, 43] α؇࿨ͷ؇࿨࣌ؒ τα ͸ VFܕͷ

Թ౓ґଘੑΛࣔ͠ɺJG β ؇࿨ͷ؇࿨࣌ؒ τJGβ ͸ T g Ҏ্Ͱ͸ VFܕɺT g ҎԼͰ͸ΞϨχ΢ε

ͷԹ౓ґଘੑΛࣔ͢ɻਫͷܕ FSTͰݟΒΕΔਫͷ؇࿨࣌ؒͷԹ౓ґଘੑͷมԽ͸ τJGβ ͷԹ౓ґ

ଘੑ͕ Tg,α ͰมԽ͢Δ͜ͱͱΑ͍ͯ͘ࣅΔɻNgaiͷΧοϓϦϯάϞσϧʹΑΕ͹ɺJG β ؇࿨ͷ

؇࿨࣌ؒ͸ α ؇࿨ͷૉաఔͷ؇࿨࣌ؒͱΑ͘Ұக͢Δɻ[44] ·ͨɺτJGβ ͸ α ؇࿨ͷ؇࿨࣌ؒͱ

βKWW Λͯͬ࢖༧ଌ͢Δ͜ͱ͕Ͱ͖Δɻͭ·Γɺ΋͠ɺβKWW ͕มԽ͠ͳ͚Ε͹ τJG β ͸ τα ͷ

ΈͰܾఆ͞ΕΔ͜ͱΛҙຯ͍ͯ͠Δɻτα ͕ T g Ҏ্Ͱ VFܕͷԹ౓ґଘੑΛ࣋ͭ͜ͱ͸Ψϥεܗ

੒෺࣭ʹ͓͍ͯҰൠతͰ͋ΔɻҰํɺT g ҎԼͷԹ౓Ͱ͸ τα ͸ΞϨχ΢εܕʹมԽ͢Δɻ[45] ͜

Ε͸͕ܥฏߧঢ়ଶͰ͸ͳ͘ͳͬͨ͜ͱʹΑΔ΋ͷͰ͋Δɻ࣮ࣄɺT g ҎԼͷԹ౓ʹ͓͍ͯΨϥεܗ

੒෺࣭ʹΞχʔϧΛ͢ࢪͱ τα ͸ T g Ҏ্ͰಘΒΕΔ VF ͍͍ͯͮۙʹͷԹ౓ґଘੑͷ֎ૠ஋ܕ

͘ɻͭ·ΓɺτJGβ ͷԹ౓ґଘੑͷมԽ͸͕ܥฏߧঢ়ଶ͔Βඇฏߧঢ়ଶ΁ͱมԽͨ͜͠ͱʹ༝དྷ͢

Δͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻ

͔͠͠ɺਫͷ FSTΛઆ໌͢ΔࢼΈ͸ଞʹ΋͋Δɻਫ͕ෆٞࢥͳӷମͰ͋Δ͜ͱ͸Α͘஌ΒΕͯ

͓Γɺͱ͘ʹաྫྷ٫ঢ়ଶʹ͓͍༷ͯʑͳҟৗੑΛ࣋ͭɻ[46] ͜ΕΛઆ໌͢ΔԾઆͷҰͭʹਫͷୈೋ

ྟք఺Ծઆ͕͋Δɻ[47] ͜Ε͸ਫʹ͸ 2ͭͷӷମঢ়ଶ͕ଘͦ͠ࡏͷ 2ͭͷӷମঢ়ଶͷྟք఺ʢୈ 2

ྟք఺ʣपΓͷΏΒ͕͗ਫͷҟৗੑΛ༩͑Δͱ͍͏ํ͑ߟͰ͋Δɻ༷ʑͳऀڀݚɺಛʹ NSΛ༻

͍ͨਓʑ͸ਫΛؚΜͩ෺࣭ͰݟΒΕΔਫͷ FST͕ 2ͭͷӷମঢ়ଶͷؒͷӷ-ӷͷ૬సҠͰ͸ͳ͍

͔ͱ͑ߟɺͦΕ͕ୈ 2ྟք఺ʹ͍ۙԹ౓ 225 KͰ͜ىΔͱͨ͑ߟɻ[34–36,38,48] ͔͠͠ɺഎܠͰ΋

ड़΂ͨΑ͏ʹ NSʹΑΔ෼ࢠӡಈͷ؍ଌʹ͸ͦͷ৴པੑʹ͓͍ͯٙ໰͕͜ىΔɻDosterΒ͸ NS

ʹΑΔλϯύΫ࣭ද໘ʹٵணͨ͠ਫͷ෼ࢠӡಈʹ͍ͭͯͷ݁Ռʹ͍ͭͯɺଌఆ๏ͱղੳख๏Λվ

ળͨ݁͠ՌΛใͨ͠ࠂɻͦ͜Ͱ͸ 225 KͰ͜ىΔͱ͞Ε͍ͯͨਫͷ FST͸ղੳʹΑΔਓҝతͳ

΋ͷͰ͋Γɺਅͷ FST͸ΑΓ௿ԹͰ͋Δ͜ͱ͕ࢦఠ͞Εͨɻ

զʑͷ PVPਫ༹ӷͷ݁Ռʹ໭Δͱɺද 5.1ʹࣔ͢Α͏ʹਫͷ FST͸ l ؇࿨ͷ T g Ͱ͜ىΓͦ

ͷԹ౓ൣғ͸ 215͔Β 240 Kͱ෯͍޿ɻ͜Ε͸ਫͷ FST͕ 225 KͰ͜ىΔͱ͍͏ํ͑ߟΛ൱ఆ

͢Δ΋ͷͰ͋Δɻ͔͠͠ɺզʑͷ݁Ռ͸ਫͷ FST͕ T g Ͱ͜ىΔ͜ͱΛࣔͨ͠΋ͷʹա͗ͣɺਫ

ͷӷ-ӷ૬సҠͱ͕ؔ͋܎Δͷ͔͸ະͩ໌Β͔ʹ͞Ε͓ͯΒͣɺޙࠓͷ՝୊Ͱ͋Δɻ

5.5 ·ͱΊ

60ɺ65ɺ70 wt%PVPਫ༹ӷʹ͍ͭͯɺPVPΛ୤Ԙ͠ BDSଌఆΛ͜͏ߦͱͰߴ෼ࢠͱਫͷ෼

ଌ؍ଌͨ͠ɻಘΒΕͨ݁Ռ͔Β؍ʹԹ౓ͰॳΊͯಉ͍࣌޿ӡಈΛӷମ͔ΒΨϥεঢ়ଶ·Ͱͷ෯ࢠ

͞Εͨ 2ͭͷ؇࿨աఔ͸ PVPͷڠಉӡಈʢl؇࿨ʣͱਫͷ෼ࢠӡಈʢh؇࿨ʣͰ͋Δ͜ͱ͕໌Β

͔ʹͳͬͨɻBDSʹΑΓಘΒΕͨ T g,l ͕ T g,DSC ͱΑ͘Ұகͨ͠ɻT g,l Ͱ͸ h؇࿨ͷ͢΂ͯͷ
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༠ి؇࿨ύϥϝʔλɺτɺ∆εɺβ ͷԹ౓ґଘੑ͕มԽͨ͠ɻಛʹ h؇࿨ͷ τ ͷԹ౓ґଘੑͷมԽ

͸ਫͷ FSTͱݺ͹Εɺଟ͘ͷऀڀݚͷڵຯͷର৅Ͱ͋ΓɺTLʢ225 KʣͰ͜ىΔͱ͍͏ҙݟ΋͋

Δ͕ɺຊڀݚͰಘΒΕͨ݁Ռ͔Βɺਫͷ FST͸ TL Ͱ͸ͳ͘ɺਫ༹ӷͷ T g Ͱ͜ىΔ͜ͱ͕໌Β

͔ʹͳͬͨɻ
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Figure 5.1 DSC thermogram for the 60, 65, and 70 wt% PVP-water mixtures. The

glass transition temperatures are indicated by arrows for each concentration.

Figure 5.2 Frequency dependence of the complex permittivity for the 60 wt% PVP-

water mixture at various temperatures between 123 K and 293 K with a step of 10 K.

The plot color indicates the measured temperatures.
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Figure 5.3 The Fitting results and spectra for the 60 wt% PVP-water mixture at 263

K. The black and red symbols indicate values without and with subtraction of dc con-

ductivity and EP from the spectra, respectively. The black and red solid curves indicate

the fitting results without and with subtraction of dc conductivity and EP from spectra,

respectively. the blue and green dotted lines indicate the h- and l-processes, respectively.

the black dashed and dotted lines indicate dc conductivity and EP, respectively.
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Figure 5.4 Temperature dependence of (a) relaxation time, (b) relaxation strength, and

(c) β and βKWW of the l- and h-processes of the 60, 65, and 70 wt% PVP-water mixtures.

The glass transition temperatures are indicated by the vertical dotted lines. The curves

and lines on panel (a) were determined by the VF and Arrhenius fits, respectively. The

stars are from Ref. 12.
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Figure 5.5 Temperature dependence of (a) heat flow and (b) relaxation time of the l-

and h-processes of the 65 wt% PVP-water mixture. The glass transition temperature is

indicated by the vertical dotted line. The curves and line on panel (b) were determined

by the VF and Arrhenius fits, respectively. The star is from Ref. 12.
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ୈ 6ষ

ਫͷϑϥδϟΠϧʔετϩϯάసҠͱ

ΨϥεసҠԹ౓

6.1 എܠ

͜Ε·Ͱʹड़΂͖ͯͨΑ͏ʹɺਫ΍ਫ༹ӷͷΨϥεసҠ͸ਫ਼ྗతʹௐ΂ΒΕ͓ͯΓɺಛʹਫͷ

ϑϥδϟΠϧ-ετϩϯάసҠʢFragile to Strong transitionɺFSTʣ͸ଟ͘ͷऀڀݚΛऒ͖͚ͭ

ͯ΍·ͳ͍ɻਫͷ FST͸ɺਫͷہॴతͳӡಈͷ؇࿨࣌ؒͷԹ౓ґଘੑ͕Թ౓ͷ௿Լʹͱ΋ͳͬͯ

͋ΔԹ౓ɺTL Ͱ VF͔ܕΒ Arrheniusܕ΁ͱมԽ͢Δ͜ͱͰ͋Γɺʮ͜ͷ͋ΔԹ౓͸ҰମͲΜͳ

Թ౓ͳͷ͔ʯͱ͍͏͜ͱ͕͠͹ٞ͠࿦͞ΕΔɻਫ༹ӷ΍ਫΛؚΜͩ෺࣭Ͱ؍ଌ͞ΕΔਫͷ FSTͷ

ఏࣔ͞Ε͍ͯΔɻ͕ํ͑ߟҼΛઆ໌͢Δ΋ͷͱͯ͠ҎԼͷݪ

1. ɹ TL ͸ 225 K෇ۙͰ͋Γɺਫͷ FST͸Թ౓௿Լʹ൐͏ HDL͔Β LDL΁ͷӷ-ӷͷ૬స

ҠͰ͋Δɻ

2. ɹ TL ͸ਫ༹ӷͷ Tg ͱҰக͠ɺਫͷ FST͸ϚτϦοΫεͷΨϥεԽʹΑΓਫͷ؇࿨ͷӡ

ಈ͕ϚτϦοΫεͷαΠζʹ੍͞ݶΕΔ͜ͱ͕ݪҼͰ͋Δɻ

3. ɹ TL ͸ਫ༹ӷͷ Tg ͱҰக͠ɺਫͷ FST ͸ α ؇࿨ͷ؇࿨࣌ؒͷԹ౓ґଘੑ͕ Tg Ͱ VF

Β͔ܕ ArrheniusܕʹมԽ͢Δ͜ͱ͕ݪҼͰ͋Δɻ

1͸ಛʹ޸ࡉʹด͡ࠐΊΒΕͨաྫྷ٫ਫ΍ɺλϯύΫ࣭ද໘ʹٵணͨ͠ਫͷ෼ࢠӡಈΛதੑࢄࢠ

ཚ๏ʹΑΓଌఆͨ݁͠Ռ [1–6]ɺTL ͕ 225 K෇ۙͰ͋ͬͨ͜ͱͱɺHDLͱ LDLͷڞଘۂઢΛৗ

ѹʹ֎ૠͨ͠Թ౓͕ 225 KͰ͋Δ͜ͱ͔Β݁࿦෇͚ΒΕͨɻ[7] 2͸Ψϥεܗ੒෺࣭Ұൠʹରͯ͠

Ͱ͋Δɻ[8]ํ͑ߟ৅࿦Ͱ͋ΓɺCRRͷ֓೦ΛऔΓೖΕͨݱΘΕΔݴ 3͸Ψϥεܗ੒෺࣭Ұൠʹର

ͯ͠ NgaiʹΑΓఏএ͞Εͨ Coupling ModelʢCMʣͷํ͑ߟͰ͋ΔɻCMͰ͸ α؇࿨ͱ JG β

؇࿨͸ͦΕͧΕڠಉతͳӡಈͱڠಉӡಈʹࢸΔલͷখ͞ͳۭ࣌ؒҬͰ͜ىΔલۦతͳӡಈͱ͑ߟ
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ΒΕɺਫͷہॴతͳӡಈ͸ JG β ؇࿨ʹͦͷಛ௃͕Α͍ͯ͘ࣅΔ͜ͱ͔Β Tg Ͱਫͷ FST͕͜ى

Δɻ[9]

͜͜Ͱ͸޿ଳҬ༠ి؇࿨ଌఆͰௐ΂ΒΕ͖ͯͨ͞·͟·ͳਫ༹ӷ [10–18,18–25] Ͱ؍ଌ͞Εͨ Tg

ͱਫͷ؇࿨࣌ؒͷԹ౓ґଘੑ͕มԽ͢ΔԹ౓ͱͯ͠ఆٛͨ͠ TL Λൺֱ͠ɺ·ͨɺTL ͸ਫ༹ӷͷ

Tg ͱ͠ͳ͕Β΋ਫͷ FST͸Թ౓௿Լʹ൐͏ HDL͔Β LDL΁ͷӷ-ӷͷ૬సҠͰ͋Δ͜ͱΛ৽

͍͠Ϟσϧͱͯ͠ݱ৅࿦తʹઆ໌͢Δɻ

6.2 ݁Ռɺ࡯ߟ

ਤ 6.1ʹ 65 wt%polyʢvinylpyrrolidoneʣʢPVPʣਫ༹ӷͰ؍ଌ͞Εͨ؇࿨͓࣌ؒԹ౓ґଘੑ

[25] Λࣔ͢ɻ·ͨɺ্ͷύωϧʹ͸ DSCۂઢΛࣔ͢ɻୈ 5ষͰٞ࿦ͨ͠Α͏ʹɺPVPਫ༹ӷͰ

͸ h؇࿨͕ਫͷہॴతͳӡಈɺl ؇࿨͕ PVPಉ࢜ͷڠಉతӡಈͰ͋ΔɻPVPਫ༹ӷͰ͸ 2ͭͷ

؇࿨աఔɺh؇࿨ͱ l؇࿨͕؍ଌ͞Εɺਤʹࣔ͢Α͏ʹ l؇࿨ͷ Tg,BDS Ͱ h؇࿨ͷ؇࿨࣌ؒͷԹ

౓ґଘੑ͕มԽ͢Δɻ·ͨɺTg,BDS ͕ Tg,DSC ͱΑ͘Ұக͢Δɻ͜Ε͸ TL = Tg Ͱ͋Δ͜ͱΛ

͍ࣔͯ͠Δɻಉ͡Α͏ʹͯ͠౶ [18–21] ΍ΤνϨϯάϦίʔϧͱͦͷΦϦΰϚʔ [10]ɺ߹੒ߴ෼ࢠ

[14, 25]ɺλϯύΫ࣭ [16, 17,24] Λ༹࣭ʹ༻͍ͨ͞·͟·ͳਫ༹ӷͷ Tg ͱ TL Λௐ΂ͨɻਤ 6.2ʹ TL

ͱ Tg ͷؔ܎Λࣔ͢ɻ͜ͷਤ͔ΒɺͲΜͳਫ༹ӷͰ΋ TL = Tg ͕੒Γཱͭ͜ͱ͕Α͘෼͔Δɻ͜

ͷ͜ͱ͔Βɺਫͷ FST͸ Tg Ͱ͜ىΔ͜ͱ͕Θ͔ͬͨɻͰ͸ਫͷ FSTͱӷ-ӷ૬సҠͷؔ܎͸Ͳ

ͷΑ͏ʹͳ͍ͬͯΔͷͰ͋Ζ͏͔ɻ

͜͜Ͱɺݱ৅࿦తͳ৽͍͠ϞσϧΛ͑ߟΔɻҰൠతʹ෺࣭͸ྫྷ٫͢Ε͹ମੵ͕খ͘͞ͳΔɻTg

Ͱ͸ α؇࿨Λ΋ͨΒ͢෼ࢠͷ࠶഑ྻ͕ౚ݁͠ɺͦͷ෼ࢠͷҐஔ͕ݻఆ͞ΕΔɻ͜ΕΛϚτϦοΫ

εͷౚ݁ͱݺͿɻ࣮ࡍɺTg ҎԼͰ͸ີ౓ͷมԽ͕ͦΕҎ্ͷԹ౓ͱൺֱͯ͠Ժ΍͔ʹͳΔɻҰ

ํɺਫͷہॴతͳ෼ࢠӡಈ͸ Tg ҎԼͰ΋࠶഑ྻ͕ՄೳͰ͋ΓɺԹ౓ͷ௿Լʹͱ΋ͳͬͯମੵ͸খ

͘͞ͳΖ͏ͱ͢Δɻ͔͠͠ɺϚτϦοΫε͕ౚ͍݁ͯ͠ΔͨΊਫͷମੵ͸খ͘͞ͳΕͳ͍ɻ͜Ε

͸্͚͔ݟɺਫʹͱͬͯ͸ෛѹʹͳΔɻͦͷͨΊɺTg ΛڥʹԹ౓ͷ௿Լʹͱ΋ͳͬͯਫ͸ີ౓͕

ঢ়ଶ͔Βີ౓ͷ௿͍ਫͰ͋Δ͍ߴ LDL༷ͷߏ଄ʹసҠ͢Δͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻਤ 6.3ʹ؇࿨

࣌ؒͷԹ౓ґଘੑΛ໛ࣜతʹදͨ͠ɻWinkelΒʹΑͬͯߦΘΕͨΞϞϧϑΝεණͷ༠ి؇࿨ଌఆ

[26] ͔ΒɺLDLͷ؇࿨࣌ؒ͸ HDLͷ؇࿨࣌ؒͱൺֱͯ͠େ͖͍͜ͱ͕Θ͔͍ͬͯΔɻ͜ͷ࣮ࣄ

͔Β΋ Tg Ҏ্Ͱͷਫͷ؇࿨ͷ؇࿨࣌ؒ͸ HDL༷Ͱ͋ΓɺTg ҎԼͰ͸ LDL༷ʹసҠ͍ͯ͠Δͷ

ͩͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻ
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Figure 6.1 Temperature dependence of (a) heat flow and (b) relaxation time of the l-

and h-processes of the 65 wt% PVP-water mixture. The glass transition temperature is

indicated by the vertical dotted line. The curves and line on panel (b) were determined

by the VF and Arrhenius fits, respectively. The circle and square indicate relaxation

time of PVP and water, respectively. The circle and square are from Ref. 25, The star

is from Ref. 27.
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L

Figure 6.2 Relationship between Tg and TL obtained for aqueous mixtures of

poly(vinylpyrrolidone)[25] (red square), gelatin[24] (purple triangle), ethylene glycol

and its oligomers[10](green triangle), bovine serum albumin[17] (purple pentagon),

fructose[18] (open diamond), deoxyribose[20] (left-pointed-open triangle), ribose[20]

(right-pointed-open triangle), galactose[19] (light blue hourglass) and poly(propylene

glycol) (PPG)[14](light green hourglass). Dotted line indicates Tg = TL.

1/T

lo
g
 τ

HDLLDL

Tg

Figure 6.3 Schematic diagram of temperature dependence of relaxation time of water

in aqueous mixture for LLT scenario. Solid curve indicates the relaxation time of water

in aqueous systems. Two dashed lines indicate the relaxation time of pure LDL and

HDL. Vertical dotted line indicates Tg of mixture.
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7.1 എܠ

ӡಈ͸༷ʑͳ෼໺ʹ͓͍ͯඇৗʹॏཁͰ͋Δɻྫ͑͹ɺΨϥεঢ়ଶͷਫͷࢠମঢ়ଶͷਫͷ෼ݻ

෼ࢠӡಈʹ͍ͭͯɺଟ͘ͷ༷͕ऀڀݚʑͳํ๏ʹΑΓڀݚΛॏͶ͖ͯͨɻ[1] Ұํɺਫͷ݁থঢ়ଶ

Ͱ͋Δණ͸ଟܗΛ࣋ͭ͜ͱ͕͘޿஌ΒΕ͓ͯΓɺͦΕΒͷؒͷ૬సҠ΍ͦΕͧΕͷණͷ෺ੑ͸޿

͘ௐ΂ΒΕ͍ͯΔɻҰൠతͳණ͸ණ Ihͱݺ͹ΕΔ࿡ํথͷ݁থͰ͋Γɺ͜ͷණ Ihͷ༠ి؇࿨͸

తݧ࣮ [2–8] ʹ΋ɺཧ࿦త [9–11] ʹ΋෯͘޿ௐ΂ΒΕ͖ͯͨɻ1952೥ͷ Autyͱ ColeʹΑΔઌۦ

తͳڀݚ [2]ʢAuty-1952ʣͰ͸ɺණ Ihͷ༠ి؇࿨͕ 207 K͔Β 273 KͷԹ౓ൣғͰௐ΂ΒΕɺͦ

ͷޙɺණ Ihͷڀݚ͸਺ଟ͘ͳ͞Ε͖ͯͨɻ[3–7] ͦΕͧΕͷڀݚͷৄࡉΛද 7.1ʹ·ͱΊͨɻ͜Ε

·ͰʹߦΘΕ͔ͨڀݚΒɺ͍ߴԹ౓Ͱ͸ණ Ihͷ؇࿨࣌ؒɺτiceɺͷԹ౓ґଘੑ͸݁থʹର͢Δి

৔ͷ܎ؔʹ͖޲ͳ͍͜ͱ͕ࣔ͞Ε [5]ɺ·ͨɺଌఆ͢Δϓϩʔϒʹ͸ґଘͤͣ΄΅౳͍͜͠ͱ͕໌

Β͔ʹ͞Ε͖ͯͨɻ[2–4] ͔͠͠ɺ௿ԹͰͷ τice ͸ଟ͘ͷڀݚͰҰக͠ͳ͔ͬͨɻτice ͷԹ౓ґଘੑ

ʹؔ͢Δৄࡉͳڀݚ͸ 272 K͔Β 133 KͷԹ౓ൣғʹ͓͍ͯ JohariͱWhalleyʢJohari-1981ʣ

ʹΑΓใ͞ࠂΕͨɻ[8] ͜Ε·ͰʹߦΘΕͨ Auty-1952[2] Ҏ֎ͷ͢΂ͯͷڀݚ [3–7] Ͱ͸ τice ͷԹ

౓ґଘੑ͸ Johari-1981[8] ใ͞ࠂΕͨ τice ͱ֓Ͷಉ͡Ͱ͋ͬͨɻ͜ΕΒͷڀݚ͸༷ʑͳ৚݅Ͱߦ

ΘΕ͓ͯΓɺ୯݁থ [3, 5, 6] ͔ଟ݁থ [?, 4, 7, 8] ʹΑΒͣ Johari-1981Ͱใ͞ࠂΕͨ τice[8] ͱಉ͡Թ

౓ґଘੑΛ࣋ͭ͜ͱ͔Βɺණͷ݁থཻͷେ͖͞΍݁থද໘ͷ४҆ఆͳྖҬʹ΋ӨڹΛड͚ͳ͍͜

ͱ͕Θ͔Δɻ͜ΕΒͷ͜ͱ͔Βɺ͠͹͠ɺAuty-1952ͰಘΒΕͨ τice[2] ͸ଌఆԹ౓ൣғͷ͞ڱ [4]

΍ଌఆͷΤϥʔʹΑΔ΋ͷͰ͋Δ [3] ͱ΋ݴΘΕͨɻ

ۙ೥ͷ༠ి؇࿨ଌఆ͸ͦΕࣗମͷߴਫ਼౓Խ΍ଌఆͱԹ౓ίϯτϩʔϧͷࣗಈԽ͕ͳ͞Εɺ෦

෼తʹණ݁͢Δਫ༹ӷͷڀݚ [12–19] ΛՄೳʹ͖ͯͨ͠ɻ͜ΕΒͷ͏͍͔ͪͭ͘ͷڀݚͰ͸λϯ

Reprinted with permission from The Journal of Physical Chemistry B 2016 120 (16), 3950-3953. Copy-

right 2016 American Chemical Society.
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ύΫ࣭ [13–16] ΍άϦηϩʔϧ [17, 18] Λ༹࣭ͱͯ͠༻͍ͨ෦෼తʹණ݁ͨ͠ਫ༹ӷதͷ τice ʹ

͍ͭͯٞ࿦͍ͯ͠Δɻ͜ΕΒͷ෦෼తʹණ݁ͨ͠ਫ༹ӷͷڀݚͰ͸ τice ͕ τice(Johari-1981) ͱ

τice(Auty-1952)ͷؒʹ؍ଌ͞ΕΔ͜ͱ͕͠͹͋͠Δɻ[13, 14] ͜ͷ͜ͱ͔Βɺτice ͸ණͷ੒௕ͷ࢓

ํʹେ͖͘ࠨӈ͞Ε͍ͯΔͱ͑ߟΒΕΔɻ͔͠͠ɺਫ༹ӷதͷණʹ͍ͭͯ͸ τice (Auty-1952)[2]

΍ τice(Johari-1981)[8] ͸ͨͩ୯ʹ؍ଌ͞Εͨະ஌ͷ؇࿨ͷؼଐΛͨ͏ߦΊ͚ͩʹ࢖༻͞Ε͖ͯ

ͨɻ[13–19] τice (Auty-1952)[2] ͱ τice (Johari-1981)[8] ͷҧ͍͕ੜ·ΕΔϝΧχζϜ͕ղ໌͞ΕΕ

͹ɺͨͩະ஌ͷ؇࿨ͷؼଐΛͨ͏ߦΊ͚ͩͰͳ͘ɺτice ͔Βਫ༹ӷͷಈతͳ೪஄ੑΛධՁ͢Δ͜ͱ

΋ՄೳʹͳΔͩΖ͏ɻ

͜ΕΒͷ͜ͱ͔Βɺτice(Auty-1952)[2] ͕ͲͷΑ͏ͳ৚݅Ͱ؍ଌ͞ΕΔͷ͔Λௐ΂Δ͜ͱ͸ॏ

ཁͰ͋Δ͕ɺ൒ੈلҎ্ɺτice (Auty-1952)[2] ͸͞ݱ࠶Εͯ͜ͳ͔ͬͨɻຊڀݚͰ͸ τice (Auty-

1952)[2] Λ͢ݱ࠶ΔͨΊණ Ihͷௐ੡ํ๏ʹண໨ͨ͠ɻ

7.2 ݧ࣮

७ਫͳණɺice-IhaɺIhbɺIhc Λ७ਫ͔ΒͦΕͧΕҟͳΔํ๏Ͱௐ੡ͨ͠ɻ·ͣɺණͷݪྉͱ͠

ͯҎԼͷॲཧʹΑΓਫ਼੡ͨ͠७ਫΛ༻͍ͨɻਫಓਫΛৠཹ૷ஔʢEYElAɺενʔϧΤʔεʣͰৠ

ཹ͠ɺಘΒΕͨৠཹਫΛ७ਫ੡଄ػʢMilli-Q LabɺSimplicity UVʣΛ༻͍ͯΖաͱ୤ԘΛͬߦ

ͨɻಘΒΕͨ७ਫͷൺ఍߅͸ 18.2 MΩcmͰ͋ͬͨɻ७ਫ͸༹ଘΨεΛআ͢ڈΔͨΊؾ๐͕ݱΕ

ͳ͘ͳΔ·Ͱ͓Αͦ ѹԼͰ֧፩ͨ͠ɻIce-Ihaݮ1࣌ؒ ͸ಉ࣠ܕͷిۃ಺Ͱ 298 K͔Β 133 K·

Ͱ 5 K/minͷ଎͞Ͱྫྷ٫͠ͳ͕Β࡞੒ͨ͠ɻIce-Ihb ͸ϏʔΧʔʹ७ਫΛ 500 mL΄ͲೖΕɺʵ 8

ˆͷثݧࢼڥ؀ʢKATOɺSE-22ORN-Aʣ಺ʹ੩ஔ͠ɺ͓Αͦ ੒ͨ͠ɻIce-Ihc࡞5͔͚࣌ؒͯ ͸

Ice-Ihb ͷ৚݅Ͱɺ͞ΒʹϚάωςΟοΫελʔϥʔͰ֧፩ͤ͞ͳ͕Β࡞੡ͨ͠ɻಘΒΕͨ Ice-Ihc

ͷް͞͸͓Αͦ 3 cmͰ͋Δ͜ͱ͔Β݁থͷ੒௕଎౓͸͓Αͦ 6 mm/hͰ͋ΔɻϒϩοΫঢ়ʹ੾

Γͩͨ͠ ice-Ihb ͱ Ihc ͸ฏߦฏ൘ిۃʹऩΊΔͨΊ 5 mm ͷް͞ͷ൘ঢ়ʹ࡟Γͩͨ͠ɻࢼྉͱ

௚઀઀৮͢Δશͯͷث۩͸ණͷݪྉͱಉ͡७ਫͰ௒Ի೾ચড়ʹΑΓચড়ͨ͠ɻ༠ి؇࿨ଌఆ͸ 10

mHz͔Β 10 MHzͷप೾਺ൣғɺ123 K͔Β 263 KͷԹ౓ൣғΛ 10 K͝ͱʹͨͬߦɻଌఆʹ͸

Alpha analyzerʢNovocontrolʣΛ࢖༻͠ɺice-Iha ͷଌఆʹ͸ಉ࣠ঢ়ͷిۃΛɺice-Ihb ͱ Ihc ʹ

͸௚ܘ 20 mmͷฏߦฏ൘ిۃΛ༻͍ͨɻ͢΂ͯͷණͷ༠ి཰ଌఆͷԹ౓ίϯτϩʔϧ͸ Quatro

cryosystemʢNovocontrolʣΛ࢖༻͠ɺ0.01ˆͷൣғͰԹ౓Λ҆ఆͤͨ͞ɻ
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ଌఆʹΑΓಘΒΕͨ ice-IhaɺIhb ͷෳૉ༠ి཰ͷप೾਺ґଘੑΛਤ 7.1ʢaʣʢbʣʹࣔ͢ɻ͢΂

ͯͷ؇࿨ۂઢͰ Cole-ColeͷࣜͰΑ͘දΘ͞ΕΔ؇࿨͕؍ଌ͞Εͨɻ·ͨɺϐʔΫप೾਺͕Թ౓

ͷมԽʹ൐͍ෳࡶʹҠಈ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ͜ͷ͜ͱ͔Βɺ͜ΕΒͷණͰ͸ੑ׆ԽΤωϧ

Ϊʔ͕Թ౓ʹΑͬͯҟͳΔ͜ͱ͕ਪଌ͞ΕΔɻice-Ihb Ͱ͸؍ଌ͞Εͨ؇࿨ͷ௿प೾ଆʹք໘෼ۃ

ͱࢥΘΕΔϐʔΫ͕؍ଌ͞Εͨɻ͞Βʹɺਤ 7.1ʢcʣʹ ice-Ihc ͷෳૉ༠ి཰ͷप೾਺ґଘੑΛࣔ

͢ɻͪ͜Β΋ಉ༷ʹ Cole-ColeͷࣜͰΑ͘දΘ͞ΕΔ؇࿨͕؍ଌ͞Ε͕ͨɺϐʔΫप೾਺ͷҠಈ

͸Թ౓ͷมԽʹରͯ͠୯ௐͰ͋Γɺੑ׆ԽΤωϧΪʔ͕Թ౓ʹΑΒͳ͍͜ͱ͕Θ͔Δɻ͜ͷ؇࿨

͸ 183 KҎԼͰ͸ք໘෼ۃͱ͑ߟΒΕΔϐʔΫʹΑΓ֬ೝͰ͖ͳ͘ͳͬͨɻ

ଌ͞Εͨ؇࿨Λಛ௃͚ͮΔͨΊɺCole-Cole؍ ͷࣜͱ௚ྲྀిؾ఻ಋੑ෼ͷ଍͋͠ΘͤͰ͋ΔҎ

ԼͷࣜʹΑΓଌఆʹΑΓಘΒΕͨ؇࿨ۂઢͷΧʔϒϑΟοτΛͨͬߦɻ

ε∗ = ε∞ +
ice,IP∑

k

∆εk

1 + (iωτk)
βk

+
σ

iωε0
, (7.1)

͜͜Ͱ ω ͸֯प೾਺ɺi ͸ i2 = −1Ͱ༩͑ΒΕΔڏ਺୯Ґɺε0 ͸ਅۭͷ༠ి཰ɺε∞ ͸؇࿨աఔ

ͷߴप೾ݶքͰͷ༠ి཰ɺ∆ε͸؇࿨ڧ౓ɺτ ͸؇࿨࣌ؒɺβ ͸ϐʔΫͷରশͳ͕޿ΓΛද͢ύϥ

ϝʔλʢ0 < β ≤ 1ʣɺσ ͸ಋి཰Ͱ͋Δɻਤ 7.2ʹΧʔϒϑΟοτʹΑΓಘΒΕͨ ice-IhaɺIhbɺ

Ihc ͷ τice Λද 7.1ʹࣔͨ͠จݙ஋ͱͱ΋ʹࣔ͢ɻͨͩ͠ɺJohari-1981[8] ͷ τice ͸ D2Oͷණͷ

σʔλͰ͋Δɻice-IhbɺIhc ͷ τice ͸ྫྷ٫աఔͱՃ೤աఔͰΑ͘Ұகͨ͠ɻ

τice (Johari-1981)[8] ͷԹ౓ґଘੑ͸ߴԹྖҬɺதؒྖҬɺ௿ԹྖҬͷ 3ͭͷྖҬʹ෼͚ͯ࡯ߟ

͞Ε͖ͯͨɻߴԹྖҬ͸ 230 K Ҏ্ͷԹ౓ҬͰதؒྖҬ͸ 140 K ͔Β 230 Kɺ௿ԹྖҬ͸ 140

KҎԼͷԹ౓ҬͰ͋Δɻ[8, 9, 11] ͦΕͧΕͷྖҬʹ͓͚Δ Ea ͸ߴԹྖҬ͔Β 53ɺ19ɺ46 kJ/mol

Ͱ͋Δɻ[8] ͜ͷ 230 Kɺ140 KͰͷ Ea ͷมԽ͸ ice Ihͷ؇࿨ͷϝΧχζϜ͕ͦͷԹ౓ͰมΘΔ

ͨΊͰ͋Δͱ͑ߟΒΕ͍ͯΔɻຊڀݚͰ͸ Ea ͷมԽ͕؍ଌ͞ΕΔ 230 K෇ۙͷԹ౓Λ T c ͱఆ

ٛ͢ΔɻҰൠతʹߴԹྖҬͰͷ؇࿨ͷϝΧχζϜ͸Α͘஌ΒΕͨ഑ܽੑ޲ଛɺͭ·Γ Bjerrumͷ

D-ɺL-defectsʹΑΔ΋ͷͰ͋Δͱ͑ߟΒΕ͍ͯΔɻ[3–11,20,21] தؒྖҬͷ؇࿨ͷϝΧχζϜ͸ॾ

આ͋Γɺionic ͳܽଛ [11, 22] ΋͘͠͸ෆ७෺ʹΑͬͯ࡞ΒΕͨܽଛ [3–10,20,21] ʹΑΔ΋ͷͰ͋Δ

ͱ͑ߟΒΕ͍ͯΔɻ

ਤ 7.2ʹࣔ͢Α͏ʹ 230 KҎ্ͷԹ౓Ͱ͸͜Ε·ͰʹಘΒΕͨ͢΂ͯͷ τice ͕Α͘Ұக͢Δɻ

τice (Iha)ͷԹ౓ґଘੑ͸ 263 K͔Β 153 KͷൣғͰ τice (Johari-1981)[8] ͱΑ͘Ұகͨ͠ɻߋ

ʹ௿͍Թ౓Ͱ͸ τice (Iha)͸ τice (Johari-1981)[8] ͱ͸Ұக͠ͳ͘ͳͬͨɻ͜ͷෆҰக͸ਫ༹ӷத
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ͷණ [14] Ͱ΋؍ଌ͞ΕΔɻۙ࠷ͳ͞Εͨණͷ؇࿨ʹؔ͢Δٞ࿦ [11] Ͱ΋ 153 KҎԼͷ௿ԹͰ͸ࢼ

ྉͷԹ౓ཤྺͳͲͷ࣮ݧͷৄࡉʹେ͖͘ґଘ͢ΔͱݴΘΕ͍ͯΔɻҰํɺτiceʢIhcʣ͸ਤ 7.2ʹࣔ

͢Α͏ʹ τiceʢAuty-1952ʣ[2] ͱΑ͘Ұக͠ɺ͞ΒʹΞϨχ΢εܕͷԹ౓ґଘੑ͕ 193 K·Ͱଓ

Θ͔Δɻ͜ͷ͜ͱ͔ΒɺT͕ࣄ͘ c ͕ଘ͢ࡏΔණͱଘ͠ࡏͳ͍ණͷͲͪΒ΋Λઆ໌͢Δ͕ࣄͰ͖Δ

؇࿨ͷϝΧχζϜ͕ඞཁͰ͋Δɻ

Ҏ্ͷ݁ՌΑΓɺτice ͸ණͷ࡞੒ͷํ๏ʹେ͖͘ґଘ͢Δ͜ͱ͕Θ͔ͬͨɻͦͷ࡞੒ํ๏ͷҧ

͍͔Βɺice-IhaɺIhbɺIhc ͷͳ͔Ͱ΋ͬͱ΋७ਫͳණ͸ ice-Ihc Ͱ͋Δͱ͑ߟΒΕΔɻIce-Ihc ͸

ઌʹ΋ड़΂ͨΑ͏ʹɺܹٸͳ݁থԽΛආ͚ͯ࡞੒ͨ͠ණͰ͋ΔɻҰൠతʹ݁থԽΛ͜͏ߦͱͰෆ

७෺͸ഉग़͞ΕΔͨΊɺΏͬ͘Γͱ݁থΛ੒௕ͤ͞Δ͜ͱͰɺ७෺ΛΑΓଟ͘ഉग़ͤ͞Δ͜ͱ͕

Ͱ͖ͨͷͩͱ͑ߟΒΕΔɻ

7.4 ·ͱΊ

ҎԼʹණ Ihͷ؇࿨࣌ؒͷԹ౓ґଘੑʹ͍ͭͯຊڀݚͰ໌Β͔ʹͳͬͨ఺Λ·ͱΊΔɻ

1. τice ͸ණͷ݁থԽͷํ๏ʹΑΓίϯτϩʔϧ͢Δ͜ͱ͕Ͱ͖Δɻ

2. τice ͸ෆ७෺ͷྔʹΑΓେ͖͘มԽ͠ɺෆै෺͕গͳ͍ණ͸ਫ෼ࢠͷ࠶഑ྻʹΑΔ؇࿨ͷ

ԽΤωϧΪʔ͸Թ౓ʹґଘ͠ͳ͍ɻੑ׆
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Figure 7.1 Frequency dependences of the imaginary parts of dielectric permittivity for

ice-Iha (a), Ihb (b), and Ihc (c) at various temperatures and frequencies between 10 mHz

and 1 MHz. The dielectric data are shown at temperatures from 143 to 263 K (ice-Iha

and ice-Ihb) and 183 to 263 K (ice-Ihc) in steps of 20 K. The arrows indicate the peak

of the relaxation process of ices.
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Figure 7.2 Temperature dependences of relaxation times of ice-Iha, Ihb, and Ihc. For

comparison, relaxation times obtained by Johari in 1981[8] (black star, D2O) and in

1978[6] (green square), Auty[2] (open gray star), Murthy[7] (Red pentagon), Gough[4]

(purple triangle), Kawada[5] (orange diamond), and Wörz[3] (blue hexagon) are plotted

together. For the ease of viewing, top panel (a) shows the relaxation time of ice-Iha

and Ihc together with that of ice obtained by Johari[8] in 1981 (black star) and Auty[2]

(open gray star) in 1952. Error bars for ice-Ihc are given by standard deviation with

four times measurements.
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ୈ 8ষ

·ͱΊ

ຊ࿦จͰ͸ਫ༹ӷͷΨϥεసҠΛௐ΂ΔͨΊʹʮ෦෼తʹණ݁͢Δਫ༹ӷʯͱͯ͠θϥνϯਫ

༹ӷɺʮණ݁͠ͳ͍߹੒ߴ෼ࢠਫ༹ӷʯͱͯ͠ϙϦϏχϧϐϩϦυϯਫ༹ӷͷ෼ࢠӡಈΛӷମঢ়ଶ

͔ΒΨϥεঢ়ଶ·Ͱͷ෯͍޿Թ౓ൣғʹ͓͍ͯɺ޿ଳҬ༠ి෼ޫ๏Λ༻͍ͯௐ΂ͨɻ

ୈ 1ষͰ͸ং࿦ͱͯ͠ຊڀݚͷഎܠɺ໨తΛड़΂ͨɻ

ୈ 2ষͰ͸ຊڀݚͰ༻͍Δଌఆख๏ͱͦͷݪཧʹ͍ͭͯղઆͨ͠ɻ

ୈ 3ɺ4ষͰ͸෦෼తʹණ݁ͨ͠θϥνϯਫ༹ӷͷΨϥεసҠͱණͷౚ݁ɺ༥ղͱ෼ࢠӡಈͷؔ

ௐ΂ͨɻ༠ి཰ଌఆͷ݁Ռɺਫ࿨θϥνϯɺණɺෆʹࡉଳҬ༠ి෼ޫ๏Λ༻͍Δ͜ͱͰৄ޿Λ܎

ౚਫͷ෼ࢠӡಈʹىҼ͢ΔͦΕͧΕͷ؇࿨Λ໌֬ʹ؍ଌ͢Δ͜ͱ͕Ͱ͖ͨɻ͜Ε·ͰʹߦΘΕͨ

෦෼తʹණ݁ͨ͠ਫ༹ӷͷڀݚͰ͸ɺӷମঢ়ଶ͔ΒΨϥεঢ়ଶ·Ͱͷ෯͍޿Թ౓ൣғͰɺ༹࣭ͱ

ਫͷ؇࿨աఔ͕࿈ଓੑΛ࣋ͬͯ໌֬ʹ؍ଌ͞ΕΔ͜ͱ͸ͳ͔ͬͨɻຊڀݚʹΑΓɺ෦෼తʹණ݁

ͨ͠ਫ༹ӷதʹ͓͍ͯ΋Ψϥεܗ੒෺࣭Ͱ؍ଌ͞ΕΔ α؇࿨ͱ JG β ؇࿨ʹରԠ͢Δ؇࿨աఔͱ

ͯ͠ਫ࿨θϥνϯɺෆౚਫͷ෼ࢠӡಈʹىҼ͢Δ؇࿨ͷଘ໌͕ࡏΒ͔ͱͳͬͨɻਫ༹ӷதͷණͷ

෼ࢠӡಈʹ͍ͭͯ͸͞ޙࠓΒͳΔ࣮͕ݧඞཁͰ͋Δɻ

ୈ 5ষͰ͸߹੒ߴ෼ࢠͱͯ͠ϙϦϏχϧϐϩϦυϯΛ༹࣭ʹ༻͍ͨණ݁͠ͳ͍߹੒ߴ෼ࢠਫ༹

ӷͷΨϥεసҠΛৄࡉʹௐ΂ͨɻ͜Ε·Ͱͷ߹੒ߴ෼ࢠਫ༹ӷʹؔ͢ΔڀݚͰ͸ΨϥεసҠͷݪ

ҼͰ͋Δ α؇࿨͸؍ଌ͞Εͯ͜ͳ͔ͬͨɻ͜ͷ͜ͱ͔Βɺ߹੒ߴ෼ࢠਫ༹ӷʹ͓͚ΔΨϥεసҠ

ʹ͍ͭͯͷ෼ࢠӡಈ࿦తͳඳ૾͸ෆ׬શͰ͋ͬͨɻຊڀݚͰ͸༹࣭ͱͯ͠࢖༻ͨ͠ϙϦϏχϧϐ

ϩϦυϯʹର͠ɺΠΦϯަ׵थࢷʹΑΔ୤ԘΛ͜͏ߦͱͰϙϦϏχϧϐϩϦυϯਫ༹ӷͷ α؇࿨

ͷ͍޿Թ౓ɺप೾਺ҬͰͷ؍ଌʹ੒ޭͨ͠ɻ༠ి཰ଌఆͷ݁Ռ͔ΒɺϙϦϏχϧϐϩϦυϯਫ༹

ӷதʹ͸ߴ෼ࢠಉ࢜ͷڠಉӡಈʹىҼ͢Δ؇࿨ʢα؇࿨ʣͱਫͷہॴతͳ෼ࢠӡಈʹىҼ͢Δ؇

࿨ʢν ؇࿨ʣ͕؍ଌ͞Εͨɻ͜Ε·Ͱɺਫ༹ӷͰ؍ଌ͞ΕΔ α؇࿨͸ਫͱ༹࣭ͷڠಉతͳ෼ࢠӡ

ಈʹىҼ͢Δ؇࿨Ͱ͋Δͱ͑ߟΒΕ͖͕ͯͨɺ߹੒ߴ෼ࢠਫ༹ӷʹ͓͍ͯ͸ͦͷݶΓͰͳ͍͜ͱ

͕໌Β͔ͱͳͬͨɻࡏݱɺණ݁͢ΔϙϦϏχϧϐϩϦυϯਫ༹ӷ΍ɺΨϥεసҠԹ౓͕௿ࣨ͘Թ
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ͰӷମͰ͋ΔϙϦϏχϧϝνϧΤʔςϧ΍ϙϦΤνϨϯΠϛϯΛ༹࣭ͱͨ͠߹੒ߴ෼ࢠਫ༹ӷͷ

ΨϥεసҠΛௐ΂͓ͯΓɺߴ෼ࢠͱਫͷڠಉӡಈੑʹ͍ͭͯ͞ΒͳΔ஌͕ݟಘΒΕΔͩΖ͏ɻ

ୈ 6ষͰ͸ਫ༹ӷதͷਫͷ Fragile-to-StrongసҠʢFragile-to-Strong transitionɺFSTʣʹண

໨ͨ͠ɻ͜Ε·Ͱɺਫͷ FSTͷ෺ཧతඳ૾͸େ͖͘෼͚ͯ 2ͭɺਫͷӷӷ૬సҠͰ͋Δͱ͢Δߟ

͑ํͱΨϥεసҠ͕ݪҼͰ͋Δͱ͍͏͕ํ͑ߟఏҊ͞Ε͍ͯͨɻຊڀݚͰ͸ୈ 3ɺ4ɺ5ষͰٞ࿦

ͨ͠θϥνϯਫ༹ӷ΍ϙϦϏχϧϐϩϦυϯਫ༹ӷʹՃ͑ɺ͜Ε·ͰʹߦΘΕ༷ͨʑͳਫ༹ӷͷ

ΨϥεసҠʹؔ͢ΔڀݚΛௐࠪͨ͠ɻͦͷ݁Ռɺਫͷ FST͸͢΂ͯͷਫ༹ӷͰ α؇࿨ͷΨϥεస

ҠԹ౓Ͱ͜ىΔ͜ͱ͕໌Β͔ͱͳͬͨɻͭ·Γɺණ݁͢Δਫ༹ӷͰ΋ɺණ݁͠ͳ͍ਫ༹ӷͰ΋༥

఺ΑΓे෼ʹ௿͍Թ౓Ͱ͸ਫͷہॴతͳ෼ࢠӡಈͷԹ౓ґଘੑ͸ಉ͡ಛ௃Λ࣋ͪɺ·ͨɺΨϥε

ଌ͞ΕΔ؍ʹ੒෺࣭Ͱීวతܗ JG β ؇࿨ͱΑͨ͘ࣅৼΔ෣͍Λࣔ͢͜ͱ͕໌Β͔ͱͳͬͨɻ͜

Ε͸ͭ·Γɺਫͷ෼ࢠӡಈͷԹ౓ґଘੑʹ͸༹࣭ɺ༹࣭ೱ౓ɺණ݁ͷ༗ແʹ͔͔ΘΒͣීวੑ͕͋

Δ͜ͱΛҙຯ͍ͯ͠Δɻ͞ΒʹɺΨϥεసҠͱਫͷӷӷ૬సҠΛ౷߹ͨ͠ݱ৅࿦తϞσϧΛ৽ͨ

ʹఏҊͨ͠ɻ͜ͷϞσϧͰ͸ɺΨϥεసҠʹ൐͏ϚτϦοΫεͷౚ͕݁ϚτϦοΫεதʹด͡ࠐ

ΊΒΕͨਫͷԹ౓௿Լʹ൐͏ऩॖΛ๦͛ɺͦΕʹΑΓਫͷӷӷ૬సҠ͕Ҿ͖͜͞ىΕΔͱͨ͑ߟɻ

ୈ 7ষʹ͓͍ͯ͸෦෼తʹණ݁ͨ͠ਫ༹ӷͰ͸͔ܽ͢͜ͱͷͰ͖ͳ͍ණͷ༠ి؇࿨࣌ؒʹ͍ͭ

ͯͷૅجతͳ஌ݟʹ͍ͭͯٞ࿦ͨ͠ɻණͷ༠ి؇࿨࣌ؒͷԹ౓ґଘੑ͸͔͘ݹΒٞ࿦͞Ε͖ͯͨɻ

͔͠͠ɺ1952೥ʹ AutyΒ͕ใੑ׆ͨ͠ࠂԽΤωϧΪʔͷมԽ͠ͳ͍؇࿨࣌ؒͷԹ౓ґଘੑ͸൒

Ͱ͸७ਫΛΏͬ͘Γͱ݁থԽͤ͞Δ͜ͱͰڀݚΕͯ͜ͳ͔ͬͨɻຊ͞ݱ࠶Ҏ্لੈ AutyΒ͕ใ

ɺ͞Βʹ௿͍Թ౓·ͰͦͷԹ౓ґଘੑ͕ҡ࣋͞ΕΔ͜ͱΛ͠ݱ࠶࿨࣌ؒͷԹ౓ґଘੑΛ؇ͨ͠ࠂ

໌Β͔ʹͨ͠ɻ͜Ε͸ͭ·Γɺණதͷෆ७෺ͷೱ౓͕ණͷ༠ి؇࿨࣌ؒʹେ͖͘ӨڹΛ༩͑Δ͜

ͱΛҙຯ͢Δɻ͜͜ͰಘΒΕ࣮࣮ͨࣄݧ͸७ਮͳණͷ؇࿨ϝΧχζϜ͸΋ͪΖΜɺਫͷ؇࿨ϝΧ

χζϜΛཧղ͢Δ্Ͱ΋ॏཁͳ஌ݟͱͳΔ͜ͱ͕ظ଴͞ΕΔɻ͞Βʹɺ෦෼తʹණ݁͢Δਫ༹ӷ

ଌ͞ΕΔණͷ؇࿨࣌ؒͷԹ౓ґଘੑ͕ɺਫ༹ӷதͷණͷ݁থԽ଎౓ʹґଘ͢Δ͜ͱ͕؍͍͓ͯʹ

ࣔࠦ͞Εͨɻ͜Ε͸ͭ·Γɺණͷ؇࿨࣌ؒͷԹ౓ґଘੑ͕ਫ༹ӷதͷਫͷ֦ࢄΛ൓ө͍ͯ͠Δ͜

ͱΛҙຯ͓ͯ͠Γɺকདྷɺණͷ؇࿨࣌ؒͷԹ౓ґଘੑ͕ਫ༹ӷͷϛΫϩͳ೪஄ੑΛ஌ΔͨΊͷπʔ

ϧͱͳΔ͜ͱ͕ظ଴͞ΕΔɻ

ɺ༠ి෼ޫଌఆͱϥϚϯ෼ޫଌఆͷಉ࣌ଌఆ΍ѹྗมԽ͕ՄೳͳଌఆγεςϜͷ։ൃʹऔࡏݱ

Γ૊ΜͰ͓Γɺޙࠓɺ৽ͨͳ஌ੈ͕ݟͷதʹఏ͞ڙΕΔ͜ͱ͕ظ଴͞ΕΔɻ
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