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1

ୈ 1ষ

ং࿦

1.1 ॾݴ

ίϩΠυ෼ࢄӷɼߴ෼༹ࢠӷͳͲͷιϑτϚλʔʢෳྲྀࡶମͱ΋ݺ͹ΕΔʣ͸ɼෳࡶͳߏ଄ʹ

ΒΕͳݟҼ͢Δେ͖ͳ಺෦ࣗ༝౓Λ༗͠ɼͤΜஅɼѹྗޯ഑ɼ࣓৔ͳͲʹର͠୯७ͳ෺࣭ʹ͸ى

͍Α͏ͳಛҟͳԠ౴Λࣔ͢ɽ͜ͷιϑτϚλʔಛ༗ͷಛ௃Λར༻͠ɼચࡎɼԽহ඼ɼ৯඼ɼηϝ

ϯτɼృྉɾإྉɾεϥϦʔͳͲ༷ʑͳػೳੑࡐྉ͕։ൃ͞Ε͍ͯΔɽ͜ΕΒͷࡐྉͷੑ࣭͸෼

Δ͜ͱ͕஌ΒΕͯ͢ڹӨ͘ڧ଄ʹ΋ߏ߹ूݾ੒͞ΕΔࣗܗͯͬ·଄͚ͩͰͳͦ͘ΕΒ͕ूߏࢠ

͍Δɽྫ͑͹ίϩΠυݒ୙ӷΛྫʹͱΔͱɼίϩΠυཻ͕ࢠͲͷΑ͏ͳࢠݪͰߏ੒͞Ε͍ͯΔ͔

ͱ͍ͬͨࢠݪɾ෼ࢠͷϛΫϩεέʔϧʢ∼10 nmʣͷ৘ใͱɼԽহ඼΍ృྉʹ༻͍ͨͱ͖ͷ೪౓

΍೪஄ੑͱ͍ͬͨϚΫϩεέʔϧʢ∼1 mmʣͷ৘ใͷؒʹଘ͢ࡏΔɼӷମதͷཻ͕ࢠͲͷΑ͏ʹ

෼ࢄ·ͨ͸͢ूڽΔͷ͔ͱ͍͏ϝιεέʔϧʢ10∼1000 nmʣͷ৘ใ΋ॏཁͱͳΔɽͭ·Γɼι

ϑτϚλʔΛར༻ͨ͠ػೳੑࡐྉʹ͍ͭͯɼൃ͢ݱΔ෺ੑ΍ͦͷϝΧχζϜΛ஌ΔͨΊʹ͸ɼϛ

Ϋϩ͔ΒϚΫϩ·Ͱ෯͍޿εέʔϧʹ͓͚Δ෺ཧݱ৅Λแׅతʹཧղ͠ͳͯ͘͸ͳΒͳ͍ɽ

ʹྗ֎଄͸ߏ߹ूʹΔ͜ͱ͸؆୯Ͱ͸ͳ͘ɼ͞Β͢࡯؍ʹମΛਖ਼֬߹ूࢠɼ෼͍͓ͯʹݧ࣮

Αͬͯɼมܗɾഁյɾ࠶ੜ੒Λͨ͏ߦΊɼྫ͑͹ྲྀಈԼͰͷ࡯؍͸ΑΓࠔ೉ͳ΋ͷͱͳΔ্ɼ࠶

଄͸ɼೱ౓ɼߏ੒͢Δϝιεέʔϧͷܗͷ໰୊΋๊͑Δ͜ͱʹͳΔɽ͞ΒʹιϑτϚλʔ͕ੑݱ

෼ߏࢠ଄ɼཻܗࢠঢ়ɼྲྀಈͷ଎͞ɼཻࢠද໘ͷԽֶతੑ࣭ͳͲʹґଘͯ͠େ͖͘มԽ͢Δɽͨ͠

͕ͬͯɼ੡඼։ൃʹ͓͍ͯ๬Έͷ෺ੑΛಘΔͨΊʹඅ΍͞ΕΔ࣮ݧͷճ਺΍ίετ͸๲େͳ΋ͷ

ͱͳΔɽ͜ͷΑ͏ͳෳࡶͳܥʹରͯ͠ɼࢉܭՊֶతΞϓϩʔν͸ඇৗʹ༗ޮͳखஈͱͳΓಘΔɽ

͔͠͠ίϯϐϡʔλγϛϡϨʔγϣϯʹΑΔղੳ΋·ͨɼ෯ۭ͍ؒ࣌޿εέʔϧͷݱ৅Λ಺෦ߏ

଄ͷ৘ใΛࣦΘͣʹཧղ͢Δ͜ͱ͸༰қͰ͸ͳ͍ɽ

৅Λཧղ͢ΔͨΊͷΞϓϩʔνͱͯ͠ɼNavier-Stokesݱɾ௕࣌ؒͷۭؒ޿ ํఔࣜΛํૅجఔ

ࣜͱͨ͠ྲྀࢉܭମྗֶʢCFD: Computational Fluid DynamicsʣΛ༻͍Δ͜ͱ͕͛ڍΒΕΔɽ͜

ͷ৔߹ɼ෺࣭ͷੑݸ͸ϚΫϩͳߏ੒ํఔࣜதʹม਺ͱͯ͠ԡ͠ࠐΊΒΕΔͷͰɼࢠݪɾ෼ࢠͷε

έʔϧʹՃ͑ɼιϑτϚλʔͷಛ௃Ͱ͋Δϝιεέʔϧͷߏ଄΍μΠφϛΫεͷ֓೦΋ྀ͞ߟΕ

ͳ͍ɽ·ͨ CFD Ͱ͸ɼߏ੒ํఔࣜΛ࣮ࡍͷιϑτϚλʔࡐྉͷڍಈʹ͚ۙͮΔ͜ͱ͕ॏཁͱͳ



2 ୈ 1 ষ ং࿦

Δ͕ɼଟछଟ༷ͳιϑτϚλʔͷڍಈΛਖ਼͘͠൓ө͢Δ༗ޮͳߏ੒ํఔࣜ͸ଘͣͤࡏɼ࣮ݱͷϓ

ϩηεͰ͸ඇฏߧঢ়ଶͰ͋Δ͜ͱ͕ଟ͍ͨΊߏ੒ํఔࣜͷఏҊࣗମ͕ࠔ೉ΛۃΊΔɽ͜ͷΑ͏

ʹ࿈ଓମϞσϧʹΑΔγϛϡϨʔγϣϯΛ༻͍Δͱ෼ߏࢠ଄͓Αͼϝιεέʔϧߏ଄ͷৄ͕ࡉ

൓ө͞Εʹ͘͘ɼݱ৅ཧղʹ͸ෆదͰ͋ΔɽҰํͰɼ෼ࢠಈྗֶ (MD: Molecular Dynamics) ๏

Ͱ͸ɼ෺࣭Λߏ੒͍ͯ͠Δશͯͷࢠݪɾ෼ࢠ 1 ͭ 1 ͭʹ͍ͭͯɼӡಈํఔࣜΛղ͘͜ͱʹΑͬͯ

੒ํఔ͕ࣜະ஌Ͱ͋Δ৔߹Ͱ΋ରԠͰ͖Δɽ͔͠͠ɼऔΓߏ੻Λ௥੻͢ΔͷͰɼيͷࢠɾ෼ࢠݪ

ѻ͓͏ͱ͍ͯ͠Δܥશମͷࣗ༝౓ͷ਺͚ͩӡಈํఔࣜΛղ͘͜ͱʹͳΔͨΊɼMD ๏ʹΑͬͯι

ϑτϚλʔܥΛ͠ࢉܭΑ͏ͱ͢Δͱ๲େͳྔࢉܭͱͳΓɼࡏݱͷੑػࢉܭೳΛ΋ͬͯͯ͠΋࣮ݱ

తͰͳ͍͔͔͕ͯͬؒ࣌͠ࢉܭ·͏ɽ

͜ͷΑ͏ʹιϑτϚλʔͷಛ௃తͳۭؒεέʔϧ͓Αͼ࣌ؒεέʔϧ͕ɼ୩ؒͷεέʔϧʢϝ

ιεέʔϧʣʹҐஔ͢ΔͨΊʹɼैདྷͷࢉܭख๏Ͱ͸ղੳ͕೉͍͠ɽͦ͜Ͱ෼ࢠ࿦తͳඳ૾Λอ

ͪͭͭɼιϑτϚλʔʹͱͬͯॏཁͳ෼ूࢠ߹ମͷϝιείϐοΫͳεέʔϧΛղੳ͢Δख๏͕

༗ޮͱͳΔɽͦͷҰ͕ͭଟཻࢠিಥಈྗֶ (MPCD: Multiparticle Collision Dynamics) ๏ [1–3]

Ͱ͋ΔɽຊڀݚͰ͸ϝιείϐοΫͳεέʔϧΛղੳ͢ΔͨΊʹɼ෼ࢠಈྗֶ๏ͱଟཻࢠিಥಈ

ྗֶ๏Λ૊Έ߹Θͤͨ MD-MPCD ϋΠϒϦουγϛϡϨʔγϣϯΛ༻͍ͨղੳΛͨͬߦɽ͜ͷ

ख๏ʹ͍ͭͯ͸ୈ 2 ষͰৄ͘͠આ໌͢Δ͜ͱʹ͢Δɽ

1.2 Αͼ໨త͓ܠഎڀݚ

1.2.1 ίϩΠυ෼ࢄӷͷྲྀಈಛੑ

ίϩΠυ෼ࢄӷͱ͸ɼίϩΠυཻࢠʢඍཻࢠʣ͕ӷମʢ༹ഔʣதʹ෼ͨ͠ࢄ΋ͷΛ͠ࢦɼ৯

඼ɾృྉɾԽহ඼ɾηϝϯτ౳ɼଟ͘ͷۀ޻੡඼ʹ࢖༻͞Ε͍ͯΔɽ੡඼ͱͯ͠ͷ඼࣭͸΋ͪΖ

Μͷ͜ͱɼ੡଄ɾՃ޻ϓϩηε͓Αͼ੡଄ઃඋͷઃܭʹ͓͍ͯ΋ྲྀಈಛੑΛ೺Ѳ͓ͯ͘͜͠ͱ͕

ॏཁͱͳΔɽίϩΠυ෼ࢄӷͷྲྀಈಛੑͷ͏ͪɼ೪౓͸ॏཁͳࢦඪͷҰͭͰ͋Δɽྫ͑͹ɼࣗಈ

ंͷ্ృΓృ૷Ͱ͸εϓϨʔృ૷͕ߦΘΕΔɽ͜ͷͱ͖ɼృྉʹٻΊΒΕΔ೪ੑڍಈ͸εϓϨʔ

࣌ʢͤߴΜஅ଎౓ʣʹ͸௿೪౓ɼృணޙʢ੩࣌ࢭʣʹ͸ͨΕΛੜ͡ͳ͍ఔ౓ͷߴ೪౓ʹ্ঢͯ͠

͍Δඞཁ͕͋Δɽͭ·ΓɼεϓϨʔృ૷ʹ࢖༻͞ΕΔృྉͷ೪ੑڍಈΛ੍͢ޚΔͨΊʹ͸ɼ෯޿

͍ͤΜஅ଎౓ (10−3 ∼ 105 s–1) ʹ͓͍ͯɼ෼ࢄӷதͷཻࢠͷ෼ࢄɾڍूڽಈ͕ͲͷΑ͏ʹมԽ͢

Δͷ͔Λཧղ͠ͳ͚Ε͹ͳΒͳ͍ɽཻࢠಉ࢜ͷ૬࡞ޓ༻͕શ͘ͳ͍ͱԾఆͰ͖Δ΄Ͳͷرബͳ

ମੵ෼཰Λ༻͍Δ͜ͱͰࢠӷͷ೪౓͸ɼΞΠϯγϡλΠϯͷ೪౓ࣜʹΑཻͬͯࢄঢ়ίϩΠυ෼ٿ

ཧ࿦తʹٻ·Δ͜ͱ͕஌ΒΕ͍ͯΔ [4, 5]ɽΞΠϯγϡλΠϯ͸ɼྲྀମதͷཻ͕ࢠҠಈ͢Δͱ͖

ʹӷମ෼ࢠͷѹॖɾऩॖ͕͜ىΓɼΤωϧΪʔϩε͕ൃੜ͢Δ݁Ռͱͯ͠೪౓্͕ঢ͢Δͱ͑ߟ

ͨɽ·ͨΞΠϯγϡλΠϯͷ೪౓ࣜΛ֦ு͢ΔܗͰɼߴೱ౓ݒ୙ӷ΍ཻܗࢠঢ়ҟํੑΛྀ͠ߟ

΋ఏҊ͞Ε͍ͯΔࣜ܎ؔͨ [6–8]ɽ͜ΕΒͷཧ࿦ࣜ͸ɼମੵ෼཰ͷΈͷؔ਺Ͱ͋Δ͜ͱ͔Β΋෼

͔Δͱ͓Γɼ೪౓͕ͤΜஅ଎౓ͷେ͖͞ʹΑΒͣҰఆ஋Λࣔ͢ɼͭ·ΓͤΜஅԠྗͱͤΜஅ଎౓

ͷؔ܎ʢྲྀಈۂઢʣ͕ݪ఺Λ௨Δ௚ઢൺྫؔ܎ͱͳΔχϡʔτϯྲྀಈΛԾఆ͍ͯ͠Δɽ͔͠͠޻



1.2 Αͼ໨త͓ܠഎڀݚ 3

ͰඇχϡʔτϯྲྀମͰ͋Δɽࡶঢ়΋ෳܗࢠӷͷଟ͘͸ೱްཻ͔ͭࢄతʹ༻͍ΒΕΔίϩΠυ෼ۀ

ྫ͑͹ɼϖϯΩ΍Խহ඼͸༹ഔʹฏ൘ɾԁ൘ঢ়ͷཻࢠΛఴՃͨ͠΋ͷͰ͋Γɼथࡐࢷྉͱॆరࡐ

ྉͷෳ߹ࡐͰ͋ΔણҡڧԽෳ߹ࡐྉ͸थࢷʹણҡΛߴೱ౓Ͱݒ୙ͤͨ͞΋ͷͰ͋Δɽ͜ΕΒͷ

ෳࡶͳܥͰ͸ɼྲྀಈۂઢ͕௚ઢͱ͸ͳΒͣɼͤΜஅ଎౓ͷେ͖͞ʹԠ͚͔ͯ͡ݟ೪౓͕มԽ͢

Δɽ೪౓ͷͤΜஅ଎౓ґଘੑʹؔͯ͠͸ɼྲྀಈԼʹ͓͚ΔίϩΠυཻࢠͷ഑޲΍ू߹ߏ଄ͷมԽ

ͳͲͷӨ͑ߟ͕ڹΒΕΔɽ͔͠͠ॹݴͰ΋ड़΂ͨͱ͓Γɼ࣮ݧͷଆ໘͔Β͸ੑݱ࠶ͷ୲อΛؚ

Ίͨඇฏݱߧ৅ͷ࡯؍ͷ೉͠͞ɼγϛϡϨʔγϣϯͷଆ໘͔Β͸ۭؒɾ࣌ؒεέʔϧͷ੍໿͕͋

ΓɼྲྀಈϝΧχζϜͷ೺Ѳ͓ΑͼͦΕΛ౿·͑ͨ೪౓౳ͷ෺ੑͷ੍ޚ͸༰қͰ͸ͳ͍ɽ

1.2.2 ίϩΠυ–ϙϦϚʔࠞ߹༹ӷͷྲྀಈಛੑ

ӷͷଟ͘͸୯Ұ༹࣭Ͱ͋Δ͜ͱ͸গͳ͘ɼίϩΠࢄ੡඼ʹ༻͍ΒΕΔίϩΠυ෼ۀ޻ͷࡍ࣮

υཻࢠಉ࢜ͷूڽΛ༠ಋ [9] ΋͘͠͸཈੍ [10, 11] ͠ɼ೪౓΍஄ੑ཰ͱ͍ͬͨ෺ੑΛ੍͢ޚΔ

ͨΊʹߴ෼ࢠ෼ࡎࢄ΍૿೪͕ࡎఴՃ͞Ε͍ͯΔ [12, 13]. ͜ͷͱ͖ίϩΠυཻࢠ΍ϙϦϚʔͷछ

ྨɼೱ౓ɼαΠζൺͳͲΛௐઅ͢Δ͜ͱͰ༷ʑͳू߹ߏ଄͓ΑͼྲྀಈಛੑΛࣔ͢͜ͱ͕஌ΒΕͯ

͍Δ [14, 15]ɽίϩΠυ–ϙϦϚʔࠞ߹༹ӷʹ͓͚ΔίϩΠυཻࢠͷूڽϝΧχζϜʹ͍ͭͯ͸ɼ

1958 ೥ʹே૔ͱେᖒʹΑΓఏҊ͞Εͨʮ࡞ׇރ༻ʯʹΑͬͯઆ໌͞ΕΔ (Asakura-Oosawa(AO)

ཧ࿦) [16]ɽAO ཧ࿦Ͱ͸ɼྑ༹ഔதͷίϩΠυཻࢠΛখཻࢠʢඇٵணϙϦϚʔʣूஂதʹଘ͢ࡏ

Δେཻࢠͱͯ͠ϞσϧԽ͢Δɽ͜ͷ৔߹ɼϙϦϚʔͷॏ৺͸ίϩΠυཻࢠͷഉআମੵ಺ʢྖׇރ

Ҭʣʹ͸ೖΓࠐΊͳ͍ɽίϩΠυཻࢠಉ͕͍࢜ޓʹ઀ۙ͜͠ͷྖҬ͕ॏͳΔͱɼϙϦϚʔ͕ࣗ༝

ʹಈ͘͜ͱ͕Ͱ͖ΔྖҬ͕૿Ճ͢Δɽͦͷ݁Ռɼܥશମʹ͓͚Δߴ෼ࢠͷฒਐΤϯτϩϐʔ͕

૿Ճ͠ʢࣗ༝ΤωϧΪʔ͕ݮগ͠ʣɼίϩΠυཻؒࢠͷྖׇރҬͱ༹ӷͱͷؒʹਁಁѹ͕ࠩੜ͡

ίϩΠυཻؒࢠʹҾྗʢྗׇރʣ͕ಇ͘ɽAO ཧ࿦Λ༻͍Δ͜ͱͰฏߧঢ়ଶͰͷίϩΠυ–ϙϦ

Ϛʔࠞ߹ܥͷ૬ਤΛΑ͘આ໌Ͱ͖ [9, 15, 17]ɼ͞ΒʹΑΓෳࡶͳܗঢ়Λ༗͢ΔϙϦϚʔ΁ͷ AO

ཧ࿦ͷ֦ு [18] ΋ఏҊ͞Ε͍ͯΔɽ࣮ࡍʹ͸ίϩΠυཻࢠͱϙϦϚʔ͸ҟͳΔ༹ղ౓Λ࣋ͭ͜

ͱ͕͋ΓɼͦͷΑ͏ͳ৔߹ίϩΠυཻࢠͱϙϦϚʔؒʹ͸Ҿྗ͕ಇ͖ɼՄੑٯͷ͋Δूڽମͷ

ΒΕΔ͛ڍ͕ݻڽମͷྫͱͯ͠͸ɼ݂ӷूڽ੒Λ΋ͨΒ͢ɽίϩΠυ–ϙϦϚʔܗ [19, 20]ɽո

զͳͲͰ݂؅ʹই͕͍ͭͨͱ͖ʹɼ݂؅಺ൽͷԼʹଘ͢ࡏΔίϥʔήϯઢҡͱ݂؅಺ൽͷۙ͘

ʹྲྀΕ͍ͯΔ݂খ൘͕௕͍ੜମߴ෼ࢠʢϑΥϯɾ΢ΟϧϒϥϯυҼࢠʣΛհͯ͠ɼ਺ඵҎ಺ʹ

݁߹͢Δ [21]ɽ·ͨ௕͍ٵணੑϙϦϚʔ͸ɼࡎूڽͱͯ͠ഇਫॲཧ΍εϥοδ୤ਫʹ΋࢖༻͞

ΕΔɽݻӷ෼཭Λ͢Δͱ͖ʹɼϑϩοΫʢਫதͷԚΕͷ͔ͨ·Γʣͷ௜߱଎౓͸ཻܘͷ 2 ৐ʹ

ൺྫͯ͠େ͖͘ͳΔͨΊɼߴ෼͕ࢠఴՃ͢Δ͜ͱʹΑΓϑϩοΫͷૈେԽΛਤΔɽ͢Ͱʹɼί

ϩΠυ–ϙϦϚʔࠞ߹༹ӷʹ͓͚ΔूڽମͷαΠζͱܗঢ়͕ɼ༹ഔͷ࣭΍ϙϦϚʔͷՍڧڮ౓ɼ

ͤΜஅ଎౓ͷେ͖͞ʹґଘ͢Δ͜ͱ͕࣮͓ݧΑͼγϛϡϨʔγϣϯʹΑͬͯ໌Β͔ʹͳ͍ͬͯ

Δ [19,20,22,23]ɽ͞ΒʹίϩΠυ–ϙϦϚʔࠞ߹༹ӷͷ೪ੑڍಈ͕ɼཻ༹࣭ࢠͷूڽ·ͨ͸෼ࢄ

ঢ়ଶʹ͘ڧґଘ͢Δ͜ͱ΋஌ΒΕ͍ͯΔ [22, 23]ɽ
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1.2.3 Janusཻܥࢠͷࣗूݾ߹

ίϩΠυ෼ࢄӷ΍ίϩΠυ–ϙϦϚʔࠞ߹༹ӷͷ೪౓Λ੍͢ޚΔͨΊʹ͸ɼͦΕΒྲྀମͷ಺෦

ΔͨΊͷҰൠతͳํ͢ޚΛ੍߹ूݾͷࣗࢠΔ͜ͱ͕ॏཁͱͳΔɽίϩΠυཻ͢ޚ଄Λ༧ଌɾ੍ߏ

๏ͱͯ͠ɼཻࢠͷܗঢ়΍Խֶతͳ૬࡞ޓ༻σβΠϯ͢Δ͜ͱ͕͛ڍΒΕΔ [24, 25]ɽͦͷΑ͏ʹ

σβΠϯ͞ΕͨҟํੑཻࢠͷܥͰ͸ɼѹྗ΍ೱ౓౳ͷ೤ྗֶతঢ়ଶʹґଘͯ͠نଇతͳ૬ͱෆن

ଇͳ૬ͷ૬มԽ͕͜ىΓ [26]ɼͦͷू߹ܗଶʹ൐͍෺ੑͷܹٸͳมԽ͕͞࡯؍ΕΔɽۙ೥ͷ߹

੒ٕज़ͷൃୡʹΑΓෳࡶͳܗঢ়΍ද໘Λ༗ͨ͠ҟํੑφϊཻࢠͷ࡞੡͕Մೳͱͳͬͨ [27–29]ɽ

Janus ͸ࢠཻ 1 ͭͷཻࢠͷதʹ 2 ͭҎ্ͷҟͳΔද໘Λ༗͢Δʢྫ͑͹ૄਫੑͱ਌ਫੑΛซͤ࣋

ͭʣҟํੑཻࢠΛ͢ࢦɽJanus Εͳ͞࡯؍Ͱ͸ࢠද໘ʹΑͬͯɺ౳ํੑཻࢠͰ͸ҟͳΔཻܥࢠཻ

͍ෳࡶͳߏ଄΍ͦͷ৚͕݅ظ଴͞ΕΔɽ͜ͷे਺೥Ͱ࣮ݧɾγϛϡϨʔγϣϯ໰Θͣɼฏߧঢ়ଶ

ʹ͓͚Δ Janus Ε͍ͯΔ͞ࠂ਺ଟ͘ใ͕ڀݚΔؔ͢ʹ߹ूݾͷࣗࢠཻ [27, 28, 30–42]ɽ͜ΕΒͷ

աڈͷڀݚͰ͸ɼJanus ࢠঢ়ҟํੑɼཻܗද໘ͷૄਫੑύονͱ਌ਫੑύονͷόϥϯεɼࢠཻ

ମੵ෼཰ɼ૬࡞ޓ༻ͷ͞ڧɼԹ౓౳ʹґଘͯ͠ɼϛηϧɼೋॏ૚ɼϕγΫϧɼϥϝϥ૬ɼ࿡ํথ

·ͨ͸Χΰϝ֨ߏࢠ଄Λܗ੒͢Δ͜ͱ͕Θ͔͓ͬͯΓɼϑΥτχοΫ݁থ [43, 44] ΍ɼυϥοά

σϦόϦʔγεςϜʹ͓͚Δༀ෺ӡൖମʢΩϟϦΞʣ[45–47]ɼޫֶηϯαʔ [48, 49] ౳༷ʑͳ

଴͞Ε͍ͯΔɽ·ͨɼJanusظ͕༺΁ͷԠ్༺ۀ࢈ ಈ͸ɼքڍ߹ूݾӷதͷࣗࢄͷόϧΫ෼ࢠཻ

໘ࡎੑ׆෼ࢠͳͲͷҰͭͷ෼ࢠ಺ʹ਌ਫ෦෼ͱૄਫ෦෼Λซͤ࣋ͭ෼ࢠͰ͋Δ྆਌ഔੑ෼ࢠͱ

ඇৗʹΑ͘ڍͨࣅಈΛࣔ͢ɽͨͩ͠ɼJanus ΑΓ΋͸Δ͔ʹେ͖͍αΠζࢠ෼ࡎੑ׆͸ք໘ࢠཻ

Λ࣋ͪͳ͕Βɼ1 ͭͷ߶ମཻࢠதʹ਌ਫද໘ͱૄਫੑද໘Λ෬ͤ࣋ͭɽ͜ͷಛ௃ʹΑΓίϩΠυ

Λ༉/ਫք໘ʹཹΊΔ͜ͱ͕Ͱ͖ɼΦετϫϧυख़੒ʢӷதʹ෼͞ࢄΕͨϞϊϚʔణ͕࣌ؒͱͱ

΋ʹణ͕ංେԽ͢Δݱ৅ʣΛ཈੍͢Δ෺ཧతোนͱͳΔͨΊɼJanus ͸ΤϚϧγϣϯΛ҆ఆࢠཻ

ԽʢϐοΧϦϯάΤϚϧγϣϯʣ͢ΔͨΊͷ༗ྗͳީิͱͳΓಘΔ [50–55]ɽ·ͨ De Gennes ͸

ϊʔϕϧ৆ͷड৆ߨԋͰɼۭؾ/ਫք໘Ͱ Janus ؒࢠΛ୯૚഑ஔͤͨ͞ͱ͖ʹɼίϩΠυཻࢠཻ

ͷ͔ܺؒΒؾӷ૬ͷؒͰͷ෺࣭Ҡಈ͕Մೳͳ͜ͱ͔Β “breathable skin”ͱද͍ͯ͠ݱΔ [56]ɽ͜

Ε͸྆਌ഔੑ෼ࢠͰ͸࣮ݱͰ͖ͳ͍͜ͱͷҰͭͰ͋Δɽ

Janus ද໘ʹΑΔ૬࡞ޓ༻ͷҟํੑʹՃ͑ɼཻࢠͷܗঢ়ҟํੑ΋ӷথ෼ࢠʹ୅ද͞ΕΔΑ͏ʹ

Δ্ͰɼॏཁͳύϥϝʔλͱͳΔ͢ޚ଄Λ੍ߏ߹ूݾࣗ [57]ɽྫ͑͹ɼ๮ঢ়΍ԁ൫ঢ়ཻࢠͷೱ౓

มԽʹ൐͏౳ํ૬͔ΒωϚνοΫ૬ʢ഑޲டংͷΈΛ࣋ͪɼҐஔடংΛ࣋ͨͳ͍ӷথ૬ʣ΁ͷ૬

సҠͷ࠷ॳͷཧ࿦͸ɼOnsager ʹΑͬͯఏএ͞Εͨ [58]ɽOnsager ͷཧ࿦͸ҟํੑཻࢠͷഉআମ

ੵޮՌ͔Βઆ໌͞ΕΔɽཻࢠೱ౓Λ૿Ճ͍ͤͯͬͨ͞ͱ͖ʹɼ͋Δೱ౓Ͱҟํੑཻࢠͷࣗ༝ճస

ʹඞཁͱ͞ΕΔମੵ͕ܥશମͷମੵΛӽ͑Δɽ͜ͷͱ͖ɼҟํੑཻࢠΛࣗ༝ճసΛͤͣ͞ʹ׬શ

ʹ഑ͨͤ͞޲৔߹Λ͑ߟΔͱɼपғʹ͸ฒਐӡಈͰ͖Δମੵ͕૿Ճ͠ɼฒਐΤϯτϩϐʔ͕૿Ճ

͢Δɽͭ·Γɼҟํੑཻࢠཻ͔ͭࢠೱ౓͕͍ߴͱ͖ʹ͸ճసΤϯτϩϐʔΛଛࣦͯ͠΋ɼಘΒΕ

ΔฒਐΤϯτϩϐʔͷํ͕େ͖͍ঢ়گͱͳΓɼ݁Ռతʹҟํੑཻࢠ͸഑ͯ͠޲ωϚνοΫӷথ

૬Λܗ੒͢Δ͜ͱʹͳΔɽ͜ͷ Onsager ͷཧ࿦͸ 1949 ೥ʹൃද͞Εͨޙʹɼ߶ମ๮ঢ়ཻࢠͷγ
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ϛϡϨʔγϣϯʹΑΔূݕ [59–61] ͨ·ΘΕͨɽߦ͕ Onsager ͷཧ࿦ͷൃදҎ߱ɼ๮ঢ়͓Αͼ

ԁ൫ঢ়ίϩΠυཻࢠͷΈͳΒͣɼܗ֯ࡾ [62]ɼ࢛໘ମ [63]ɼ੕ܕ [64] ͳͲ༷ʑͳܗঢ়Λ༗͢Δ

ίϩΠυཻࢠͷ߹੒ʹؔ͢Δ͕ڀݚਐΊΒΕ͖ͯͨɽ

૬࡞ޓ༻ͷҟํੑͱܗঢ়ҟํੑΛ૊Έ߹ΘͤΔ͜ͱʹΑΓɼࣗߏ߹ूݾ଄Λ੍͢ޚΔύϥϝʔ

λ͕૿͑ɼࠓ·Ͱʹ͞࡯؍Εͨ͜ͱ͕ͳ͍Α͏ͳෳࡶͳࣗܗ߹ूݾଶΛಘΒΕΔՄೳੑ͕͋Δɽ

͢ͰʹγϛϡϨʔγϣϯΛ༻͍ͨฏߧঢ়ଶʹ͓͚Δࣗूݾ߹ʹؔ͢Δڀݚใ͕͋ࠂΓɼྫ͑͹ɼ

ፏฏͳϠψεପԁମ͸༹ӷதʹ͓͍ͯٿঢ়ϛηϧߏ଄΍ϕγΫϧΛܗ੒͢Δͷʹର͠ [65] ɼፏ

௕ͳϠψεପԁମ͸ΞεϖΫτൺ͕େ͖͘ͳΔʹͭΕͯϕγΫϧ͔Βԁ౵ঢ়ϛηϧ΁มԽ͢Δ

͜ͱ͕ใ͞ࠂΕ͍ͯΔ [66]ɽ

ฏߧঢ়ଶͰͷ๛෋ͳࣗܗ߹ूݾଶʹՃ͑ɼ֎৔Լʹ͓͍ͯ΋ Janus ଶΛࣔܗ߹ಛ༗ͷूܥࢠཻ

͢͜ͱ͕ɼओʹγϛϡϨʔγϣϯʹΑͬͯ໌Β͔ʹ͞Ε͍ͯΔ [41, 67–73]ɽྫ͑͹ɽرബ෼ࢄ

ӷͰͷٿঢ় Janus ίϩΠυཻࢠ͸খ͍ͤ͞ΜஅΛ༩͑Δ͜ͱͰΫϥελʔαΠζ͕੒௕͠ɼ͞Β

ʹͤΜஅ଎౓Λେ͖͍ͯ͘͘͠ͱΫϥελʔ่͕յ͢Δ͜ͱ͕෼͔͍ͬͯΔ [67–69]ɽ݁থܥͰ

͸ɼॊ೪ੑ݁থʹͤΜஅΛ͔͚Δ͜ͱʹΑΓϥϝϥ૬Λܗ੒͢Δ഑޲டংΛ࣋ͬͨ݁থ΁ͷ૬స

Ҡ͕ଅਐ͞ΕΔ͜ͱ͕໌Β͔ʹ͞Ε͍ͯΔ [41]ɽϚΠΫϩνϟωϧܥͰ͸ɼܥͷۭؒతͳ੍໿

͚ͩͰͳ͘ɼJanus ମੵ෼ࢠΘ͞Γɼཻ߹͕ڹӷք໘ͷӨ/ݻʹͷޮՌɼ͞Β߹ूݾ͕ࣗͭ࣋ࢠཻ

཰ɼྲྀྔɼνϟωϧน໘ͷԽֶతੑ࣭౳ʹԠͯ͡ɼόϧΫ෼ࢄӷͰ͸͞࡯؍Εͳ͍Α͏ͳࣗूݾ

ಈ͕֬ೝ͞Ε͍ͯΔڍ߹ [71–73]ɽ͜ͷΑ͏ʹɼ͜ͷे਺೥Ͱ࣮ݧɾγϛϡϨʔγϣϯ໰Θͣɼ

Janus ΔҰํɼJanus͕͋ࠂ଄ʹؔ͢Δଟ͘ͷใߏ߹ूݾͷࣗࢠཻ ଄͕ߏ߹ूݾಛ༗ͷࣗܥࢠཻ

ͲͷΑ͏ʹྲྀಈಛੑʹӨڹΛ༩͑Δ͔ʹ͍ͭͯͷڀݚ͸ະͩ਺গͳ͍ɽ

·ͨɼJanus ίϩΠυ–ϙϦϚʔࠞ߹ܥͷࣗूݾ߹ʹ͍ͭͯ΋ɼίϩΠυཻࢠͱϙϦϚʔؒͷ

ք໘੍ޚΛ͜͏ߦͱͰ৽نϋΠϒϦουࡐྉͷ։ൃΛ໨͢ࢦͱ͍͏໨తͷ΋ͱɼϋΠϒϦου

ΘΕ͍ͯߦओʹγϛϡϨʔγϣϯʹΑ͕ͬͯڀݚΔؔ͢ʹޚଶ΍ͦͷαΠζͷ੍ܗମͷूڽ

Δ [74–76]ɽྫ͑͹ Li Β [75, 76] ͸ɼ੩ࢭ৔ʹ͓͚Δ Janus ίϩΠυ–ϙϦϚʔࠞ߹ܥͷࣗूݾ

߹ʹ͍ͭͯɼૈࢹԽ෼ࢠγϛϡϨʔγϣϯΛ༻͍ͯௐ΂͓ͯΓɼϙϦϚʔͷछྨ΍ Janus ίϩΠ

υͷମੵ෼཰౳ʹґଘͯ͠ωοτϫʔΫɼϕγΫϧɼσΟεΫঢ়ͷϋΠϒϦουूڽମ͕ܗ੒͞

ΕΔ͜ͱ΍ͦΕΒͷू߹ߏ଄͕ܗ੒͞ΕΔաఔΛ໌Β͔ʹ͍ͯ͠ΔɽJanus ίϩΠυ–ϙϦϚʔ

ͳԠ౴Λࣔ͠ɼͦͷ݁ՌࡶΑͬͯෳʹڹ଄͸ɼ֎৔ͷӨߏΕΔ͜ͷΑ͏ͳ͞࡯؍͍͓ͯʹܥ߹ࠞ

ͱͯ͠ࠓ·Ͱ͞࡯؍Εͨ͜ͱ͕ͳ͍Α͏ͳੑ࣭͕ظ଴Ͱ͖Δɽྫ͑͹ϋΠϒϦουूڽମʹٵ

ண͍ͯ͠ΔϙϦϚʔ͸ɼͤΜஅʹΑͬͯҾ͖͜͞ىΕΔूڽମͷ่յΛ཈੍͢Δ໾ׂΛՌͨ͢Մ

ೳੑ͕͋Δɽ·ͨɼJanus Δ͜ͱͰɼͤΜஅ೪౓ͷ૿ՃΛ͢ޚΛ੍༺࡞ޓͱϙϦϚʔؒͷ૬ࢠཻ

൐͏ωοτϫʔΫߏ଄ͷΑ͏ͳڊେͳूڽମΛܗ੒͢ΔͨΊʹඞཁͳ Janus ͷମੵ෼཰Λ௿ࢠཻ

͘͢Δ͜ͱ͕Ͱ͖ΔՄೳੑ΋͋Δɽ͔͠͠ɼJanus ίϩΠυ–ϙϦϚʔࠞ߹͞࡯؍͍͓ͯʹܥΕ

Δෳࡶͳߏ଄͕ɼ֎৔Լʹ͓͍ͯͲͷΑ͏ʹมԽ͠ɼͦͷมԽ͕ྲྀಈಛੑʹͲͷΑ͏ͳӨڹΛ༩

͑Δ͔ʹ͍ͭͯௐ΂ͨڀݚ͸গͳ͍ɽ
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1.2.4 ໨తڀݚ

͜͜·Ͱड़΂͖ͯͨΑ͏ʹɼJanus ूݾͳࣗࡶҼ͢Δ༷ʑͳෳىʹͰ͸ͦͷද໘ҟํੑܥࢠཻ

߹աఔ΍ߏ଄͕֬ೝ͞Ε͍ͯΔʹ΋ؔΘΒͣɼͦͷෳࡶͳࣗߏ߹ूݾ଄ͱ෺ੑͷؔੑ܎͸໌Β͔

ʹͳ͍ͬͯͳ͍ɽͦ͜Ͱຊ࿦จͰ͸ɼߏ଄੍ޚʹΑΔ৽ػنೳੑࡐྉͷ։ൃΛ໨͠ࢦɼJanus ί

ϩΠυཻࢠ/ϙϦϚʔͷσβΠϯ (φϊεέʔϧ)–ྲྀମ಺ͷࣗूݾ߹ɾ෼ߏࢄ଄ (ϝιεέʔϧ)–

෺ੑ (ϚΫϩεέʔϧ) Λ݁ͼ͚ͭΔ͜ͱΛ໨తͱ͠ɼ෼ࢠಈྗֶ๏ͱଟཻࢠিಥಈྗֶ๏Λ૊

Έ߹Θͤͨ MD-MPCD ϋΠϒϦουγϛϡϨʔγϣϯ๏Λ༻͍ͨղੳΛͨͬߦɽ۩ମతʹ͸ɼ

ͤΜஅྲྀΕԼʹ͓͚Δ Janus ίϩΠυ෼ࢄӷ͓Αͼ Janus ίϩΠυ-ϙϦϚʔࠞ߹༹ӷͷ೪ੑڍ

ಈΛௐ΂ɼࣗߏ߹ूݾ଄ͱͷؔੑ܎ͷղ໌ʹऔΓ૊ΜͩɽMPCD ๏͸ૈࢹԽγϛϡϨʔγϣϯ

ͷҰͭͰ͋Γɼඇฏߧঢ়ଶʹ͓͚Δෳࡶͳݱ৅ͱࣗूݾ߹͕ෳࡶʹབྷ·Γ߹͏ݱ৅Λཧղ͢Δͷ

ʹదͨ͠ख๏Ͱ͋Δɽ·ͨ෼ࢠγϛϡϨʔγϣϯΛ༻͍Δ͜ͱͰɼͦΕͧΕͷύϥϝʔλΛີݫ

ʹ͔ͭಠཱʹܾΊΔ͜ͱ͕Ͱ͖ΔͨΊɼͲͷύϥϝʔλ͕݁ՌʹӨڹΛ༩͑Δ͔Λಛఆ͢Δ͜ͱ

͕Ͱ͖ΔͨΊɼຊڀݚͷ໨తʹରͯ͠࠷దͳղੳख๏ͷҰͭͰ͋Δͱ͍͑Δɽ

1.3 ࿦จߏ੒

ຊ࿦จͷߏ੒͸ҎԼͷ௨ΓͰ͋Δɽୈ 1 ষͰ͸ڀݚഎ͓ܠΑͼ໨తΛઆ໌ͨ͠ɽୈ 2 ষͰ͸

ຊڀݚͰ༻͍ͨࢉܭख๏Ͱ͋Δ MD-MPCD ϋΠϒϦουγϛϡϨʔγϣϯ๏ʹ͍ͭͯɼΞϧΰ

ϦζϜΛઆ໌͢Δɽୈ 3 ষͰ͸੩ࢭ৔ʹ͓͚Δ Janus ίϩΠυཻࢠ෼ࢄӷͷࣗूݾ߹ɼୈ 4 ষͰ

͸ͤΜஅྲྀΕԼʹ͓͚Δ Janus ίϩΠυཻࢠ෼ࢄӷͷࣗूݾ߹ͱ೪ੑڍಈʹؔ͢Δ݁Ռ͓Αͼߟ

Λࣔ͢ɽୈ࡯ 5 ষͰ͸੩ࢭ৔ʹ͓͚Δ Janus ίϩΠυ–ϙϦϚʔࠞ߹༹ӷͷࣗूݾ߹ɼୈ 6 ষͰ

͸ͤΜஅྲྀΕԼʹ͓͚Δ Janus ίϩΠυ–ϙϦϚʔࠞ߹༹ӷͷࣗूݾ߹ͱ೪ੑڍಈʹؔ͢Δ݁Ռ

͓Αͼ࡯ߟΛࣔ͢ɽޙ࠷ʹୈ 7 ষͰ݁ݴΛड़΂Δɽ
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MD-MPCDϋΠϒϦουγϛϡϨʔ
γϣϯ๏

ຊڀݚͰ͸ࢉܭख๏ͱͯ͠ɼ෼ࢠಈྗֶ๏ͱଟཻࢠিಥಈྗֶ๏Λ૊Έ߹Θͤͨ MD-MPCD

ϋΠϒϦουγϛϡϨʔγϣϯ๏Λ༻͍ͯࢉܭΛͨͬߦɽMD-MPCD ϋΠϒϦουγϛϡϨʔ

γϣϯ๏Ͱ͸ɼMPCD ๏ʹ༹͓͍ͯഔΛଟ਺ͷԾ૝ཻࢠͱͯ͠ද͠ݱɼMD ๏ʹΑͬͯίϩΠ

υཻࢠͷӡಈͷࢉܭΛ͏ߦɽຊষͰ͸ɼ2.1 અͰ෼ࢠಈྗֶ๏͓Αͼ਺஋ੵ෼๏ʹ͍ͭͯɼ2.2

અͰଟཻࢠিಥಈྗֶ๏ͷΞϧΰϦζϜʹ͍ͭͯɼ2.3 અͰ༹ഔཻࢠͱཻ༹࣭ࢠͷӡಈͷࢉܭͷ

ΧοϓϦϯάํ๏ɼ2.4 અͰपڥظք৚݅ʹ͍ͭͯ͢هɽ

2.1 ෼ࢠಈྗֶ๏

MD ๏͸ 1959 ೥ʹॳΊͯ Alder Βͷ߶ମܥٿͷݻ૬–ӷ૬సҠͷڀݚ [77] ʹ͓͍ͯൃද͞Ε

ͨ਺஋γϛϡϨʔγϣϯํ๏ͷҰͭͰ͋ΔɽҎ߱ɼRahman ͱ Stillinger ʹΑΔਫͷγϛϡϨʔ

γϣϯ [78]ɼMcCammon ΒʹΑΔλϯύΫ࣭ͷγϛϡϨʔγϣϯ [79] Λ͸͡Ίͱͯ͠ɼԠ༻ൣ

ғ͸ࡏݱ΋֦େ͞Ε͍ͯΔɽ͜ͷख๏͸෺࣭Λߏ੒͍ͯ͠Δશͯͷࢠݪɾ෼ࢠҰͭҰͭʹ͍ͭͯ

ӡಈํఔࣜ (ଟ͘ͷ৔߹ Newton ͷӡಈํఔࣜ) ΛͨͯɼͦΕΒΛ࿈ཱͤ͞ղ͘͜ͱʹΑͬͯݪ

͢࡯؍଄Λ௚઀ߏ੻΍ӡಈɼيͷࢠɾ෼ࢠݪͷશࣗ༝౓ʹର͢Δܥ੻Λ௥੻͢Δɽيͷࢠɾ෼ࢠ

Δ͜ͱ͕Ͱ͖ɼ͞Βʹݱ৅Λಛ௃෇͚Δ೤ྗֶ෺ཧྔʹ͍ͭͯ͸ɼ౷ܭॲཧΛ͜͢ࢪͱʹΑͬͯ

ಘΔ͜ͱ͕Ͱ͖ΔͨΊɼࢠݪɾ෼ࢠϨϕϧ (ϛΫϩεέʔϧ) ʹ͓͚Δ෼ڍࢠಈΛཧղ͢Δ্Ͱ

ඇৗʹ༗༻ͳख๏Ͱ͋Δɽ

෼ࢠಈྗֶ๏ʹ͓͍ͯɼχϡʔτϯͷӡ౓ํఔࣜΛղͨ͘Ίʹ͸ɼඍ෼ํఔࣜΛࠩ෼ํఔࣜͱ

ΘΕΔख๏ͱͯ͠ɼverlet࢖ɼ਺஋ੵ෼͢Δඞཁ͕͋ΔɽΑ͘͠ࣅۙͯ͠ ๏ɼ଎౓ verlet ๏͕͋

Δɽ͜͜Ͱɼଞͷཻ͔ࢠΒྗΛड͚ͳ͕Βӡಈ͢Δ N Δɽ࣭ྔ͑ߟΛܥΒͳΔ࣭఺͔ࢠͷཻݸ

m ͷཻࢠ i ͷड͚ΔྗΛ Fi ͱ͢ΔͱɼҎԼͷ͕ࣜఆٛ͞ΕΔɽ

Fi = m
d2ri

dt2 . (2.1)
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verlet ๏͸χϡʔτϯͷӡಈํఔ͔ࣜΒ௚઀ཻࢠͷ࣌ؒൃలΛٻΊΔࠩ෼ํఔࣜΛ࡞Δɽ࣌ؒ

(t + ∆t) ͱ (t − ∆t) Ͱͷཻࢠ i ͷ࠲ඪɼri(t + ∆t), ri(t − ∆t) Λςʔϥʔల։͠ɼdr/dt = vi Λ༻͍

Δͱɼ

ri(t + ∆t) = ri(t) + ∆tvi(t) +
(∆t)2

2
Fi(t)

m
+ ø(∆t)3, (2.2)

ri(t − ∆t) = ri(t) − ∆tvi(t) +
(∆t)2

2
Fi(t)

m
+ ø(∆t)3. (2.3)

ΛಘΔɽ྆ࣜͷ࿨ͱࠩΛͱΔͱɼ

ri(t + ∆t) + ri(t − ∆t) = 2ri(t) + (∆t)2 Fi(t)
m
+ ø(∆t)4, (2.4)

ri(t + ∆t) − ri(t − ∆t) = 2∆tvi(t) + ø(∆t)3. (2.5)

͜ΕΑΓɼ࣌ࠁ t + ∆t ͷ࠲ඪͱ࣌ࠁ t Ͱͷ଎౓͕ɼ

ri(t + ∆t) = 2ri(t) − ri(t − ∆t) + (∆t)2 Fi(t)
m
+ ø(∆t)4, (2.6)

vi(t) =
1

2∆t
[ri(t + ∆t) − ri(t − ∆t)] + ø(∆t)2. (2.7)

Ͱ༩͑ΒΕΔɽ͜ͷೋ͕ࣜ verlet ͷࣜͰ͋Δɽ͜͜Ͱ͜ͷೋࣜΛ૊Έ߹ΘͤΔ͜ͱʹΑΓɼ

vi(t) =
ri(t + ∆t) − ri(t)

2∆t

=
1

2∆t

{
ri(t) + ∆tvi(t) +

∆t2

2mi
Fi(t) − ri(t − ∆t)

}

=
1

2∆t

{
ri(t − ∆t) + ∆tvi(t − ∆t) +

∆t2

2mi
Fi(t − ∆t) + ∆tri(t) +

∆t2

2mi
− ri(t − ∆t)

}

=
vi(t)

2
+

1
2

{
vi(t − ∆t) +

∆t
mi

Fi(t) + Fi(t − ∆t)
2

}
. (2.8)

ࣜ (2.8) Λม͢ܗΔ͜ͱʹΑΓҎԼͷ͕ࣜಘΒΕΔɽ

vi(t) = vi(t − ∆t) +
∆t
mi

Fi(t) + Fi(t − ∆t)
2

. (2.9)

·ͨࣜ (2.4) ͔Βɼ

ri(t + ∆t) = ri(t) + ∆tvi(t) +
(∆t)2

2
Fi(t)

m
+ ø((∆t)3) (2.10)

͕ಘΒΕΔɽࣜ (2.9) ͓Αͼ (2.10) ͕଎౓ verlet ͷࣜͰ͋Δɽverlet ๏ͱ଎౓ verlet ๏͸਺ֶత

ʹ͸શ͘ಉ౳ͷࣜͰ͋Δ͕ɼ਺஋্ࢉܭҟͳΔɽverlet ๏͸࣌ؒ 2 ͭ෼ͷ෺ཧྔΛهԱ͓͔ͯ͠

ͳ͚Ε͹ͳΒͳ͍ͨΊɼϝϞϦΛ༨෼ʹ࢖༻͢Δɽ·ͨ verlet ๏Ͱ͸ɼ࠲ඪͷࠩΛऔΔ࣌ʹܻམ

͕ͪൃੜ͢ΔɽΑͬͯຊڀݚͰ͸଎౓ verlet ๏Λ༻͍ͨɽ
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2.2 ଟཻࢠিಥಈྗֶ๏

1.1 અͰड़΂ͨΑ͏ʹɼίϩΠυ෼ࢄӷɼߴ෼༹ࢠӷͳͲͷιϑτϚλʔΛର৅ͱͨ͠਺஋γ

ϛϡϨʔγϣϯʹ͓͍ͯɼNavier-Stokes ํఔࣜΛࠩ෼ͯ͢͠ࢉܭΔϚΫϩεέʔϧͷղੳख๏

Ͱ͸ɼιϑτϚλʔܥಛ༗ͷϝιεέʔϧߏ଄ͷৄ͕ࡉ൓ө͞Εʹ͘͘ɼݱ৅ཧղʹ͸ෆదͰ͋

Δɽ·ͨɼ෺࣭Λߏ੒͍ͯ͠Δશͯͷࢠݪɾ෼ࢠ 1 ͭ 1 ͭʹ͍ͭͯɼӡಈํఔࣜΛղ͘ख๏Ͱ

͋Δ MD ๏΋େ͖ͳ಺෦ࣗ༝౓Λ༗͢ΔιϑτϚλʔܥͰ͸ɼ͕ྔࢉܭ๲େͱͳΓࡏݱͷࢉܭ

ɽ͜ͷΑ͏ͳ໰୊ͷ΋ͱͰɼϛ͏·͔͔͕ͯͬؒ࣌͠ࢉܭతͰͳ͍࣮ݱೳΛ΋ͬͯͯ͠΋ੑػ

ΫϩεέʔϧͱϚΫϩεέʔϧͷதؒʹଐ͢ΔϝιεέʔϧΛର৅ͱͨ͠ղੳख๏ͱͯ͠ɼ֨

ମΦʔτϚτϯ๏ؾࢠ (LGA : Lattice Gas Automaton) ͕ 1987 ೥ʹ Frisch ΒʹΑͬͯఏҊ͞Ε

ͨ [80,81]ɽLGA ๏Ͱ͸ɼ౳ִؒͷ্֨ࢠʹ୯Ґ࣭ྔͷԾ૝ཻࢠΛ഑ஔ͠ɼཻࢠͷҠಈɼিಥΛ

ߦӡಈΛग़དྷΔ͚ͩऔΓೖΕͭͭྲྀମͷγϛϡϨʔγϣϯΛࢠΓฦ͢͜ͱʹΑΓϛΫϩͳཻ܁

͏ํ๏Ͱ͋Δɽ͜ͷཻࢠͷҠಈɼিಥϓϩηε͸੔਺ԋ͚ͩࢉͰॲཧ͢Δ͜ͱ͕Մೳͳ͜ͱ͔

Βɼ࣮਺ԋࢉΛै͏ߦདྷͷࢉܭख๏ʹൺ΂ѹ౗తʹޮࢉܭ཰͕͘ߴɼ਺஋ࠩޡʹΑΔൃࢄ΋ͳ͍

఺͕େ͖ͳར఺Ͱ͋ΔɽҰํͰܽ఺ͱͯ͠ɼ౳ํతͳ 3 ͳΔ఺ɼʹࡶͰিಥϓϩηε͕ෳܥݩ࣍

೪ੑ͕େ͖͘ϨΠϊϧζ਺Λେ͖͘Ͱ͖ͳ͍఺ɼΨϦϨΠෆมੑ͕੒Γཱͨͳ͍఺ͳͲ͕͋ͬ

ͨɽ͜ΕΒ LGA ͷܽ఺Λࠀ෰͠Α͏ͱɼࢄҳཻࢠಈྗֶ (DPD: Dissipative Particle Dynamics)

๏ [82–84]ɼ֨ࢠϘϧπϚϯ (LB: Lattice-Boltzmann) ๏ [85–88]ɼଟཻࢠিಥಈྗֶ (MPCD:

Multiparticle Collision Dynamics) ๏ [1, 2, 89] ͳͲ͕ఏҊ͞Ε͖ͯͨɽMPCD ๏͸ 1999 ೥ʹ

Malevanets ͱ Kapral ʹΑͬͯɼ௚઀γϛϡϨʔγϣϯϞϯςΧϧϩ (DSMC: Direct Simulation

Monte Carlo) ๏Λجʹఏএ͞Εͨൺֱత৽͍͠ࢉܭख๏Ͱ͋ΔɽDSMC ๏͸ 1960 ೥୅ʹ Bird

ʹΑΓఏҊ͞ΕͨɼرബؾମྲྀΕͷղੳʹ༗ޮͳख๏Ͱ͋Δ [90, 91]ɽؾମ෼ࢠͷҠಈͱিಥΛ

ରʹࢠ഑ํఔࣜͰ͋ΔϘϧπϚϯํఔࣜΛۙ઀ཻࢧମྲྀΕͷؾബرΊΔͷͰ͸ͳ͘ɼٻಓ͔Βي

ͯ֬͠཰తʹղ͘ͱ͍͏఺ʹಛ௃͕͋Δɽ͜ͷিಥϓϩηεͷࢉܭΛΑΓ؆ུԽ͠ɼۙ઀ͷෳ਺

Δ͜ͱͰ؆ུԽ͢Δख๏͕͢׵ަ͍ͯ༺ΛྻߦͷӡಈྔΛճసࢠཻ MPCD ๏Ͱ͋ΔɽMPCD ๏

͸͜Ε·ͰʹɼίϩΠυ [67,68,73,92–95]ɼߴ෼༹ࢠӷ [96–101]ɼߴ෼ࢠήϧ [102,103]ɼೱް

୙ӷதͰͷόΫςϦΞݒ [104–106]ɼӷথ [107, 108] ͳͲɼ༷ʑͳෳྲྀࡶମʹద༻͞Ε͍ͯΔɽ

MPCD ๏Ͱ͸ɼྲྀମ͸༹ഔ෼ࢠΛ͋Δఔ౓ͻͱ·ͱΊʹͨ͠ଟ਺ͷԾ૝ཻࢠͱͯ͠ද͞ݱΕɼ

Δ͑ߟͷҠಈΛࢠཻ (streaming step) ͱԾ૝ཻ͕ࢠಉ͡ηϧ಺ͷଞͷཻࢠͱͷিಥ͢Δϓϩηε

(collision step) ͷ 2 ͭͷϓϩηε͕ަ܁ʹޓΓฦ͞ΕΔɽ·ͣɼstreaming step Ͱ͸χϡʔτϯ

ͷӡಈํఔࣜʹैͬͯɼ࣭ྔ ms ͷ༹ഔཻࢠΛҎԼͷΑ͏ʹฒਐҠಈͤ͞Δɽ

ri(t + ∆tMPCD) = ri(t) + vi(t)∆tMPCD, (2.11)

͜͜Ͱɼi ͸ཻࢠͷΠϯσοΫεɼri ͸ཻࢠ i ͷҐஔɼvi ͸ཻࢠ i ͷ଎౓ɼ∆tMPCD ͸ MPCD Ξ

ϧΰϦζϜʹ͓͚Δ࣌ؒࠁΈ෯Ͱ͋Δɽ࣍ʹɼcollision step ʹҠΔɽcollision step Ͱ͸ྖࢉܭ

ҬΛ֨ࢠঢ়ʹ෼ׂͨ͠ηϧ಺ʹཻ͓͍ͯࢠಉ࢜ͷিಥΛ͑ߟΔɽ۩ମతʹ͸ɼܥΛ 1 ลͷ௕͞ a
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ͷཱํମͷηϧ (িಥηϧ) ʹ෼ׂ͠ɼηϧ಺ͷཻࢠͷӡಈྔΛަ͢׵ΔɽӡಈྔΛަ͢׵Δํ

๏ʹؔͯ͠ɼຊڀݚͰ͸ΦϦδφϧͰ͋Γ࠷΋Α͘࢖ΘΕΔ stochastic rotation dynamics (SRD)

๏ [1] Λ༻͍ΔɽSRD ๏Ͱ͸ɼηϧ಺ͷཻࢠͷӡಈྔΛҎԼͷࣜͷΑ͏ʹɼճసྻߦΛ༻͍ͯ

Δɽ͢׵ަ
vi(t + ∆tMPCD) = u(t) +Ω(vi(t) − u(t)). (2.12)

͜͜Ͱɼu(t) ͸֤ηϧͷॏ৺଎౓ɼΩ͸ϥϯμϜʹબΜͩ࣠ճΓΛݻఆ֯౓ αͰճసͤ͞Δ֬

཰ճసྻߦͰ͋Δɽ͜ͷͱ͖ɼಉҰηϧ಺ʹ͓͍ͯ͸ཻ֤ࢠͷճసͷํ޲͸ಉ͡ʹ͢Δɽηϧ಺

ͷཻࢠͷॏ৺଎౓ʹର͢Δ૬ର଎౓Λճస͢ΔͷͰɼӡಈྔͷަ׵લޙͰηϧ಺ͷ࣭ྔɼฒਐӡ

ಈྔɼΤωϧΪʔ͸อଘ͢Δɽͦͷ݁Ռͱͯ͠ɼܥͷྲྀମྗֶ૬࡞ޓ༻Λྀ͢ߟΔ͜ͱ͕Ͱ͖ɼ

ͷӡಈ͸ࢠཻ Navier-Stokes ํఔࣜʹ೤༳Β͗ͷޮՌ͕Ճຯ͞Εͨ΋ͷʹͳΔ [109, 110]ɽ͜͜

ͰɼSRD ͸ܥͷฒਐӡಈྔΛอଘ͠ɼଞͷӡಈྔަํ׵๏ͱൺֱͯ͠ޮࢉܭ཰͕͍͜ߴͱ͕ར

఺Ͱ͋Δ͕ɼ֯ӡಈྔ͸อଘ͠ͳ͍఺ʹ஫ҙ͕ඞཁͰ͋ΔɽMPCD ๏ʹ͓͍ͯฒਐӡಈྔͱ֯

ӡಈྔ͕ͱ΋ʹอଘ͞ΕΔख๏ͱͯ͠͸ɼྫ͑͹ Andersen thermostat Λ༻͍Δํ๏ (MPC-AT)

͕͋ΔɽMPC-AT Ͱ͸ɼcollision step ʹ͓͍ͯճసྻߦΛ༻͍Δ୅ΘΓʹɼશͯͷཻࢠʹର͠

ͯ Maxwell-Boltzmann ෼෍͔Β৽͍͠଎౓Λಘͯɼ֤ηϧͷॏ৺଎౓Λݩͷ஋ʹ໭͢ߦ͕ۀ࡞

ΘΕΔɽ͞Βʹ MPC-AT Ͱ͸ɼ֯ӡಈྔอଘ (MPC-AT+a) ͱඇอଘ (MPC-AT−a) Λ੾Γସ͑

Δ͜ͱ΋ՄೳͰ͋ΔɽMPC-AT ΛؚΉଞͷӡಈྔަ׵๏ͷৄࡉ΍ɼͲͷΑ͏ͳ৔߹ʹ֯ӡಈྔ

อଘΛྀ͠ߟͳ͚Ε͹ͳΒͳ͍͔ʹ͍ͭͯ͸ɼྫ͑͹ߟࢀจݙ [2] Λࢀর͞Ε͍ͨɽ

ຊڀݚͰ͸ɼSRD ๏ʹ͓͍ͯԹ౓੍ޚΛͨ͏ߦΊʹ Maxwell-Boltzmann Scaling thermostat

Λಋೖͨ͠ɽMaxwell-Boltzmann Scaling thermostat ͸ɼিಥηϧϨϕϧͰہॴతʹ଎౓εέʔ

ϦϯάΛ༻͍Δํ๏Ͱ͋ΓɼHuang ΒʹΑͬͯఏҊ͞Εͨ [111]ɽηϧ಺ʹଐ͢Δ༹ഔཻࢠͷ਺

Nc ʹ͓͚Δɼিಥηϧ಺ͷཻࢠͷॏ৺ʹର͢Δ૬ର଎౓ {v} = {vi,cm|i ∈ cell}͸ɼಛఆͷԹ౓ T

Ͱͷ Maxwell-Boltzmann ෼෍ʹैͬͯ෼෍ͤ͞Δඞཁ͕͋Δɽ

P({v}) =
(

m
2πkBT

)3Nc/2

exp

⎛
⎜⎜⎜⎜⎜⎜⎝−

m
2kBT

Nc∑

i=1

v2
i,cm

⎞
⎟⎟⎟⎟⎟⎟⎠ (2.13)

͜͜ͰɼऔΓಘΔશͯͷ {v}Λੵ෼͢Δ͜ͱͰɼিಥηϧͷہॴӡಈΤωϧΪʔ Ek =
∑Nc

i=1
mi
2 v2

i,cm

ΛࢉܭͰ͖ΔɽہॴӡಈΤωϧΪʔ Ek ͷ֬཰ີ౓෼෍ؔ਺͸ҎԼͷࣜͰ༩͑ΒΕΔ [112]ɽ

P(Ek) =
1

Ekγ( f /2)

(
Ek

kBT

) f /2

exp
(−Ek

kBT

)
(2.14)

͜͜Ͱɼ f = 3(Nc − 1) ͸ηϧ಺ͷࣗ༝౓Λࣔ͠ɼγ(x) ͸ΨϯϚؔ਺Ͱ͋Δɽ෼෍͸ฏۉ

⟨Ek⟩ = f kBT/2 ͓Αͼ෼ࢄ (∆Ek)2 = f (kBT )2/2 ͷΨ΢εؔ਺ͱͳΔɽ֤ηϧʹ͍ͭͯɼ৽͍͠

ӡಈΤωϧΪʔ E′k ͸ࣜ 2.14 ͔Βऔ͖ͬͯͨ஋ʹߋ৽͠ɼিಥηϧ಺ͷཻࢠͷॏ৺ʹର͢Δ૬

ର଎౓ vi,cm ͸܎਺ s ʹΑͬͯεέʔϦϯά (vi,cm → svi,cm) ͞ΕΔɽ

s =

√
2E′k∑Nc

i=1 miv2
i,cm

(2.15)
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༹ഔཻࢠͷฏࣗۉ༝ߦఔ λmfp ͸ɼλmfp = ∆t
√

kBT/m Ͱද͞ΕΔɽλmfp = 0.1a ͱ͢Δ͜ͱͰɼ

ಈ೪ੑ཰ͱཻࢠͷ֦܎ࢄ਺ͷൺͰ͋Δγϡϛοτ਺ Sc ͕ 10 Ҏ্ͱͳΓɼ͜ ͷͱཻ͖ࢠͷ֦ࢄʹ

ྲྀମྗֶ૬࡞ޓ༻ΛऔΓࠐΉ͜ͱ͕Ͱ͖Δɽ͕ͨͬͯ͠ɼҰൠతʹ࣌ؒࠁΈ෯ ∆t = 0.1ɼ༹ഔཻ

ͷ࣭ྔࢠ m = 1ɼԹ౓ kBT = 1 ͕Α͘༻͍ΒΕΔɽࢉܭίετͷ؍఺͔Βɼηϧ಺ͷ༹ഔཻࢠͷ

ฏۉ਺ີ౓͸ ρs = 5 a−3 ·ͨ͸ 10 a−3ɼճస֯͸ 90◦ ·ͨ͸ 130◦ ͕༻͍ΒΕΔ͜ͱ͕ଟ͍ɽΨ

ϦϨΠෆมੑΛ੒ཱͤ͞ΔͨΊʹɼηϧΛ۠੾ΔҐஔ͸ collision step ͷલʹຖճ [−a/2,+a/2]

มԽͤ͞Δ (random shift [113])

2.3 ༹ഔཻࢠͱཻ༹࣭ࢠͷΧοϓϦϯά

MD-MPCD ϋΠϒϦουγϛϡϨʔγϣϯʹ͓͍ͯɼ༹ഔཻࢠ͸ ∆tMPCD ͷ࣌ؒࠁΈ෯Ͱɼ

streaming step ͓Αͼ collision step ʹΑͬͯӡಈͤ͞ɼཻ༹࣭ࢠͷӡಈ͸ ∆tMPCD ΑΓ΋খ͍͞

Έ෯ࠁؒ࣌ ∆t Ͱ଎౓ Verlet ๏Λ༻͍ͨ MD ͷࢉܭʹΑͬͯ͏ߦɽ༹ഔཻࢠͱཻ༹࣭ࢠͷΧοϓ

Ϧϯάํ๏ʹؔͯ͠ɼ૝ఆ͢Δ৚݅ʹԠ༷ͯ͡ʑͳํ๏͕ఏҊ͞Ε͍ͯΔ [2, 114]ɽ͜͜Ͱ͸ɼ

ຊڀݚͰ΋࠷ͨ͠༺࠾΋Ұൠతͳํ๏Λઆ໌͢Δɽ͜ͷํ๏Ͱ͸ɼcollision step ಺Ͱͷӡಈྔަ

ɼ༹ʹࡍͷ׵ ΛΧοϓϦϯά͢Δࢉܭͷӡಈͷࢠͱཻ༹࣭ࢠ΋ؚΊΔ͜ͱͰ༹ഔཻࢠཻ࣭ [115]ɽ

ຊڀݚͷ৔߹ɼཻ༹࣭ࢠ͸ίϩΠυཻࢠ΍ϙϦϚʔΛߏ੒͢ΔϏʔζͷ͜ͱΛ͢ࢦ (ਤ 5.1 Λࢀ

র) ɽ͜ͷͱ͖ɼࣜ 2.12 ʹ͓͚Δηϧͷॏ৺଎౓ u(t) ͸ҎԼͷࣜͰද͞ΕΔɽ

u(t) =
∑Nc

i=1 mvi(t) +
∑Np

c
k=1 MVk(t)

mNc + MNp
(2.16)

͜͜ͰɼNc ͸ηϧ಺ʹଐ͢Δ༹ഔཻࢠͷ਺ɼNp
c ͸ηϧ಺ʹଐ͢Δཻ༹࣭ࢠͷ਺ɼM ͸ཻ༹࣭

ͷ࣭ྔɼVkࢠ ͸ཻ༹࣭ࢠͷ଎౓Ͱ͋ΔɽۃΊͯ୯७ͳํ๏ʹ΋ؔΘΒͣɼྲྀମྗֶత૬࡞ޓ༻

ΛऔΓೖΕͨرബ༹ӷதͷߴ෼ࢠμΠφϛΫεΛهड़͢Δ Zimm ϞσϧͷڍಈΛݱ࠶Ͱ͖Δ͜

ͱ͕֬ೝ͞Ε͓ͯΓ [116]ɼελʔϙϦϚʔ [117]ɼσϯυϦϚʔ [118]ɼ͓ΑͼίϩΠυ݁থ

ܥ [119] ͳͲͷ༷ʑͳܥͰ࠾༻͞Ε͍ͯΔɽ·ͨɼHuang Β [96] ͸ MPCD ๏Λ༻͍ͯɼߴ෼ࢠ

ೱ౓ 0.004 < c < 0.205 a−3 (0.041 < c/c∗ < 2.08) ͷൣғͰɼྑ༹ഔதͷߴ෼ࢠʹ͍ͭͯཧ࿦ͱൺ

ֱ͍ͯ͠Δɽc ≫ c∗ Ͱ͸ੑ׳൒ܘ
〈
R2

g

〉
ͷೱ౓ґଘੑ͸رബঢ়ଶͰͷੑ׳൒ܘ ⟨R2

g0⟩Λ༻͍ͯ

〈
R2

g

〉
=

〈
R2

g0

〉 ( c
c∗

)(2ν−1)/(1−3ν)
(2.17)

ʹै͏ (ν ≈ 0.6) ͜ͱ͕࣮ݧ [120] ͓ΑͼγϛϡϨʔγϣϯ [121, 122] ʹ͓͍ͯ֬ೝ͞Ε͍ͯΔ

͕ɼMPCD ๏ʹ͓͍ͯ΋ c/c∗ ! 2 ʹ͓͍ͯɼ͜ͷεέʔϦϯάଇ͕੒ཱ͢Δ͜ͱ͕ใ͞ࠂΕͯ

͍Δɽ·ͨಉ༷ͷೱ౓ (c/c∗ ! 2) Ͱɼ࠷௕؇࿨࣌ؒͷೱ౓ґଘੑʹؔͯ͠΋

τ = τ0

( c
c∗

)(2−3ν)/(3ν−1)
(2.18)

Ͱද͞ΕΔεέʔϦϯάଇ (ν ≈ 0.6) ʹै͏͜ͱ͕֬ೝ͞Ε͍ͯΔɽ͜͜Ͱɼcollision step ಺

ʹ͓͍ͯɼ༹ഔཻࢠͱཻ༹࣭ࢠͷӡಈͷࢉܭΛΧοϓϦϯά͢Δࡍʹɼཻ༹࣭ࢠͷ୯Ґ௕͕͞
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ηϧͷ௕͞ a Λ௒͑ͯ͸͍͚ͳ͍͜ͱʹ஫ҙ͕ඞཁͰ͋Δɽ͜Ε͸ɼηϧͷ௕͞ a ͕ۭؒղ૾

౓ΛܾΊΔ௕͞ʹͳΓɼཻ༹࣭ؒࢠͷӡಈʹྲྀମྗֶ૬࡞ޓ༻ΛऔΓೖΕΔͨΊͰ͋Δɽ͞Β

ʹ͜ͷͱ͖ɼཻ༹࣭ࢠͷ࣭ྔ M ͸ηϧ͋ͨΓͷ༹ഔཻࢠͷฏྔ࣭ۉͱҰகͤ͞Δඞཁ͕͋Γɼ

M = ⟨Ncm⟩ͱͳΔɽ

2.4 पڥظք৚݅

ຊڀݚͰ͸ڥք৚݅ͱͯ͠पڥظք৚݅Λ༻͍Δɽपڥظք৚݅Ͱ͸ɼཻࢠ͸ڥքͷน͔Β͸

ӨڹΛड͚ͣʹͦͷ··֎ʹग़ͯɼର໘ͷ૬ର͢ΔҐஔ͔Βग़ͯͨͬߦͱ͖ͱಉ͡଎౓Ͱೖͬ

ͯདྷΔɽͦͷΠϝʔδਤΛਤ 2.1 ʹࣔ͢ɽਤ 2.1 ͷதԝͷଠ࿮ͷηϧ಺ͷཻࢠͷΈɼίϯϐϡʔ

λ্ͰࢉܭΛߦͳ͏ɽ͜ͷηϧΛجຊηϧͱݺͿɽͦΕҎ֎ͷ্Լࠨӈ 8 ͭͷܥΛΠϝʔδη

ϧͱݺͼɼجຊηϧͱશ͘ಉ༷ͷཻࢠͷӡಈ͕ߦͳΘΕ͍ͯΔͱ͑ߟΔɽجຊηϧ಺ͷཻࢠ i ͕

߹ຊηϧ಺͔Βग़ͯ͠·ͬͨ৔ج xi > L ͳΒ͹ xi Λ xi − L ʹஔ͖ͯ͑׵ɼxi < 0 ͳΒ͹ xi Λ

xi + L ʹஔ͖͑׵Δɽyiɼzi ʹ͍ͭͯ΋ಉ༷ͷॲཧΛ͠ɼجຊηϧ಺ͷཻࢠΛҰఆʹอͭɽ͜Ε

Λਤ 2.1 Λ༻͍ͯઆ໌͢Δͱɼྫ͑͹جຊηϧ͔Β֎ʹग़ͯ͠·ཻͬͨࢠ͸ର໘ͷ૬ର͢ΔҐஔ

͔Βɼ֎ʹग़ͨ࣌ͱಉ͡଎౓Ͱೖͬͯ͘Δɽपڥظք৚݅ԼͰ͸ɼܥͷӡಈΤωϧΪʔ͸جຊη

ϧ಺ͷཻࢠͷӡಈΤωϧΪʔͰ༩͑ΒΕΔɽҰํɼܥͷϙςϯγϟϧΤωϧΪʔ Φ͸ɼجຊη

ϧ಺ͷཻؒࢠͷϙςϯγϟϧΤωϧΪʔͱجຊηϧͱΠϝʔδηϧ಺ͷཻؒࢠͷϙςϯγϟϧ

ΤωϧΪʔͷ࿨Ͱ༩͑ΒΕΔɽجຊηϧ಺ͷཻࢠͷҐஔϕΫτϧΛ r ͱ͠ɼରϙςϯγϟϧΛ

φ(r)i(i = 1, 2, ...N) ͱ͓͘ͱɼΦ͸

Φ =

N∑

i=1

N∑

i< j

φ(ri j) +
′∑

ν

N∑

i=1

N∑

i< j

φ(ri, jν) (2.19)

ri, jν = ri − (Lν + r j), (2.20)
ri, jν = |ri, jν| (2.21)

ͱͳΔɽୈೋ߲ͷ νʹ͍ͭͯͷ࿨͸ɼҎԼͷࣜͰද͞ΕΔɽ

′∑

ν

=

∞∑

v1=−∞

∞∑

v1=−∞

∞∑

v1=−∞
. (2.22)
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ਤ 2.1 पڥظք৚݅ͷΠϝʔδਤ
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ୈ 3ষ

੩ࢭ৔ʹ͓͚Δ
JanusίϩΠυཻࢠ෼ࢄӷͷࣗूݾ߹

ຊষͰ͸ɼ੩ࢭ৔ʹ͓͚Δ Janus ίϩΠυཻࢠ෼ࢄӷͷࣗूݾ߹ʹؔ͢Δ݁ՌΛड़΂Δɽ͸͡

Ίʹ 3.1 અͰࢉܭ৚݅ʹ͍ͭͯઆ໌͠ɼଓ͍ͯ 3.2.1 અͰɼຊڀݚͰ༻͍ΔίϩΠυཻࢠϞσϧ

ʹؔͯ͠θϩͤΜஅ೪౓͓Αͼࣗ܎ࢄ֦ݾ਺Λཧ࿦ͱൺֱ͢Δ͜ͱͰϞσϧͷଥ౰ੑΛ֬ೝ͢

Δɽଥ౰ੑͷ֬ೝΛ͋ͨͬߦͱʹɼJanus ঢ়ҟํੑɼମੵ෼཰ܗͷૄਫੑύονͷαΠζɼࢠཻ

ΛมԽͤͨ͞ͱ͖ͷࣗߏ߹ूݾ଄Λௐ΂ΔɽͦΕͧΕɼ3.2.2 અͰٿঢ় Janus ίϩΠυཻࢠͷฏ

଄ɼ3.2.3ߏߧ અͰٿ୺ԁபঢ় Janus ίϩΠυཻࢠͷฏߏߧ଄ɼ3.2.4 અͰٿঢ়/ٿ୺ԁபঢ় Janus

ίϩΠυཻࠞࢠ߹෼ࢄӷͷฏߏߧ଄ʹؔ͢Δ݁Ռ͓Αͼ࡯ߟΛड़΂ɼޙ࠷ʹ 3.3 અͰ݁࿦Λड़

΂ΔɽຊষͷਤͷҰ෦͸ɼKobayashi et al., “Structure and dynamics of amphiphilic Janus spheres

and spherocylinders under shear”, S o f t Matter, vol. 16, pp. 476-486, 2020. Ε͍ͯΔਤ͞ࡌܝʹ

Λ࢖༻͍ͯ͠Δɽ

3.1 ৚݅ࢉܭ

ຊڀݚͰ͸ɼPoblete Β [123] ͷίϩΠυཻࢠϞσϧΛߟࢀʹɼJanus ίϩΠυཻࢠΛ࡞੒͠

ͨɽຊϞσϧ͸ Nc ܘ੒͞Εɼ௚ߏͰࢠͷཻݸ aɼ࣭ྔ m ͷཻ֤ࢠ͸ྡΓ߹͏ཻ͓ࢠΑͼਖ਼൓ର

ʹҐஔ͢Δཻࢠͱ Hooke ͷ๏ଇʹै͏ௐ࿨ϙςϯγϟϧ Ub Λհͯ͠઀ଓ͞ΕΔɽௐ࿨ϙςϯ

γϟϧ Ub ͸ҎԼͷࣜͰࣔ͞ΕΔɽ

Ub(ri j) =
k
2

(ri j − r0)2, (3.1)

͜͜Ͱ k ͸͹Ͷఆ਺ɼri j ͸ཻࢠ i ͱཻࢠ j ͷڑ཭ɼr0 ͸ฏߧ͹Ͷ௕͞Ͱ͋ΔɽຊڀݚͰ͸ɼ͹

Ͷఆ਺ k ʹؔͯ͠ k = 5000 kBT/a2 ͱ͠ɼͦΕͧΕ kB ͸ϘϧπϚϯఆ਺ɼT ͸Թ౓Ͱ͋Δɽ͜

ͷΑ͏ͳେ͖͍͹Ͷఆ਺Λ༻͍Δ͜ͱͰɼ߶ମཻࢠͷΑ͏ʹίϩΠυཻࢠϞσϧͷܗঢ়Λอͭ͜

ͱ͕Ͱ͖Δ͜ͱ͕աڈͷڀݚʹΑͬͯ֬ೝ͞Ε͍ͯΔ [123]ɽr0 ͷ஋͸ɼίϩΠυཻࢠͷܗঢ়ͱ

ද໘ີ౓ͷ஋ʹґଘ͢Δɽ



3.1 ৚݅ࢉܭ 15

൒ܘ R ͷٿঢ়ίϩΠυཻࢠͷ৔߹ɼҎԼͷखॱͰϞσϧԽ͞ΕΔɽ·ͣɼลͷ௕͞ d ͷਖ਼ೋ

े໘ମͷ֤௖఺ʹཻࢠΛ഑ஔ͢Δɽ࣍ʹɼਖ਼ೋे໘ମͷ໘Λลͷ௕͕͞ d/n ͷਖ਼ܗ֯ࡾʹ෼ׂ͢

Δɽn ͷ஋͸཭ࢄԽͷఔ౓Λ੍͢ޚΔ੔਺ͷύϥϝʔλͰ͋Γɼn ͕େ͖͍΄Ͳද໘ີ౓͸͘ߴ

ͳΔɽຊڀݚͰ͸ɼR = 3 a ͱ͠ n = 2 Λ࠾༻ͨ͠ɽ͜ΕʹΑΓ 1 ͭͷίϩΠυཻࢠ͸ Nc = 162

੒͞ΕΔ͜ͱʹͳΓɼද໘ີ౓͸ߏΒ͔ࢠԽཻࢄͷ཭ݸ 1.43a−2 ͱͳΔɽ͜ͷͱ͖ r0 ͸ɼਖ਼൓ର

ͷཻؒࢠ͸ r0 = 2RɼྡΓ߹͏ཻؒࢠ͸ r0 = 0.82 a ͱͳΔɽ͜ΕΒͷύϥϝʔλ͸ɼ߶ମίϩΠ

υཻࢠͷฒਐ଎౓ࣗݾ૬ؔؔ਺͓Αͼճస଎౓ࣗݾ૬ؔؔ਺͕ɼ׈Γແ͠৚݅ʹ͓͚Δرബͳ෼

ର͢ΔҰൠԽϥϯδϡόϯํఔࣜͷղੳղͱҰக͢Δ͜ͱ͕֬ೝ͞Ε͓ͯΓɼద੾ͳྲྀମʹܥࢄ

ྗֶతڍಈΛݱ࠶Ͱ͖Δ [123]ɽਤ 3.1 ʹຊڀݚͰ༻͍Δ Janus ίϩΠυཻࢠϞσϧͱͦͷ໛ࣜ

ਤΛࣔ͢ɽਤதͰΦϨϯδ৭ɼਫ৭͸ͦΕͧΕૄਫੑύονɼ਌ਫੑύονΛ͢ࢦɽ਌ਫੑύο

νͷ͔ۃΒૄਫੑύονͷۃ΁ͷϕΫτϧΛ Janus ίϩΠυཻࢠͷ഑޲ϕΫτϧͱ͢Δɽૄਫੑ

ύονͷαΠζ͸ɼJanus ίϩΠυཻࢠͷ഑޲ϕΫτϧʹର͢Δ։͖֯౓ θͱͯ͠ఆٛ͢Δɽຊ

Ͱ͸ɼૄਫੑύονͷ։͖֯౓ڀݚ θ = 66◦ ͓Αͼ θ = 90◦ ͷೋछྨͷٿঢ় Janus ίϩΠυཻࢠ

(S) Λݕ౼͢Δɽ͜ΕΒͷ஋͸ɺաڈͷ࣮ݧ [124] ͓ΑͼγϛϡϨʔγϣϯ [69] Ͱ΋༻͍ΒΕͯ

͓ΓɼJanus ಈʹେ͖ͳมԽΛ༩͑ΔύϥϝʔλͷҰͭͰ͋Δɽڍ߹ूݾ͍͓ࣗͯʹܥࢠཻ
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ਤ 3.1 ͍ͨ༺ʹࢉܭ Janus ίϩΠυཻࢠϞσϧɽ(a) ൒ܘ R = 3 a ͷٿঢ় Janus ίϩΠυཻ

ɽͦΕͧΕɼࢠ (i) Janus ίϩΠυཻࢠϞσϧͷ໛ࣜਤɼ (ii) ૄਫੑύονͷ։͖֯౓ θ = 66◦

ͱ (iii) θ = 90◦ Λද͢ɽ(b) ൒ܘ R = 3 a ͷٿ୺ԁபঢ় Janus ίϩΠυཻࢠɽͦΕͧΕɼ (i) ௕
͞ L = 6 a (θ = 53.4◦) ͱ (ii) L = 9 a (θ = 39.0◦) Λද͢ɽਤதͷΦϨϯδ৭͸ૄਫੑύονɼ

ਫ৭͸਌ਫੑύονΛද͢ɽ

·ͨୈ 1.2.3 અͰ΋ड़΂ͨΑ͏ʹཻܗࢠঢ়ҟํੑ΋ɼࣗߏ߹ूݾ଄΍ྲྀಈಛੑʹӨڹΛ༩͑Δ

ॏཁͳύϥϝʔλͰ͋ΔͨΊɼٿঢ়ཻࢠʹՃ͑ͯٿ୺ԁபঢ় Janus ίϩΠυཻࢠ (SC) ͷݕ౼΋

ɽਤͨͬߦ 3.1 (b) ʹຊڀݚͰ༻͍ͨɼٿ୺ԁபঢ় Janus ίϩΠυཻࢠϞσϧΛࣔ͢ɽٿ୺ԁப

ঢ়ίϩΠυཻࢠͷ௕͞Λ 2L ͱ͠ɼ௕࣠൒ܘΛ୹࣠൒ܘͰׂͬͨ஋ΛΞεϖΫτൺ (λ = L/R) ͱ

͢Δɽ୹࣠൒ܘ͸ٿঢ়ίϩΠυཻࢠͷ൒ܘͱಉ͡஋ (R = 3 a) Λ༻͍ɼຊڀݚͰ͸ λ = 2 ͓Αͼ

λ = 3 Λݕ౼ͨ͠ɽٿ୺ԁபঢ় Janus ίϩΠυཻࢠ಺ͷૄਫ/਌ਫཻࢠͷ੒෼ൺ f (ද໘ੵͷൺʹ

΋͓͓ΑͦରԠ) ͸ɼ1/2 ͰҰகͤͨ͞ɽ͕ͨͬͯ͠ɼλ = 2 ͷͱ͖ θ = 53.4◦ ͱͳΓɼλ = 3 ͷͱ

͖ θ = 39.0◦ ͱͳΔɽ཭ࢄԽͷఔ౓͸ٿঢ়ίϩΠυཻࢠϞσϧͱಉ͡ʹͳΔΑ͏ʹઃఆ͠ (n = 2)

ɼ͜ͷͱ͖ 1 ͭͷٿ୺ԁபঢ়ίϩΠυཻࢠ͸ λ = 2 ͷͱ͖ Nc = 322ɼλ = 3 ͷͱ͖ Nc = 482 ͷ
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཭ࢄԽཻࢠͰߏ੒͞ΕΔɽ

͸ɼੱྗͷΈͷ༺࡞ޓͷഉআମੵ૬ؒࢠཻ Weeks-Chandler-Andersen (WCA) ϙςϯγϟ

ϧ [125] Λ༻͍Δɽ

UWCA(ri j) =

⎧⎪⎪⎨
⎪⎪⎩

ULJ(ri j) + ε, ri j ≤ 21/6a
0, ri j > 21/6a,

(3.2)

͜͜ͰɼULJ ͸ Lennard-Jones (LJ) ϙςϯγϟϧͰ͋Γɼ

ULJ(ri j) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

4ε
[(

a
ri j

)12
−

(
a
ri j

)6
]
, ri j ≤ rcut

0, ri j > rcut

(3.3)

Ͱද͞ΕΔɽ͜͜Ͱɼri j ͸ཻڑؒࢠ཭ɼε = kBT ͸૬࡞ޓ༻ͷ͞ڧͰ͋ΔɽΧοτΦϑڑ཭͸

rcut = 3.0 a ͱͨ͠ɽຊڀݚͰ͸ૄਫੑ૬࡞ޓ༻ʹΑΔࣗूݾ߹ΛԾఆ͠ɼૄਫੑཻؒࢠʹ͸ɼ༹

ഔ (ਫ) Λഔհͨ͠ૄਫੑύονؒͷҾྗ૬࡞ޓ༻Λྀ͢ߟΔͨΊʹ ε = 0.5 kBT ͱͨ͠ɽ͜͜

Ͱɼૄਫੑ૬࡞ޓ༻ΛԾఆͨ͠ཧ༝͸ҎԼͷͱ͓ΓͰ͋Δɽࡏݱ·Ͱʹۚଐɼ൒ಋମ݁থΛίΞ

ͱ͢Δφϊཻࢠද໘Λ྆਌ഔੑम০͢Δ߹੒ٕज़ [126–128] ͓Αͼ྆਌ഔੑύλʔϯԽ͠ɼૄਫ

ੑޮՌΛۦಈྗͱͨࣗ͠ूݾ߹ͷ੍ޚʹؔ͢Δڀݚ [124, 128, 129] ͕ใ͞ࠂΕ͍ͯΔɽྫ͑͹

Taniguchi Β [128] ͸ɼ100 nm ҎԼͷܗঢ়ҟํੑφϊཻࢠද໘ͷ྆਌ഔੑम০ʹ੒ޭ্ͨ͠ʹɼ

਌ਫੑ/ૄਫੑυϝΠϯͷόϥϯεΛௐઅ͢Δ͜ͱͰɼΧΰϝঢ়ߏ଄͕ಘΒΕΔ͜ͱΛൃͯ͠ݟ

͍Δɽ·ͨɼ྆਌ഔੑ Janus ͷ߹੒ࢠཻ [130, 131] ͓Αͼࣗूݾ߹ [124, 132, 133] ʹؔ͢Δڀݚ

΋͜Ε·Ͱʹ਺ଟ͘ใ͞ࠂΕ͍ͯΔɽҎ্ͷΑ͏ʹɼφϊཻࢠද໘ͷ྆਌ഔੑम০ʹؔ͢Δ߹੒

ٕज़͸͢ͰʹఏҊ͞Ε͍ͯΔ͜ͱɼ͞Βʹ Janus ݾಈྗͱͨࣗ͠ۦਫੑޮՌΛૄ͍͓ͯʹܥࢠཻ

ू߹ͷ੍ݧ࣮͕ޚʹΑͬͯऔΓ૊·Ε͍ͯΔ͜ͱ͔ΒɼຊڀݚͰ͸ૄਫੑ૬࡞ޓ༻ʹΑͬͯࣗݾ

ɽεͨͬߦ੒Λ࡞ΕΔ͜ͱΛԾఆ͠ɼϞσϧͷݱ৅͕ݱ߹ू = 0.5 kBT Λ༻͍Δ͜ͱͰɼաڈͷγ

ϛϡϨʔγϣϯ [69] Ͱ͞࡯؍Εͨฏߏߧ଄͕ɼຊγϛϡϨʔγϣϯʹ͓͍ͯ΋ݱ࠶Ͱ͖Δ͜ͱ

Λ֬ೝ͍ͯ͠Δɽ༹ഔཻࢠͷฏۉ਺ີ౓͸ ρs = 10 a−3ɼিಥճస֯͸ α = 130◦ɼԹ౓͸ kBT = 1

ͱͨ͠ [111]ɽ͜ͷͱ͖γϛϡϨʔγϣϯͰಘΒΕΔ༹ഔ೪౓͸ ηs = 8.72 ± 0.01 ms/(aτ) ͱͳ

Γɼղੳతʹٻ·Δ஋ͱҰக͢Δ͜ͱΛ֬ೝ͍ͯ͠Δ [2]ɽMD ͷ਺஋ੵ෼๏ʹ͸଎౓ࢉܭ Verlet

๏ [134] Λ࢖༻͠ɼ࣌ؒࠁΈ͸ ∆t = 0.005 τͱͨ͠ɽ·ͨɼMPCD Ͱ͸ࢉܭ ∆tMPCD = 0.1 τΛ࢖

༻ͨ͠ɽ࣌ؒͷ୯Ґ͸ τ =
√

ms/(kBT )a Ͱ͋ΔɽίϩΠυཻࢠΛߏ੒͢Δ཭ࢄԽཻࢠͷ࣭ྔ͸ɼ

༹ഔͰຬͨ͞Εͨিಥηϧͷฏྔ࣭ۉͱ߹͏Α͏ʹઃఆ͞ΕΔͨΊ m = msρsa3 = 10 ms ͱͳΔɽ

ମੵ෼཰͸ࢠɼཻ͍͓ͯʹܥࢠঢ়ίϩΠυཻٿ φc = 0.014ɼ0.028ɼ0.057ɼ0.114 ͷ 4 छྨΛ

ͷ਺͸ͦΕͧΕɼ64ɼ125ɼ256ɼ512ࢠঢ়ίϩΠυཻٿΔ͢ࡏ಺ʹଘܥɽͨ͠౼ݕ Ͱ͋Δɽ͜ݸ

͜ͰɼJanus ίϩΠυཻࢠͷฏۉೋ৐มҐΛ͢ࢉܭΔ͜ͱͰɼຊڀݚͰݕ౼͢Δཻࢠମੵ෼཰ͷ

ൣғʹ͓͍ͯɼݻ͕ܥ૬Ͱ͸ͳ͘ӷ૬Ͱ͋Δ͜ͱΛ֬ೝͨ͠ (3.2.2 અΛࢀর) ɽٿ୺ԁபঢ়ίϩ

Πυཻܥࢠʹ͓͍ͯ͸ɼφc = 0.057 ͓Αͼ φc = 0.114 ͷ 2 ͭͷཻࢠମੵ෼཰Λݕ౼ͨ͠ɽܥ಺

ʹଘ͢ࡏΔٿ୺ԁபঢ়ίϩΠυཻࢠͷ਺͸ͦΕͧΕɼλ = 2 ͷͱ͖ 102ɼ200 ͱͳΓɼλݸ = 3 ͷ

ͱ͖ 64ɼ125 ࢠঢ়ίϩΠυཻٿͱͳΔɽ͞Βʹɼݸ (θ = 66◦) ͱٿ୺ԁபঢ়ίϩΠυཻࢠ (λ = 3)

ͷࠞ߹ܥʹ͍ͭͯ΋ղੳΛͨͬߦɽશମͷཻࢠମੵ෼཰͸ φc = 0.057 ͓Αͼ φc = 0.114 Λݕ౼
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͢Δɽ͜ͷͱ͖ɼٿঢ়ίϩΠυཻࢠͱٿ୺ԁபঢ়ίϩΠυཻࢠͷମੵ෼཰ͷൺ͸ 1:1 ͱͨ͠ɽܭ

Ҭͷྖࢉ 1 ล͸ແ࣍ݩ௕͞Ͱ L = 80 a ͷཱํମͰ͋Γɼ༹ഔཻࢠͷ਺͸ 5, 120, 000 Ͱ͋Δɽڥ

ք৚݅͸पڥظք৚݅Λ༻͍ͨɽॳߏظ଄͸ϥϯμϜߏ଄Λ༻ҙ͠ɼ108 MD εςοϓͷฏߧԽ

γϛϡϨʔγϣϯΛ͏ߦɽ͕ܥฏߧঢ়ଶʹୡ͔ͨ͠Ͳ͏͔ͷ֬ೝ͸ɼϙςϯγϟϧΤωϧΪʔ͓

Αͼฏۉձ߹਺ͷ࣌ؒมԽΛͨ͠࡯؍ (3.2.2 અΛࢀর) ɽશͯͷγϛϡϨʔγϣϯ͸ɼϛγΨϯ

େֶ͕։ൃͨ͠ GPU ্Ͱಈ͢࡞ΔΦʔϓϯιʔειϑτ΢ΣΞͰ͋Δ HOOMD–blue (version

2.5.1) [135–137] Λ༻͍ͯߦΘΕͨɽ·ͨ HOOMD–blue ্ͰͤΜஅྲྀΕͷγϛϡϨʔγϣϯΛ

”Ίʹɼ“azpluginsͨ͏ߦ (version 0.6.2) [138] Λ࢖༻ͨ͠ɽ

3.2 ݁Ռ͓Αͼ࡯ߟ

3.2.1 ඇٵணʢ਌ਫੑʣίϩΠυཻࢠ෼ࢄӷͷฏߏߧ଄

·ͣɼίϩΠυཻࢠϞσϧͷଥ౰ੑͷ֬ೝΛͨͬߦɽ෼ࢄӷ಺Ͱ׬શʹ෼͢ࢄΔΑ͏ʹɼίϩ

Πυཻؒࢠʹ͸ WCA ϙςϯγϟϧͷΈ͕ಇ͘Α͏ʹɼૄਫੑύον͕ଘ͠ࡏͳ͍਌ਫੑίϩΠ

υཻࢠΛ࢖༻͢Δɽཻࢠମੵ෼཰ φc ͕े෼ʹ௿͍ͱ͖ɼ෼ࢄӷͷθϩͤΜஅ೪౓ η0 ͸ཧ࿦తʹ

ͷ৔߹ɼη0ࢠঢ়ίϩΠυཻٿΓແ͠৚݅ʹ͓͚Δ׈ग़͢Δ͜ͱ͕ՄೳͰ͋Δɽࢉ ͸ΞΠϯγϡ

λΠϯͷ೪౓ࣜ [4, 5] ΑΓٻ·Δɽ

η0 = ηs(1 + 2.5φc), (3.4)

͜͜Ͱɼηs ͸༹ഔͷ೪౓Ͱ͋Γɼຊڀݚʹ͓͍ͯ MPCD ๏ʹ༻͍ͨύϥϝʔλΑΓղੳతʹ

ηs = 8.7 τkBTa−3 ͱٻ·Δ [2]ɽ·ͨɼرബ෼ࢄӷதʹ͓͚Δٿ୺ԁபঢ়ཻࢠͷθϩͤΜஅ೪౓

ʹ͍ͭͯ͸ɼKuhn ʹΑͬͯಋग़͞ΕͨࣜʹΑͬͯٻΊΔ͜ͱ͕Ͱ͖Δ [6–8]ɽ

η0 = ηs

(
1 + 2.5φc +

φc

16
λ2

)
. (3.5)

γϛϡϨʔγϣϯ಺ʹ͓͚ΔθϩͤΜஅ೪౓͸ɼฏߧঢ়ଶʹ͓͍ͯଌఆ͞ΕΔ༳Β͗ͷ࣌ؒม

ಈ͔Β Green-Kubo ެࣜΛ͜͏࢖ͱʹΑͬͯࢉग़͢Δ͜ͱ͕Ͱ͖Δ [139]ɽҰํͰຊڀݚͰ͸ɼ

θϩͤΜஅ೪౓ η0 ͸ඇৗʹऑ͍ͤΜஅΛ༩͑Δ͜ͱͰࢉग़ͨ͠ɽͤΜஅΛ༩͑ͯٻΊ༹ͨഔ೪

౓͸ ηs = 8.72 ± 0.01 ͱͳΓɼ্Ͱղੳతʹࢉग़༹ͨ͠ഔ೪౓ͱ΄΅Ұக͢Δ͜ͱ͕໌Β͔ͱ

ͳͬͨɽਤ 3.2 (a) ʹɼγϛϡϨʔγϣϯʹΑͬͯࢉग़ͨ͠ٿঢ়͓Αͼٿ୺ԁபঢ়ίϩΠυཻࢠ

ͷθϩͤΜஅ೪౓ͱࣜ (3.4) ͓Αͼ (3.5) ͔Βٻ·Δཧ࿦஋ͱͷൺֱΛࣔ͢ɽφc ! 0.03 ͷͱ͖ɼ

γϛϡϨʔγϣϯͷ݁Ռͱཧ࿦஋͸ྑ͍ҰகΛࣔ͢ɽ͔͠͠ମੵ෼཰͕૿Ճ͢ΔʹͭΕͯɼγ

ϛϡϨʔγϣϯͷ݁Ռ͸ཧ࿦஋ΑΓ΋େ͖͍஋Λࣔ͢Α͏ʹͳΔɽ͜Ε͸ɼମੵ෼཰͕૿Ճ͢Δ

ͱཻؒࢠͷ૬࡞ޓ༻Λແ͢ࢹΔ͜ͱ͕Ͱ͖ͳ͘ͳΔ͔ΒͰ͋ΓɼඇઢޮܗՌΛྀ͢ߟΔඞཁ͕͋

Δ͜ͱΛ͍ࣔࠦͯ͠Δɽ
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ਤ 3.2 (a) Խنӷͷਖ਼ࢄ੒͞ΕΔίϩΠυ෼ߏΑͬͯʹࢠ୺ԁபঢ়ίϩΠυཻٿঢ়͓Αͼٿ

θϩͤΜஅ೪౓ η0/ηs ʹؔ͢Δମੵ෼཰ φc ґଘੑɽͦΕͧΕͷه߸͸γϛϡϨʔγϣϯͷ

݁Ռɼ࣮ઢ͸ࣜ (3.4) ͓Αͼ (3.5) ͔Βٻ·Δཧ࿦஋Λ͍ࣔͯ͠Δɽ(b) ਺܎ࢄ֦ݾࣗ D ͷγ

ϛϡϨʔγϣϯ (߸ه) ͱཧ࿦஋ (࣮ઢ) ͷൺֱɽനൈ͖ه߸͸γεςϜͷαΠζґଘੑΛྀߟ

ͨ͠ɼิਖ਼ཧ࿦͔ࣜΒٻ·Δٿঢ়ίϩΠυཻࢠͷࣗ܎ࢄ֦ݾ਺Λࣔ͢ [140]ɽ

࣍ʹɼ֤ίϩΠυཻࢠͷฒਐ֦܎ࢄ਺Λཧ࿦஋ͱൺֱͨ͠ɽٿঢ়ίϩΠυཻࢠͷ৔߹ɼετʔ

ΫεɾΞΠϯγϡλΠϯͷ͔ࣜΒਪఆ͢Δ͜ͱ͕Ͱ͖Δɽ

D =
kBT

6πη0R
. (3.6)

͸ΞεϖΫτൺ͕͍͓ͯʹࢠ୺ԁபঢ়ཻٿ 2 ≤ λ ≤ 20 ͷͱ͖ɼҎԼͷࣜ [141–143] Λ༻͍Δ͜

ͱͰਪఆ͢Δ͜ͱ͕Ͱ͖Δɽ

D =
(ln λ + ν)kBT

3πη0L
, (3.7)

͜͜Ͱɼν = 0.312 + 0.565/λ − 0.100/λ2 Ͱ͋Δɽ
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γϛϡϨʔγϣϯ͔ΒಘΒΕΔࣗ܎ࢄ֦ݾ਺ D ͸ɼίϩΠυཻࢠͷॏ৺ͷฏۉೋ৐มҐ

∆R2(t) =
〈
[Ri(t0 + t) − Ri(t0)]2

〉
Λଌఆ͠ɼ∆R2(t) = 6Dt ΑΓٻ·Δɽਤ 3.2 (b) ٿঢ়͓Αͼٿʹ

୺ԁபঢ়ίϩΠυཻࢠͷࣗ܎ࢄ֦ݾ਺ D ʹ͍ͭͯɼγϛϡϨʔγϣϯʹΑͬͯಘΒΕͨ஋ͱ

ࣜ (3.6) ͓Αͼ (3.7) ͔Βࢉग़͞ΕΔཧ࿦஋ͱͷൺֱΛࣔ͢ɽࣗ܎ࢄ֦ݾ਺ D ͸ମੵ෼཰ φc ͷ

૿Ճ (೪౓ η0 ͷ૿Ճ) ʹ൐͍ɼݮগ͍ͯ͘͜͠ͱ͕֬ೝͰ͖Δɽ·ͨɼΞεϖΫτൺ λͷ૿Ճʹ

൐͍ɼ֦͕ࢄ஗͘ͳΔ͜ͱ΋֬ೝ͞Εͨɽ͞ΒʹίϩΠυཻࢠͷܗঢ়ҟํੑ͸ɼ೪౓ͱൺֱͯ͠

͢΅ٴΛڹ਺ʹΑΓӨ܎ࢄ֦ (ਤ 3.2 (a) Λࢀর) ɽଌఆͨ͠ମੵ෼཰ͷൣғ಺Ͱ͸ɼγϛϡϨʔ

γϣϯͷ݁Ռͱཧ࿦஋͸ఆੑతͳ޲܏͸Ұக͢Δ͕ɼશମͱͯ͠ཧ࿦஋ΑΓ΋௿͍஋Λࣔ͢ɽ͜

Ε͸ɼίϩΠυཻؒࢠͷྲྀମྗֶ૬࡞ޓ༻͕௕ڑ཭ʹٴͿͨΊʹγεςϜαΠζґଘੑ͕ੜͨ͡

݁Ռɼ֦܎ࢄ਺͕࣮ࡍͷ஋ΑΓখ͘͞ੵݟ΋ΒΕͯ͠·͍ͬͯΔ͜ͱ͕͑ߟΒΕΔ [140] ɽͦ͜

Ͱٿঢ়ίϩΠυཻࢠʹ͓͍ͯɼγεςϜͷ༗ݶαΠζิਖ਼Λྀͨ͠ߟ஋ (ਤ 3.2 (b) ͷനൈ͖ه

߸) Λ༻͍ΔͱɼγϛϡϨʔγϣϯͷ݁Ռͱཧ࿦஋͸ۙͮ͘͜ͱΛݟग़ͨ͠ɽ͕ͨͬͯ͠θϩͤ

Μஅ೪౓͓Αͼࣗ܎ࢄ֦ݾ਺ͷཧ࿦ͱͷൺֱʹΑΓɼຊڀݚͰ༻͍ΔίϩΠυཻࢠϞσϧͷଥ౰

ੑΛ֬ೝ͢Δ͜ͱ͕Ͱ͖ͨɽ

3.2.2 ঢ়ٿ JanusίϩΠυཻࢠ෼ࢄӷͷฏߏߧ଄

·ͣຊڀݚͰݕ౼͢Δཻࢠମੵ෼཰ͷൣғ (0.014 ≤ φc ≤ 0.114) ʹ͓͍ͯɼ͕ܥӷ૬Ͱ͋Δ͜

ͱΛ֬ೝ͢ΔͨΊʹ Janus ίϩΠυཻࢠͷॏ৺ͷฏۉೋ৐มҐΛͨ͠ࢉܭɽਤ 3.3 ʹ φc = 0.114

ʹ͓͚Δ֤ٿঢ় Janus ίϩΠυཻࢠͷฏۉೋ৐มҐΛࣔ͢ɽମੵ෼཰͕͍ߴͱ͖ʹ͓͍ͯ΋

Janus ίϩΠυཻ͕ࢠ௕࣌ؒͷ֦ڍࢄಈΛ͍ࣔͯ͠ΔͨΊɼຊڀݚͰݕ౼͢Δશͯͷܥ͸ӷ૬Ͱ

͋Δͱ൑அͨ͠ɽฏߧγϛϡϨʔγϣϯʹ͓͍ͯɼ͕ܥฏߧঢ়ଶʹୡ͔ͨ͠Ͳ͏͔͸ϙςϯγϟ

ϧΤωϧΪʔ͓Αͼฏۉձ߹਺ͷ࣌ؒมԽΛ௥͏͜ͱͰ֬ೝΛͨͬߦ (ਤ 3.4 Λࢀর) ɽ

ਤ 3.5 (a-d) ʹɼ੩ࢭ৔ʹ͓͚Δ θ = 66◦ ͷٿঢ় Janus ίϩΠυཻࢠͷࣗߏ߹ूݾ଄Λࣔ͢ɽٿ

ঢ় Janus ίϩΠυཻࢠ͸શͯͷମੵ෼཰Ͱɼૄਫੑύονಉ͕࢜઀৮͢Δ͜ͱʹΑͬͯू߹ߏ଄

Λܗ੒͍ͯ͠Δ͜ͱ͕֬ೝͰ͖Δɽࣗܗ߹ूݾଶʹؔͯ͠ɼθ = 66◦ ͷͱ͖͸ମੵ෼཰ʹґΒͣ

੒͞Εͨɽ·ͨձ߹਺ܗঢ়Ϋϥελʔ͕ٿ Kc (Ϋϥελʔ಺ͷίϩΠυͷ਺) ͸ɼφc ͕େ͖͘

ͳΔʹͭΕͯ૿Ճ͢Δ͜ͱ͕֬ೝͰ͖ͨɽθ = 90◦ ͷͱ͖ɼφc = 0.014 ঢ়͓Αͼͻ΋ٿ͍͓ͯʹ

ঢ়Ϋϥελʔ͕͞࡯؍Εɼͦͷޙ φc ͕େ͖͘ͳΔʹͭΕͯͻ΋ঢ়Ϋϥελʔ΍ͦΕΒ͕ෳࡶʹ

བྷ·Γ͋ͬͨωοτϫʔΫߏ଄͕ܗ੒͞Εͨɽ͜ΕΒͷฏߧঢ়ଶʹ͓͚Δࣗܗ߹ूݾଶ͸ɼա

ͨ͠༺ͷ֯౓ϙςϯγϟϧΛద༺࡞ޓ཭૬ڑΕͨ୹͞౼ݕͰڀݚͷγϛϡϨʔγϣϯʹΑΔڈ

Janus ίϩΠυཻࢠϞσϧͷ݁ՌͱఆੑతʹҰக͢Δ [69, 144]ɽࢀরͨ͠աڈͷڀݚ [69, 144]

͸ɼJanus ݱ࠶଄ΛߏߧΕͨฏ͞࡯؍ͰݧΔ͜ͱͰɼ࣮͢ޚͷύοναΠζ΍ମੵ෼཰Λ੍ࢠཻ

Ͱ͖Δ͜ͱΛใ͓ͯ͠ࠂΓɼྲྀମྗֶ૬࡞ޓ༻ΛিಥΞϧΰϦζϜʹΑͬͯऔΓೖΕͨຊڀݚʹ

͓͍ͯ΋ಉ༷ͷฏߏߧ଄ΛಘΒΕΔ͜ͱΛ֬ೝͨ͠ɽ
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ਤ 3.5 (a-h) ֤ମੵ෼཰ʹ͓͚Δٿঢ় Janus ίϩΠυཻࢠͷฏߏߧ଄ɽͦΕͧΕ (a-d) ͸ૄਫ

ੑύονͷ։͖֯౓ θ = 66◦ɼ (e-h) ͸ θ = 90◦ Λࣔ͢ɽ(i) ͸ θ = 66◦ ͷٿঢ় Janus ίϩΠυ

ͷΫϥελʔαΠζͷ෼෍ࢠཻ P(Kc) Λද͢ɽ

Janus ίϩΠυཻࢠಉ͕࢜ܗ੒͢ΔΫϥελʔαΠζͷ෼෍ P(Kc) Λఆྔతʹௐ΂ΔͨΊ

ʹɼີ౓४ܕڌΫϥελʔղੳ (DBSCAN: Density-based spatial clustering of applications with

noise) [145] ΛͨͬߦɽDBSCAN ͸ 1996 ೥ʹ Ester ΒʹΑͬͯఏҊ͞ΕͨΫϥελʔղੳͷख

๏Ͱ͋Γɼ͋ΔΧοτΦϑڑ཭Ҏ಺ʹ఺͕͍ͭ͘ଘ͢ࡏΔ͔Ͱͦͷू߹ମΛΫϥελʔͱͯ͠൑

அ͠ɼઃఆ͞Εͨີ౓Λӽ͍͑ͯΔݶΓΫϥελʔ͸੒௕͢Δ͜ͱʹͳΔɽΧοτΦϑڑ཭Ҏ಺

ʹ఺͕ଘ͠ࡏͳ͍৔߹͸֎Ε஋ͱͯ͠൑ఆ͞ΕΔɽຊڀݚͰ͸ɼૄਫੑύονͷॏ৺ؒͷڑ཭͕

R ະຬͷͱ͖ɼͦΕΒͷ Janus ίϩΠυཻࢠ͸ಉ͡Ϋϥελʔʹଐ͢Δͱఆٛͨ͠ɽ͞Βʹܗ੒

͞ΕΔΫϥελʔͷܗঢ়Λௐ΂ΔͨΊʹɼΫϥελʔͷ Gyration ςϯιϧ G Λͨ͠ࢉܭɽΫϥ

ελʔͷੑ׳൒ܘ͸ɼG ͷݻ༗஋ʢͨͩ͠ɼG1 ≥ G2 ≥ G3ʣΛ༻͍ͯɼR2
g = G1 +G2 +G3 Ͱٻ

·ΔɽΫϥελʔͷܗঢ়ҟํੑ κ2 ͸ G ͷݻ༗஋Λ༻͍ͯɼҎԼͷࣜͰ༩͑ΒΕΔɽ

κ2 = 1 − 3
G1G2 +G2G3 +G3G1

(G1 +G2 +G3)2 . (3.8)



3.2 ݁Ռ͓Αͼ࡯ߟ 23

κ2 ͸ 0 ͔Β 1 ͷ஋ΛͱΓɼ׬શʹٿঢ়ͷͱ͖ʹ 0 Λ׬શʹ๮ঢ়ͷͱ͖ʹ 1 Λࣔ͢Α͏ͳύϥ

ϝʔλͰ͋ΔɽຊڀݚͰ͸ κ2 ≤ 1/4 ͷͱ͖ʹٿঢ়ɼ1/4 < κ2 < 1/2 ͷͱ͖ʹԁ൫ঢ়ɼκ2 > 1/2

ͷͱ͖ʹͻ΋ঢ়Ϋϥελʔͱͯ͠ఆٛ͢ΔɽKc=2 ͷͱ͖ɼ͢΂ͯͷΫϥελʔ͕௚ઢ্ʹҐஔ

͢ΔͨΊʹ κ2 = 1 ͱͳΔɽ͜͜Ͱɼٿ୺ԁபঢ় Janus ίϩΠυཻࢠͷ৔߹ɼಛʹ௿͍ձ߹਺ͷ

ͱ͖ʹ͓͍ͯɼܗঢ়ҟํੑύϥϝʔλ͕ࣔ͢஋ͱ࣮ࡍʹଌఆ͞ΕΔΫϥελʔͷܗঢ়͕Ұக͠

ͳ͍͜ͱ͕έʔε͕͑ߟΒΕΔɽҰํͰɼߏ߹ूݾࣗࣔ͢ʹޙ଄ͱ೪ੑڍಈͷ݁ՌΑΓɼΫϥε

λʔͷܗঢ়ΑΓ΋ฏۉձ߹਺͕ॏཁͰ͋Δ͜ͱ͕൑໌ͨͨ͠ΊɼຊڀݚͰ͸ٿঢ় Janus ίϩΠυ

୺ԁபঢ়ٿͱࢠཻ Janus ίϩΠυཻࢠʹରͯ͠ಉ͡ղੳख๏Λద༻͢Δ͜ͱͱͨ͠ɽ

ਤ 3.5 (i) ʹ θ = 66◦ ʹ͓͚Δٿঢ় Janus ίϩΠυཻࢠͷΫϥελʔαΠζͷ෼෍ P(Kc) Λࣔ

͢ɽମੵ෼཰ φc ͷ૿Ճͱͱ΋ʹɼΑΓେ͖ͳ Kc ʹϐʔΫ͕ݱΕΔ͜ͱ͕෼͔Δɽฏۉձ߹਺

⟨Kc⟩Λͯ͠ࢉܭΈΔͱɼφc = 0.014 ͷͱ͖ʹ ⟨Kc⟩ = 2.9 Ͱ͋Γ φc = 0.114 ͷͱ͖ʹ ⟨Kc⟩ = 4.6

ͱ૿Ճ͍ͯ͠Δ͜ͱΛ֬ೝͰ͖ͨɽ͜͜Ͱฏۉձ߹਺͸ɼ⟨Kc⟩ = ΣN
Kc=1KcP(Kc) ͱͯ͠ఆٛ͞Ε

Δɽͭ·ΓɼγεςϜ಺ͷશͯͷΫϥελʔαΠζΛࢉग़ͦ͠ΕΒΛ߹ͨ͠ܭ΋ͷΛɼγεςϜ

಺ͷΫϥελʔͷ਺Ͱআͨ͠΋ͷͰ͋Δɽφc ≥ 0.028 ͷͱ͖ɼKc = 4 Ͱ໌֬ͳϐʔΫ͕ݱΕΔɽ

͜Ε͸γεςϜ಺ʹɼ࢛໘ମͷܗঢ়Λ༗͢ΔΫϥελʔ͕࠷΋ଟ͘ଘ͢ࡏΔ͜ͱΛҙຯ͢Δɽ࢛

໘ମͷΫϥελʔ͕࠷΋ଘ֬ࡏ཰͕͍ߴཧ༝Λௐ΂ΔͨΊʹɼܥ಺ʹ 1 ΫϥελʔΛ४උ͠ฏ

γϛϡϨʔγϣϯΛ֤ΫϥελʔαΠζߧ Kc ʹରͯ͠ 50 ճͣͭͨͬߦɽਤ 3.6 ʹ 1 ίϩΠυ

Γͷ݁߹ΤωϧΪʔͨ͋ࢠཻ ELJ/Kc ͱΫϥελʔͷੑ׳൒ܘ Rg Λͨ͠ࢉܭ΋ͷΛࣔ͢ɽΫϥ

ελʔαΠζ͕ Kc = 2 ͔Β Kc = 4 ʹ૿Ճͨ͠ͱ͖ɼELJ/Kc ͕໌Β͔ʹݮগ͢Δ͜ͱ͕෼͔Δɽ

Kc ≥ 4 ʹ͓͍ͯ͸ɼ݁߹ΤωϧΪʔͷେ෯ͳݮগ͸֬ೝͰ͖ͳ͔ͬͨɽͭ·ΓɼKc ≥ 4 ʹ͓͍

ͯΑΓେ͖ͳΫϥελʔΛܗ੒͢Δ͜ͱʹΑΔΤωϧΪʔͷར఺͕ݮগ͍ͯ͠Δ͜ͱ͕໌Β͔

ͱͳͬͨɽ

ΑΓେ͖ͳૄਫੑύον (θ = 90◦) Λ༗͢Δٿঢ় Janus ίϩΠυཻࢠͷ৔߹ɼθ = 66◦ ͷͱ͖ͱ

ൺֱͯ͠ฏۉձ߹਺͕େ෯ʹ૿Ճ্ͨ͠ɼମੵ෼཰ґଘੑ΋ࣔ͘͢ڧΑ͏ʹͳͬͨ (ਤ 3.5(e-h)

Λࢀর) ɽྫ͑͹ɼφc = 0.014 ͷͱ͖ ⟨Kc⟩ = 8 Ͱ͋Δ͕ɼφc = 0.114 ͷͱ͖ ⟨Kc⟩ = 58 ͱͳΓ

ωοτϫʔΫߏ଄Λܗ੒͢Δɽ͜Ε͸ૄਫੑύον͕େ͖͘ͳͬͨ͜ͱʹΑͬͯɼίϩΠυཻࢠ

ಉ͕࢜͠ूڽ΍͘͢ͳͬͨ݁Ռ͕දΕ͍ͯΔɽ
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ਤ 3.6 θ = 66◦ ͷٿঢ়ίϩΠυཻࢠͷ֤ΫϥελʔαΠζ Kc ʹ͓͚Δ݁߹ΤωϧΪʔ

ELJ/Kc ͓ΑͼΫϥελʔͷੑ׳൒ܘ Rg

3.2.3 ୺ԁபঢ়ٿ JanusίϩΠυཻࢠ෼ࢄӷͷฏߏߧ଄

࣍ʹɼٿ୺ԁபঢ় Janus ίϩΠυཻࢠ෼ࢄӷͷ݁Ռʹ͍ͭͯड़΂Δɽཻࢠମੵ෼཰͸ φc =

0.057 ͓Αͼ φc = 0.114 ɽਤͨͬߦΛ౼ݕ͍ͯͭʹ 3.7 (a-d) ʹฏߏߧ଄ʹ͓͚Δ୅දతͳε

φοϓγϣοτΛࣔ͢ɽਤ 3.7 (a, c) ʹࣔ͢Α͏ʹɼφc = 0.057 ͷͱ͖ΞεϖΫτൺ λͷ஋ʹؔ

ΕͨɽλΛେ͖͘͢Δͱɼύονͷ։͖֯౓Ͱ͋Δ͞࡯؍ঢ়·ͨ͸๮ঢ়Ϋϥελʔ͕ٿͳ͘ɼ܎

θ͸ 66◦ ͔Β 53.4◦ɼͦͯ͠ 39.0◦ ͱݮগ͍ͯ͘͠ɽ (ͨͩ͠ίϩΠυཻࢠΛߏ੒͢Δશ཭ࢄԽཻ

਺ͷׂ߹͸ࢠ਺ʹର͢Δૄਫੑཻࢠ f = 0.3 Ͱಉ͡Ͱ͋Δ) ɽͦΕʹ΋ؔΘΒͣɼΫϥελʔα

Πζ͕ λͷ஋ͱͱ΋ʹେ͖͘ͳΔɽ͜Ε͸ɼٿ୺ԁபঢ় Janus ίϩΠυཻࢠʹ͸ɺٿঢ় Janus ί

ϩΠυཻࢠʹ͸ແ͍Τοδ (ԁப) ͷ෦෼Λ༗͢ΔͨΊͰ͋ΔɽΩϟοϓʹՃ͑Τοδ෦෼ʹૄ

ਫੑύον͕͋Δ͜ͱͰɼΩϟοϓ–ΩϟοϓɼΩϟοϓ–ΤοδɼΤοδ–ΤοδΛհͯ͠ձ߹

͢Δ͜ͱ͕Ͱ͖ΔͨΊɼಉ͡ f = 0.3 ͷٿঢ় Janus ίϩΠυཻࢠͱൺֱͯ͠ɼΑΓେ͖͍Ϋϥε

λʔΛܗ੒͢Δɽ·ͨ φc = 0.114 ͷͱ͖ʹ͸ɼλ = 2 ͓Αͼ λ = 3 ͷ྆ํͷέʔεͰͻ΋ঢ়Ϋϥ

ελʔ͕͞࡯؍ΕͨɽҎ্ͷ͜ͱ͔Βɼݻఆ੒෼ൺ f ͷ৔߹ɼཻܗࢠঢ়ҟํੑ λΛେ͖͘͢Δ

͜ͱͰͻ΋ঢ়ΫϥελʔΛܗ੒͠΍͘͢ͳΔ͜ͱ͕໌Β͔ͱͳͬͨɽφcɼ fɼ͓Αͼ λͷ஋ʹґ

ଘͯ͠มԽ͢Δ͜ΕΒͷࣗڍ߹ूݾಈ͸ɼք໘ࡎੑ׆෼ࢠͷͦΕͱΑ͍ͯ͘ࣅΔ [146, 147] ɽ
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3.2.4 ୺ԁபঢ়ٿ/ঢ়ٿ JanusίϩΠυཻࠞࢠ߹෼ࢄӷͷฏߏߧ଄

ࢠঢ়ίϩΠυཻٿɼ͍͓ͯʹܥ߹ࠞ (θ͸ 66◦) ͱٿ୺ԁபঢ়ίϩΠυཻࢠ (λ = 3) ͷମੵ෼཰

ͷൺ͸ 1:1 Ͱ͋Δɽཻࢠମੵ෼཰͸ φc = 0.057 ͓Αͼ φc = 0.114 ɽਤͨͬߦΛ౼ݕ͍ͯͭʹ 3.7

(e, f) ୺ԁபঢ়ٿ/ঢ়ٿʹ Janus ίϩΠυཻܥ߹ࠞࢠͷฏߏߧ଄ʹ͓͚Δ୅දతͳεφοϓγϣο

τΛࣔ͢ɽٿ୺ԁபঢ় Janus ίϩΠυཻࢠ (λ = 3) ͷΈ͕ఴՃ͞Εͨܥͱൺֱͯ͠ɼͻ΋ঢ়Ϋϥ

ελʔ΍ωοτϫʔΫߏ଄͸͞࡯؍Εͣٿঢ়ΫϥελʔͷΈ͕ܗ੒͞Εͨɽ͜Ε͸ٿঢ়ίϩΠ

υཻࢠͱٿ୺ԁபঢ়ίϩΠυཻ͕ࢠ઀৮͢Δ͜ͱʹΑΓɼٿ୺ԁபঢ়ίϩΠυཻࢠಉ࢜ͷΩϟο

ϓ–Τοδ͓ΑͼΤοδ–Τοδͷ઀ଓ્͕͞֐Εͨͱ͑ߟΒΕΔɽͦͷ݁Ռਤ 3.7 (f) ʹࣔ͢Α

͏ʹɼͨͱ͑ମੵ෼཰͕͍ߴ৔߹Ͱ΋ (φc = 0.114) ɼͻ΋ঢ়Ϋϥελʔ΍ωοτϫʔΫߏ଄ͷΑ

͏ͳ௕ߏ࠯଄͸͞࡯؍Εͳ͔ͬͨɽ

ਤ 3.7 (a-d) ୺ԁபঢ়ٿ Janus ίϩΠυཻ͓ࢠΑͼ (e, f) ୺ԁபঢ়ٿ/ঢ়ٿ Janus ίϩΠυཻ

଄ɽߏߧͷฏܥ߹ࠞࢠ
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3.3 ݁࿦

ಈྗֶΛ૊Έࢠিಥಈྗֶͱ෼ࢠΉ͜ͱ͕Ͱ͖ΔଟཻࠐΛऔΓ༺࡞ޓͷྲྀମྗֶత૬ؒࢠཻ

߹Θͤͨ MD-MPCD ϋΠϒϦουγϛϡϨʔγϣϯ๏Λ༻͍ͯɼ੩ࢭ৔ʹ͓͚ΔόϧΫ෼ࢄ

ӷதͷ Janus ίϩΠυཻࢠͷࣗूݾ߹Λௐ΂ͨɽJanus ͷૄਫੑύονͷαΠζࢠཻ θɼܗঢ়ҟ

ํੑ λɼମੵ෼཰ φc ΛมԽͤ͞Δ͜ͱʹΑͬͯɼ༷ ʑͳࣗߏ߹ूݾ଄͕ܗ੒͞ΕΔ͜ͱΛ֬ೝ͠

ͨɽθ = 66◦ ͷٿঢ় Janus ίϩΠυཻࢠͷͱ͖ɼૄਫੑύον͕খ͍ͨ͞Ίൺֱతখ͞ͳٿঢ়Ϋ

ϥελʔ͕͞࡯؍Εͨɽθ = 90◦ ͷٿঢ় Janus ίϩΠυཻࢠͷͱ͖ɼେ͖ͳૄਫੑύονʹΑͬ

ͯΑΓෳࡶͳࣗߏ߹ूݾ଄͕ܗ੒͞Εɼφc ≤ 0.056 ʹ͓͍ͯͻ΋ঢ়Ϋϥελʔ φc ≤ 0.114 ʹ͓

͍ͯωοτϫʔΫߏ଄͕͞࡯؍Εͨɽθ = 66◦ ͷٿঢ় Janus ίϩΠυཻࢠͱಉ͡ૄਫ/਌ਫද໘ͷ

ൺ཰ ( f = 0.3) Λ࣋ͭٿ୺ԁபঢ় Janus ίϩΠυཻࢠ͸ɼλͷ஋ʹؔ܎ͳ͘ θ = 90◦ ͷٿঢ় Janus

ίϩΠυཻࢠ ( f = 0.5) ͱಉ༷ͷࣗڍ߹ूݾಈΛࣔ͢͜ͱΛݟग़ͨ͠ɽૄਫ/਌ਫද໘ͷൺ཰͕খ

͍͞ʹ΋ؔΘΒͣɼͻ΋ঢ়ΫϥελʔͷΑ͏ͳେ͖͍Ϋϥελʔ͕ܗ੒͞ΕΔཧ༝͸ɼܗঢ়ҟํ

ੑ λʹΑͬͯΩϟοϓ–Τοδ͓ΑͼΤοδ–Τοδͷ઀ଓ͕ՄೳʹͳͬͨͨΊͰ͋Δɽ·ͨٿ

ঢ় (θ = ୺ԁபঢ়ٿ/(◦66 (λ=3) Janus ίϩΠυཻࠞࢠ߹෼ࢄӷͷ৔߹ɼٿঢ় Janus ίϩΠυཻࢠ

ͱ઀৮͢Δ͜ͱʹΑΓΩϟοϓ–Τοδ͓ΑͼΤοδ–Τοδͷ઀ଓࢠ୺ԁபঢ়ίϩΠυཻٿ͕

ߏ࠯଄ͷΑ͏ͳ௕ߏ΋ͻ΋ঢ়Ϋϥελʔ΍ωοτϫʔΫͯ͘͠ߴΕΔͨΊɼମੵ෼཰Λ͞֐્͕

଄͸ܗ੒͞Εͳ͍͜ͱ͕໌Β͔ͱͳͬͨɽ
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ͤΜஅྲྀΕԼʹ͓͚Δ JanusίϩΠυ
ಈڍͱ೪ੑ߹ूݾӷͷࣗࢄ෼ࢠཻ

ຊষͰ͸ɼͤΜஅྲྀΕԼʹ͓͚Δ Janus ίϩΠυཻࢠ෼ࢄӷͷࣗूݾ߹ͱ೪ੑڍಈʹؔ͢Δ݁

ՌΛड़΂Δɽୈ 3 ষͰಘΒΕͨฏߏߧ଄ʹͤΜஅΛ༩͑ɼͤΜஅ೪౓Λଌఆ͢ΔɽྲྀಈԼʹ͓

͚ΔΫϥελʔαΠζͷ෼෍ɼฏۉձ߹਺ɼΫϥελʔͷੑ׳൒ܘɼܗঢ়ҟํੑΛ͢࡯؍Δ͜ͱ

Ͱɼࣗߏ߹ूݾ଄ͱ೪ੑڍಈͷؒʹͲͷΑ͏ͳ૬͕ؔؔ܎ଘ͢ࡏΔͷ͔Λௐ΂Δɽ͸͡Ίʹ 4.1

અͰࢉܭ৚݅ʹ͍ͭͯઆ໌͠ɼଓ͍ͯ 4.2.1 અͰٿঢ় Janus ίϩΠυཻࢠ෼ࢄӷͷࣗूݾ߹ͱ೪

ಈɼ4.2.2ڍੑ અͰٿ୺ԁபঢ় Janus ίϩΠυཻࢠ෼ࢄӷͷࣗूݾ߹ͱ೪ੑڍಈɼ4.2.3 અͰٿঢ়/

୺ԁபঢ়ٿ Janus ίϩΠυཻࠞࢠ߹෼ࢄӷͷࣗूݾ߹ͱ೪ੑڍಈʹؔ͢Δ݁Ռ͓Αͼ࡯ߟΛड़

΂ɼޙ࠷ʹ 4.3 અͰ݁࿦Λड़΂ΔɽຊষͷਤͷҰ෦͸ɼKobayashi et al., “Structure and dynamics

of amphiphilic Janus spheres and spherocylinders under shear”, S o f t Matter, vol. 16, pp. 476-486,

2020. Δɽ͍ͯ͠༺࢖Ε͍ͯΔਤΛ͞ࡌܝʹ

4.1 ৚݅ࢉܭ

ୈ 3 ষͰಘΒΕͨฏߏߧ଄ʹ Müller-Plathe ͷํ๏ [148] Λ༻͍ͯͤΜஅྲྀΕΛ༩͑ɼࣗूݾ

΁෼ׂ޲Λ͋ΔํܥಈΛௐ΂ͨɽ͜ͷख๏Ͱ͸ɼڍӷͷ೪ੑࢄ଄ͷมԽ͓ΑͼͦΕʹ൐͏෼ߏ߹

ͨ͠εϥϒ಺ʹ༹͓͍ͯഔཻࢠͷ଎౓Λपظతʹަ͢׵Δ͜ͱʹΑΓɼӡಈྔϑϥοΫεͱ଎౓

ޯ഑Λൃੜͤ͞Δɽ۩ମతʹ͸·ͣɼγϛϡϨʔγϣϯϘοΫεΛྲྀΕͷޯ഑ํ޲ (z) ʹԊͬͯ

෯ a ͷαΠζͷεϥϒʹ෼ׂ͢Δɽ࣍ʹɼz = +Lz/4 ʹ͓͚Δεϥϒ಺ͷ࠷΋খ͍͞ vx Λ࣋ͭ

ࢠཻ i ͱ z = −Lz/4 ʹ͓͚Δεϥϒ಺ͷ࠷΋େ͖͍ vx Λཻ࣋ͭࢠ j ͷ଎౓͕ަ͞׵ΕΔɽܥʹ

՝ͤΒΕΔӡಈྔϑϥοΫε͸ɼ1 εςοϓதʹߦΘΕΔӡಈྔަ׵ͷϖΞͷ਺ͱӡಈྔަ׵ͷ

Έ෯ࠁؒ࣌ ∆tswap ʹΑ੍ͬͯ͞ޚΕΔɽͤΜஅԠྗ͸ɼ࣍ͷࣜͰ༩͑ΒΕΔɽ

σxz =
∆px

2∆tswapL2 , (4.1)
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͜͜Ͱɼ∆pz ͸ 1 λΠϜεςοϓதʹަ͞׵Εͨ x ੒෼ͷ૯ӡಈྔϑϥοΫεͰ͋ΔɽͤΜ

அ଎౓ γ̇ ͸ఆৗঢ়ଶʹ͓͚Δ଎౓෼෍ͷޯ഑͔Βٻ·ΔɽͤΜஅ೪౓ η ͸ η = ⟨σxz⟩ /γ̇ ΑΓ

ΕΔɽͨͩ͠͞ࢉܭ ⟨. . .⟩ ͸࣌ؒฏۉΛද͢ɽܥʹ༩͑ΒΕͨͤΜஅͷ͞ڧΛಛ௃͚ͮΔͨΊ

ʹɼ೤ͷҠಈʹ͓͚ΔҠྲྀͱ֦ࢄͷൺΛද͢ແ࣍ݩ਺Ͱ͋ΔϖΫϨ਺ (Pe = γ̇R2/D) Λಋೖ͢

ΔɽϖΫϨ਺Λಋೖ͢Δ͜ͱͰɼ೤֦͕ͤࢄΜஅ଎౓ΑΓࢧ഑తͳͷ͔͋Δ͍͸ͦͷٯͳͷ͔

Λ֬ೝ͢Δ͜ͱ͕Ͱ͖ΔɽPe ͷࢉܭʹ͓͍ͯɼࣗ܎ࢄ֦ݾ਺ D ͸γϛϡϨʔγϣϯʹΑͬͯ

ಘΒΕͨ਌ਫੑίϩΠυཻࢠͷθϩͤΜஅ೪౓ (ୈ 3 ষΛࢀর) Λɼࣜ (3.6) ͓Αͼ (3.7)) ʹ୅

ೖ͢Δ͜ͱͰࢉग़ͨ͠΋ͷΛ࢖༻ͨ͠ɽٿ୺ԁபঢ়ίϩΠυཻࢠ (λ = 2 ͓Αͼ λ = 3) ʹ͓

͚Δ Pe Λ͢ࢉܭΔͨΊʹɼٿঢ়ίϩΠυཻࢠͱಉ͡ମੵʹରԠ͢Δ༗ޮ൒ܘ Reff Λಋೖ͠ɼ

ͦΕͧΕ Reff = 4.07 ͓Αͼ Reff = 4.76 ͱͳͬͨɽຊڀݚʹ͓͍ͯɼͤΜஅ଎౓ͷద༻ൣғ͸

3.5 × 10−5τ−1 ! γ̇ ! 2.2 × 10−2τ−1 Ͱ͋ΓɼϖΫϨ਺͸ 0.5 ! Pe ! 500 Ͱ͋ͬͨɽ

ਤ 4.1 ֤ϖΫϨ਺ Pe ʹ͓͚Δٿঢ় Janus ίϩΠυཻࢠͷࣗߏ߹ूݾ଄ɽ༹ഔͷ଎౓෼෍ͷ

ུ֓ਤΛ (b-d) ʹ੺ઢͰࣔ͢ɽ
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4.2 ݁Ռ͓Αͼ࡯ߟ

4.2.1 ঢ়ٿ JanusίϩΠυཻࢠ෼ࢄӷͷࣗूݾ߹ͱ೪ੑڍಈ

ਤ 4.1 ʹͤΜஅྲྀΕԼʹ͓͚Δٿঢ় Janus ίϩΠυཻࢠͷ୅දతͳεφοϓγϣοτΛࣔ͢ɽ

͜ΕΒͷεφοϓγϣοτΑΓɼ௿ͤΜஅ଎౓ͷͱ͖ΫϥελʔαΠζ͸΄΅มԽͤͣɼͤߴΜ

அ଎౓Ͱ͸Ϋϥελʔ่͕յ͍༷͕ͯ͘͠ࢠ෼͔Δɽ

ΑΓఆྔతͳٞ࿦͢ΔͨΊʹɼθ = 66◦ ͷٿঢ় Janus ίϩΠυཻࢠʹؔͯ͠ɼਤ 4.2 ʹԣ࣠ʹ

ϖΫϨ਺ Peɼॎ࣠ʹͦΕͧΕ (a) ฏۉձ߹਺ ⟨Kc⟩ɼ (b) ૬ରͤΜஅ೪౓ ηr Λͱͬͨ΋ͷΛࣔ͢ɽ

͜͜Ͱɼηr ͸ Janus ίϩΠυཻࢠ෼ࢄӷͷͤΜஅ೪౓Λಉମੵ෼཰ͷ਌ਫੑίϩΠυཻࢠ෼ࢄӷ

(3.2.1 અΛࢀর) ͷθϩͤΜஅ೪౓Ͱׂͬͨ΋ͷͰ͋Δɽ૬ର೪౓ ηr Λ༻͍Δ͜ͱͰɼཻࢠମੵ

෼཰ͷ૿Ճʹ൐͏೪౓ͷมԽ (ਤ 3.2 (a) Λࢀর) Ͱ͸ͳ͘ɼࣗूݾ߹ʹΑΔӨڹͷΈΛநग़͢Δ

͜ͱ͕Ͱ͖Δɽઈର೪౓ η͸ η = ηrη0ηs Λ͢ࢉܭΔ͜ͱʹΑͬͯࢉग़͢Δ͜ͱ͕Ͱ͖Δɽ

ମੵ෼཰͕௿͍ (φc ≤ 0.028) ͱ͖ʹऑ͍ͤΜஅΛ༩͑Δͱɼฏۉձ߹਺ ⟨Kc⟩͕Θ͔ͣʹ૿Ճ

ͨ͠ɽ౷ܭత༗ҙੑΛ͔֬ΊΔͨΊʹɼφc = 0.028 ʹؔͯ͠ಠཱͨ͠ 3 ճͷͤΜஅྲྀΕͷγϛϡ

ϨʔγϣϯΛͨͬߦɽ݁Ռ͸ ⟨Kc⟩ = 3.8 ± 0.2 (Pe = 0) ͓Αͼ ⟨Kc⟩ = 4.2 ± 0.1 (Pe = 1.3) ͱͳ

Γɼऑ͍ͤΜஅΛ༩͑Δ͜ͱʹΑΔΫϥελʔͷ੒௕͕͔֬ʹ͞࡯؍Εͨɽ·ͨɼਤ 4.3 (a) ʹ

ࣔ͢ΫϥελʔαΠζͷ෼෍ P(Kc) Λ֬ೝ͢ΔͱɼPe = 0 ͔Β Pe = 1.3 ʹ͔͚ͯɼKc = 5 ͓Α

ͼ Kc = 6 ͷଘ֬ࡏ཰͕૿Ճ͢ΔҰํɼKc = 2 ͓Αͼ Kc = 3 ͸ݮগ͍ͯ͠Δ͜ͱ͕෼͔Δɽ͜

ΕΒͷ Kc ≥ 5 ͷΫϥελʔ͸ΤωϧΪʔతʹ҆ఆ͍ͯ͠ΔͨΊ (ਤ 3.6 Λࢀর) ɼͤΜஅʹΑͬ

ͯҾ͖͜͞ىΕΔΫϥελʔͷ่յʹରͯ͠ΑΓ஄ੑతͳԠ౴Λࣔ͢ɽຊڀݚͰ͞࡯؍Εͨͤ

Μஅ༠ىʹΑΔΫϥελʔͷ੒௕͸ɼաڈͷγϛϡϨʔγϣϯʹΑΔڀݚ [68] ʹ͓͍ͯ΋֬ೝ

͞Ε͍ͯΔɽྫ͑͹ɼߟࢀจݙ 68 Ͱ͸ɼฏۉձ߹਺ ⟨Kc⟩͸࠷େͰ໿ 35% ͷ੒௕͕֬ೝ͞Εͯ

͍Δ (ຊڀݚͰ͸໿ 10% ͷ੒௕) ɽաڈͷڀݚͱൺֱͯ͠Ϋϥελʔͷ੒௕͕খ͍͞ཧ༝͸ɼຊ

ΒΕΔɽφc͑ߟ཭͕୹͍ͨΊͰ͋Δͱڑ༺࡞ޓΔ૬͍ͯ͠༺࠾Ͱڀݚ > 0.028 ʹͳΔͱɼͤΜஅ

༠ىʹΑΔΫϥελʔͷ੒௕͸ݱΕͳ͔ͬͨ (ਤ 4.3 (b) Λࢀর) ɽ͜ͷΑ͏ͳɼମੵ෼཰͕૿Ճ

͢Δ͜ͱͰ௿ͤΜஅ଎౓ʹ͓͚ΔΫϥελʔͷ੒௕͕ফ໓͢Δݱ৅΋·ͨɼաڈͷڀݚ [68] Ͱ

֬ೝ͞Ε͍ͯΔɽ
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c〉
φc = 0.014
φc = 0.028
φc = 0.057
φc = 0.114

ਤ 4.2 ϖΫϨ਺ Pe Λؔ਺ͱͨ͠ θ = 66◦ ʹ͓͚Δٿঢ় Janus ίϩΠυཻࢠͷ (a) ฏۉձ߹

਺ ⟨Kc⟩ɼ (b) ૬ର೪౓ ηr Λࣔ͢ɽ(a) ʹ͓͚Δ໼ҹ͸ฏߧঢ়ଶʹ͓͚Δ ⟨Kc⟩Λࣔ͢ɽ
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ਤ 4.3 ֤ϖΫϨ਺ Pe ʹ͓͚Δٿঢ় Janus ίϩΠυཻࢠ (θ = 66◦) ͷΫϥελʔαΠζͷ෼

෍ P(Kc) Λࣔ͢ɽ(a) ͸ φc = 0.028ɼ (b) ͸ φc = 0.057 Λࣔ͢ɽ

Μஅ଎౓ʹͳΔͱͤߴ (Pe " 20) ɼਤ 4.2 (a) ʹࣔ͢Α͏ʹฏۉձ߹਺ ⟨Kc⟩͸ݮগ͍͖ͯ͠ɼ

શʹ่յ͢Δ׬ऴతʹ͸Ϋϥελʔ͸࠷ (⟨Kc⟩ ≈ 1)ɽ·ͨਤ 4.3 ͷΫϥελʔαΠζͷ෼෍

P(Kc) ΛΈͯΈΔͱɼPe ͕૿Ճ͢ΔʹͭΕͯ P(Kc) ͷϐʔΫ͕௿͍ Kc ΁Ҡಈ͍͖ͯ͠ɼ࠷ऴత

ʹ͸ Kc = 1 ʹϐʔΫཱ͕ͭɽڵຯਂ͍͜ͱʹɼΫϥελʔ͕׬શʹ่յ͠ͳ͍ఔ౓ͷͤΜஅ଎

౓ҬͰ͸ɼKc = 4 ͷϐʔΫ͸ͨͬ࢒··Ͱ͋Γɼ࢛໘ମͷΫϥελʔͷ҆ఆੑΛද͍ͯ͠Δɽ

͞Βʹɼฏۉձ߹਺ ⟨Kc⟩ͱ૬ରͤΜஅ೪౓ ηr ͷؒʹ͸͍ڧ૬͕ؔؔ͋܎Δ͜ͱΛݟग़ͨ͠ɽ

Pe ! 20 ͷͱ͖ɼશͯͷ φc ʹ͓͍ͯ ⟨Kc⟩͸΄΅มԽͤͣɼͤΜஅ೪౓΋·ͨҰఆ (ηr ≈ const)

Ͱ͋ͬͨɽΑΓ͍ͤڧΜஅΛ༩͑Δͱ (Pe " 30) ɼͤΜஅ଎౓͕େ͖͘ͳΔʹͭΕͯ೪౓͕ݮগ

͍ͯ͘͠ shear-thinning ಈ͕ڍ ⟨Kc⟩ͷݮগͱͱ΋ʹ͞࡯؍ΕɼۃΊͯͤߴΜஅ଎౓ҬͰ͸ ηr ͸

1 ʹۙͮ͘ɽ͜ͷΑ͏ͳฏۉձ߹਺ͱ෺ੑͷؔ܎ʹ͍ͭͯɼݶఆతͳ৚݅Ͱ͸͋Δ͕աڈͷγ

ϛϡϨʔγϣϯ [72, 149] ʹΑͬͯ΋૬͕ؔؔ͋܎Δ͜ͱ͸ใ͞ࠂΕ͍ͯΔɽྫ͑͹ɼٖ 1 ݩ࣍

ด͡ࠐΊʹ͓͚Δ Janus φϊཻࢠ෼ࢄӷʹ͓͍ͯ΋ shear-thinning Ε͓ͯΓ͞࡯؍ಈ͸ڍ [72]ɼ
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͞Βʹφϊཻࢠ෼ܥࢄ (φϊྲྀମ) ʹ͓͚Δ೤఻ಋ཰͸ฏۉձ߹਺ʹґଘ͢Δ͜ͱ΋Θ͔͍ͬͯ

Δ [149]ɽ

࣍ʹɼθ = 90◦ ͷٿঢ় Janus ίϩΠυཻࢠʹؔͯ݁͠ՌΛड़΂Δɽମੵ෼཰͕ 0.014 ≤ φc ≤
0.057 ͷͱ͖ɼϖΫϨ਺͕૿Ճ͢ΔʹͭΕͯ (Pe < 30) ɼฏۉձ߹਺͸ ⟨Kc⟩ ≈ 5 ·Ͱঃʑʹݮগ

͍ͯ͘͜͠ͱ͕෼͔Δɽφc = 0.014 ͷͱ͖ɼθ = 66◦ͷ৔߹ͱಉ͡Α͏ʹɼऑ͍ͤΜஅʹΑΔΫϥ

ελʔͷ੒௕͕͞࡯؍Εͨɽਤ 4.1 (e) ͓Αͼ 4.1 (f) ʹࣔ͢Α͏ʹɼφc > 0.014 ͔ͭ 0 < Pe < 2

ʹ͓͍ͯɼͻ΋ঢ়Ϋϥελʔ͸ٿঢ়Ϋϥελʔʹ෼྾͢ΔɽͤΜஅΛ͞Βʹେ͖͍ͯ͘͘͠ͱ

(2 ! Pe ! 30) ɼਤ 4.1 (g) ʹࣔ͢Α͏ʹɼٿঢ়͓Αͼԁ൫ঢ়ͷΫϥελʔ͕ܗ੒͞ΕΔɽڵຯਂ

͍͜ͱʹɼPe ! 30 ʹ͓͍ͯΫϥελʔͷαΠζ͓Αͼܗঢ়͸มԽͨ͠Ұํɼ૬ରͤΜஅ೪౓͸

΄΅Ұఆͷ··Ͱ͋ͬͨ (ਤ 4.4 (b) Λࢀর) ɽͨͩ͠ɼPe " 30 ʹ͓͍ͯ͸Ϋϥελʔ͕ঃʑʹ

่յ͍͖ͯ͠ɼͦΕʹ൐͍ ηr ΋ 1 ʹۙͮ͘͜ͱ͕֬ೝͰ͖Δɽ
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1.0

1.4

1.8

2.2

2.6

100 101 102

(b)

η
r

Pe

100

101

102

   

(a)
〈K

c〉
φc = 0.014
φc = 0.028
φc = 0.057
φc = 0.114

ਤ 4.4 ϖΫϨ਺ Pe ͷؔ਺ͱͨ͠ θ = 90◦ ʹ͓͚Δٿঢ় Janus ίϩΠυཻࢠͷ (a) ฏۉձ߹

਺ ⟨Kc⟩ɼ (b) ૬ର೪౓ ηrɽ(a) ʹ͓͚Δ໼ҹ͸ฏߧঢ়ଶʹ͓͚Δ ⟨Kc⟩Λࣔ͢ɽ

φc = 0.114 ͷಛʹ Pe ! 3.0 ʹ͓͍ͯɼ͜Ε·Ͱͱ͸ҟͳΔڍಈΛࣔ͢ɽਤ 4.1 (i) ʹࣔ͢Α͏

ʹɼ੩ࢭ৔Ͱ͸ωοτϫʔΫߏ଄ͷΑ͏ͳඇৗʹେ͖ͳαΠζͷू߹ߏ଄Λܗ੒͢ΔɽΫϥε

λʔղੳͷ݁ՌɼKc=80 Λӽ͑Δ͍͔ͭ͘ͷΫϥελʔ͕ଘ͠ࡏ (ਤ 4.5 Λࢀর) ɼฏۉձ߹਺

͸ ⟨Kc⟩ = 58 ± 2 Ͱ͋ͬͨɽ͜ΕΒͷෳࡶʹབྷΈ߹ͬͨωοτϫʔΫߏ଄͸ɼਤ 4.4 (b) ʹࣔ͢

Α͏ʹݦஶͳ೪౓૿Ճ (ηr ≈ 2.4) Λ΋ͨΒ͢ɽ͜Ε·Ͱʹड़΂ͨرബܥ (φc < 0.114) ͱ͸ରর

తʹɼऑ͍ͤΜஅ (Pe ! 3.0) Ͱ΋ ⟨Kc⟩ ͓Αͼ ηr ͷ྆ํ͕ݮগͨ͠ɽ͜Ε͸ωοτϫʔΫߏ଄

͕ͻ΋ঢ়Ϋϥελʔʹ෼྾ͨ݁͠Ռͩͱ͑ߟΒΕΔɽΑΓ͍ͤڧΜஅΛ༩͑ͨͱ͖ɼߴೱ౓ܥ

(φc = 0.114) ͸رബܥ (φc < 0.114) ͱಉ༷ͷڍಈΛࣔ͠ɼ۩ମతʹ͸ɼ3.0 < Pe ! 30 ʹ͓͍ͯ

χϡʔτχΞϯڍಈɼPe " 30 ʹ͓͍ͯ shear-thinning Εͨɽ͞࡯؍ಈ͕ڍ

Janus ίϩΠυཻܗ͕ࢠ੒͢Δࣗߏ߹ूݾ଄ͱ೪౓ͷ૬ؔؔ܎ʹ͍ͭͯɼΑΓৄࡉʹཧղ͢Δ
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ͨΊʹ φc = 0.114 ʹ͓͚Δ θ = 90◦ ͷٿঢ় Janus ίϩΠυཻࢠͷձ߹਺ Kc ΛϖΫϨ਺ Pe ͷؔ

਺ͱͯ͠ϓϩοτͨ͠΋ͷΛਤ 4.5 ʹࣔ͢ɽه߸ͷ৭͸Ϋϥελʔͷܗঢ়ҟํੑ κ2 Λද͠ɼه

߸ͷαΠζ͸Ϋϥελʔͷੑ׳൒ܘ Rg Λද͢ɽਤ 4.5 ͷ໼ҹʹࣔ͢Α͏ʹɼ3 ͭͷ͕֬޲܏ೝ

Ͱ͖Δ: (i) Ϋϥελʔͷੑ׳൒ܘ Rg ͸ձ߹਺ Kc ͷ૿Ճͱͱ΋ʹେ͖͘ͳ͍ͬͯ͘ɽ·ͨੑ׳

൒ܘ Rg ͱձ߹਺ Kc ͷؒʹ Rg ∝ K1/2
c ͕੒Γཱͭ͜ͱ͕Θ͔Γɼ͜ Ε͸ഉআମੵޮՌΛྀ͠ߟͳ

͍ཧ૝ߴ෼࠯ࢠʹ͓͚Δੑ׳൒ܘͷ෼ྔࢠґଘੑͱΑ͘܎ؔͨࣅͰ͋Δɽ(ii) ฏߏߧ଄ʹͤΜஅ

Λ༩͑ΔͱɼΫϥελʔͷαΠζͱܗঢ়͸ଟ༷ʹͳΓ͍޿෼෍Λࣔ͢Α͏ʹͳΔɽͨͩ͠ Kc ͱ

κ2 ͷ෼෍͸ Pe ͷ૿Ճͱͱ΋ʹঃʑʹ͘ڱͳ͍ͬͯ͘ɽ·ͨɼಉ͡ΫϥελʔαΠζ Kc Ͱ΋ κ2

͸͍ߴ஋Λ࣋ͭΑ͏ʹͳΓඇٿঢ়Ϋϥελʔ͕૿Ճ͍ͯ͠Δ͜ͱΛࣔ͢ɽ(iii) Kc ͸ Pe ͷ૿Ճ

ͱͱ΋ʹঃʑʹݮগ͍͖ͯ͠ɼྔࡾମ͓ΑͼೋྔମͷΫϥελʔ͸ൺֱత͍ͤڧΜஅ (Pe " 20)

Λ༩͑ͨͱ͖ʹݱΕΔ͜ͱ͕෼͔Δɽ

100

101

102

10-1 100 101 102

(i)

(ii)

(iii)

K c

Pe
0.0

0.2

0.4

0.6

0.8

1.0

κ2

ਤ 4.5 ϖΫϨ਺ Pe ͷؔ਺ͱͨ͠ φc = 0.114 ʹ͓͚Δ θ = 90◦ ͷٿঢ় Janus ίϩΠυཻࢠͷ

ձ߹਺ Kcɽه߸ͷ৭͸Ϋϥελʔͷܗঢ়ҟํੑ κ2 Λද͠ɼه߸ͷαΠζ͸Ϋϥελʔͷੑ׳

൒ܘ Rg Λද͢ɽృΓͭͿ͠ه߸͸੩ࢭ৔ (Pe = 0) ʹ͓͚Δ݁ՌΛ͍ࣔͯ͠ΔɽKc = 1 ͷ৔

߹ɼRg ͓Αͼ κ2 ͸ఆٛͰ͖ͳ͍ͷͰɼ͜͜ʹ͸දࣔ͞Εͳ͍ɽ

4.2.2 ୺ԁபঢ়ٿ JanusίϩΠυཻࢠ෼ࢄӷͷࣗूݾ߹ͱ೪ੑڍಈ

ଓ͍ͯɼٿ୺ԁபঢ় Janus ίϩΠυཻࢠʹؔ͢Δ݁ՌΛड़΂Δɽਤ 4.6 (a, b) ʹϖΫϨ਺ Pe ͷ

ؔ਺ͱͯ͠ɼͦΕͧΕฏۉձ߹਺ ⟨Kc⟩͓Αͼ૬ର೪౓ ηr Λࣔ͢ɽίϩΠυཻࢠͷܗঢ়ҟํੑͷ

ӨڹΛཧղ͠΍͘͢͢ΔͨΊʹɼθ = 66◦ ʹ͓͚Δٿঢ় Janus ίϩΠυཻࢠͷ݁Ռ΋ϓϩοτ͠

͍ͯΔɽܗঢ়ҟํੑͷ༗ແʹؔ܎ͳ͘ɼίϩΠυཻࢠͷૄਫੑͱ਌ਫੑͷද໘ੵͷൺ཰͸ಉ͡

( f = 0.3) Ͱ͋Δ͕ɼٿ୺ԁபঢ় Janus ίϩΠυཻࢠ͸ Pe ͷશൣғͰٿঢ় Janus ίϩΠυཻࢠΑ
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Γ΋໌Β͔ʹେ͖ͳΫϥελʔΛܗ੒͢Δ͜ͱ͕֬ೝͰ͖Δɽ·ͨɼλ = 2 ͱ λ = 1 (ঢ়ٿ) ͷΫ

ϥελʔαΠζͷҧ͍ͱൺֱͯ͠ɼλ = 3 ͱ λ = 2 ͷΫϥελʔαΠζͷࠩ͸খ͍͞ɽͭ·Γɼ

λ ≥ 2 ͸খ͘͞ͳΔ͜ͱ͕෼͔Δɽڹঢ়ҟํੑ͕ΫϥελʔαΠζʹ༩͑ΔӨܗ͍͓ͯʹ
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ਤ 4.6 ϖΫϨ਺ Pe ͷؔ਺ͱͨ͠ θ = 90◦ ʹ͓͚Δٿ୺ԁபঢ় Janus ίϩΠυཻࢠͷ (a) ฏۉ

ձ߹਺ ⟨Kc⟩ɼ (b) ૬ର೪౓ ηrɼ (c) Φʔμʔύϥϝʔλ Sɽ (a) ʹ͓͚Δ໼ҹ͸ฏߧঢ়ଶʹ͓

͚Δ ⟨Kc⟩Λࣔ͢ɽίϩΠυཻࢠͷܗঢ়ҟํੑͷӨڹΛཧղ͢ΔͨΊʹɼߟࢀͱͯ͠ θ = 66◦

ʹ͓͚Δٿঢ় Janus ίϩΠυཻࢠͷ݁Ռ΋ؚΊ͍ͯΔɽ
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ҰํͰਤ 4.6 (b) ʹࣔ͢Α͏ʹɼφc = 0.057 ୺ԁபঢ়ٿ͍͓ͯʹ Janus ίϩΠυཻࢠ͸ٿঢ়

Janus ίϩΠυཻࢠΑΓ΋େ͖ͳΫϥελʔΛܗ੒͢Δʹ΋ؔΘΒͣɼ૬ର೪౓ ηr ʹ໌֬ͳࠩ

͸ݱΕͳ͔ͬͨɽ͔͠͠ɼφc = 0.114 ͷͱ͖ɼٿ୺ԁபঢ় Janus ίϩΠυཻࢠ͸ωοτϫʔΫߏ

଄Λܗ੒͠ (ਤ 3.7 (b, d) Λࢀর) ɼ௿ Pe Ͱͷ ηr ͸େ্͖͘ঢ͢ΔɽͤΜஅ଎౓Λ Pe ≈ 10 ·

Ͱେ͖͍ͯ͘͘͠ͱɼshear-thinning Ε͸͡Ίɼηrݱಈ͕ڍ ≈ 1.5 ·Ͱ೪౓͸ݮগ͢Δɽͦͷޙ

Pe ≈ 80 ·Ͱ΄΅೪౓͸มԽͤͣɼPe " 80 ʹͳΔͱ࠶ͼ shear-thinning Εɼηrݱಈ͕ڍ ≈ 1.0 ·

Ͱ೪౓͸ݮগ͢Δɽ

ΒΕΔɽྲྀಈԼͰ͑ߟΔ͜ͱ͕͢޲΁഑޲͸ɼͤΜஅʹΑͬͯྲྀΕͷํࢠঢ়ҟํੑΛཻ࣋ͭܗ

ͷίϩΠυཻࢠͷ഑޲౓Λௐ΂ΔͨΊʹɼҎԼͷࣜͰఆٛ͞ΕΔϧδϟϯυϧଟ߲ࣜͷୈ 2 ߲ S

(Φʔμʔύϥϝʔλ) Λͨ͠ࢉܭɽ

S =
3
2

[
cos2 (β) − 1

]
, (4.2)

͜͜Ͱɼβ͸ྲྀΕͷํ޲ (x) ʹର͢Δ਌ਫੑύονͷ͔ۃΒૄਫੑύονͷۃ΁ͷ୯ҐϕΫτϧ

ͷ֯౓Ͱ͋ΔɽΦʔμʔύϥϝʔλ S ͸ x ʹͷͱ͖޲શ഑׬΁ͷ޲ํ S = 1 ͱͳΓɼx ʹ޲ํ

ରͯ͠ 90 ౓ͷਨ௚഑޲ͷͱ͖ʹ S = −0.5 ͱͳΔɽS = 0 ͸ɼίϩΠυཻ͕ࢠಛఆͷํ޲΁഑޲

Λ࣋ͨͳ͍׬શͳϥϯμϜ഑޲Λࣔ͢ɽਤ 4.6 (c) ͸Φʔμʔύϥϝʔλ S ΛϖΫϨ਺ Pe ͷؔ

਺ͱ͓ͯࣔͯ͠͠ΓɼPe " 30 ୺ԁபঢ়ٿ͍͓ͯʹ Janus ίϩΠυཻࢠ͸ϥϯμϜ഑޲ (S = 0)

͔ΒྲྀΕͷํ޲΁഑ྻ࢝͠Ί͍ͯΔ༷͕֬ࢠೝͰ͖Δɽ·ͨ Pe " 100 ʹ͓͍ͯɼλ = 2 ͷͱ͖

S ≈ 0.2 ʹରͯ͠ λ = 3 ͷͱ͖ S ≈ 0.4 Λ͓ࣔͯ͠Γܗঢ়ҟํੑ͕૿͢͜ͱʹΑͬͯɼྲྀΕͷํ

ঢ়ٿͳ͍ͬͯΔɽҰํɼ͘ڧΑΓ͕޲΁ͷ഑޲ Janus ίϩΠυཻࢠͷ৔߹ɼ౳ํతͳܗঢ়ͷͨΊ

શͯͷ Pe ͷൣғͰ S = 0 Λࣔͨ͠ɽ

θ = 90◦ ʹ͓͚Δٿঢ় Janus ίϩΠυཻࢠͷ৔߹ͱಉ༷ʹɼਤ 4.7 ʹࣔ͢ͱ͓ΓͤΜஅྲྀΕԼ

ʹ͓͚Δ φ = 0.114 ͷΫϥελʔαΠζ KcɼΫϥελʔͷੑ׳൒ܘ Rg ͓Αͼܗঢ়ҟํੑ κ2 Λ

ௐ΂Δ͜ͱͰɼෳࡶͳࣗߏ߹ूݾ଄͕ྲྀಈԼʹ͓͍ͯͲͷΑ͏ʹมԽ͍ͯ͠Δ͔Λ໌Β͔ʹ͢

Δɽ·ͨൺֱͷͨΊʹɼਤ 4.8 ʹɼφ = 0.114 ʹ͓͚Δٿঢ় Janus ୺ԁபঢ়ٿӷͱࢄ෼ࢠཻ Janus

ঢ়ҟํੑύϥϝʔλܗӷͷࢄ෼ࢠཻ κ2 ͱձ߹਺ Kc Λࣔ͢ɽͦΕͧΕɼ(a) ঢ়ٿ͕ (θ = 90◦)ɼ

(b) ୺ԁபঢ়ٿ͕ (λ = 3) Ͱ͋ΔɽΦϨϯδ৭ͷؙ͕ฏߧঢ়ଶʹ͓͚Δσʔλɼ੨৭ͷؙ͕ͤ

ΜஅྲྀΕԼͰͷఆৗঢ়ଶʹ͓͚ΔσʔλΛද͓ͯ͠Γɼؙͷେ͖͞͸ੑ׳൒ܘͷେ͖͞ʹରԠ

͢Δɽਤ 4.7 (i) ΑΓɼ10 ≤ M ≤ 30 ͷαΠζΛ࣋ͭٿঢ়Ϋϥελʔ͕ɼऑ͍ͤΜஅ (Pe ! 3)

ʹΑͬͯɼKc ≥ 30 ͷେ͖ͳωοτϫʔΫߏ଄ͷҰ෦ͱͯ͠औΓࠐ·Ε͍ͯΔ༷͕ࢠ෼͔Δɽ

3 ! Pe ! 15 Ͱ͸ɼٿ୺ԁபঢ়ίϩΠυཻࢠಛ༗ͷΩϟοϓ–Τοδ͓ΑͼΤοδ–Τοδͷ઀ଓ

ʹΑΓɼ⟨Kc⟩ ≈ 40 ͔ͭ κ2 ≈ 0.6 ͷͻ΋ঢ়Ϋϥελʔ͕ݱΕΔɽਤ 4.7 (ii) ͸ҎԼʹࣔ͢ू߹ڍಈ

Λҙຯ͢ΔɽPe " 15 ʹ͓͍ͯɼͻ΋ঢ়Ϋϥελʔ͸ٿঢ়ΫϥελʔʹมԽ͠ɼPe " 80 ͰΑΓ

খ͞ͳٿঢ়Ϋϥελʔ΁ͷ෼྾΋͘͠͸Ϋϥελʔ͕׬શʹ่յ͢Δ༷͞࡯؍͕ࢠΕͨɽ·ͨɼ

୺ԁபঢ়ٿঢ়͓Αͼٿ Janus ίϩΠυཻࢠͷͦΕͧΕͷࣗڍ߹ूݾಈΛൺֱͨ͠ͱ͖ (ਤ 4.5 ͓

Αͼਤ 4.7 Λࢀর) ɼPe ͕େ͖͘ͳΔ͜ͱʹ൐͏ࣗڍ߹ूݾಈʹେ͖ͳࠩ͸ͳ͍͕ɼٿ୺ԁபঢ়

Janus ίϩΠυཻࢠͷ৔߹ɼΫϥελʔͷαΠζ͓Αͼܗঢ়͕໌Β͔ʹݶΒΕͨ෼෍ʹͳ͍ͬͯ
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Δɽ·ͨɼਤ 4.8 ʹࣔ͢ɼ֤෼ࢄӷͷܗঢ়ҟํੑύϥϝʔλ κ2 ͱձ߹਺ Kc ͷάϥϑ͔Β΋ɼͦ

ͷ༷ࢠΛ֬ೝ͢Δ͜ͱ͕ग़དྷΔɽ۩ମతʹ͸ٿ୺ԁபঢ় Janus ӷͰ͸ɼ6ࢄ෼ࢠཻ ≤ ⟨Kc⟩ʹ͓͍

ͯɼଟ͘ͷΫϥελʔ͕ κ2 ≤ 4 ʹ෼෍͍ͯ͠Δɽ·ͨ྆ํͷཻܗࢠঢ়ʹڞ௨ͯ͠ɼKc ≤ 4 ʹ͓

͍ͯɼಉ͡ Kc Λ࣋ͭΫϥελʔͰ΋෯͍޿ κ2 ͷ෼෍ΛͱΔɽ͜Ε͸ͤΜஅ଎౓ͷେ͖͞ʹԠ

ͯ͡Ϋϥελʔͷܗঢ়͕มԽ͍ͯ͠Δ͜ͱΛҙຯ͍ͯ͠Δɽ

100
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100 101 102
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K c
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ਤ 4.7 ϖΫϨ਺ Pe ͷؔ਺ͱͨ͠ φc = 0.114 ʹ͓͚Δ λ = 3.0 ͷٿ୺ԁபঢ় Janus ίϩΠ

υཻࢠͷձ߹਺ Kcɽه߸ͷ৭͸Ϋϥελʔͷܗঢ়ҟํੑ κ2 Λද͠ɼه߸ͷαΠζ͸Ϋϥε

λʔͷੑ׳൒ܘ Rg Λද͢ɽృΓͭͿ͠ه߸͸੩ࢭ৔ (Pe = 0) ʹ͓͚Δ݁ՌΛ͍ࣔͯ͠Δɽ

Kc = 1 ͷ৔߹ɼRg ͓Αͼ κ2 ͸ఆٛͰ͖ͳ͍ͷͰɼ͜͜ʹ͸දࣔ͞Εͳ͍ɽ
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ਤ 4.8 φc = 0.114 ʹ͓͚ΔίϩΠυ෼ࢄӷͷܗঢ়ҟํੑύϥϝʔλ κ2 ͱձ߹਺ KcɽͦΕ

ͧΕɼ(a) ঢ়ٿ͕ (θ = 90◦)ɼ(b) ୺ԁபঢ়ٿ͕ (λ = 3) Ͱ͋ΔɽΦϨϯδ৭ͷؙ͕ฏߧঢ়ଶ

(Pe = 0) ʹ͓͚Δσʔλɼ੨৭ͷؙ͕ͤΜஅྲྀΕԼͰͷఆৗঢ়ଶʹ͓͚ΔσʔλΛද͓ͯ͠

Γɼؙͷେ͖͞͸ੑ׳൒ܘͷେ͖͞ʹରԠ͢Δɽ

͜͜·Ͱͷ݁ՌΑΓɼࣗڍ߹ूݾಈ͓Αͼ೪౓ʹ͍ͭͯ f = 0.3 ͷٿ୺ԁபঢ় Janus ίϩΠυ

͸ࢠཻ f = 0.5 (θ = 90◦) ͷٿঢ় Janus ίϩΠυཻࢠͱఆੑతʹྨͤͨ͠ࣅΜஅԠ౴Λࣔ͢ͱ͍

͑Δɽͭ·ΓɼίϩΠυ෼ࢄӷͷ೪౓͸Ϋϥελʔͷܗঢ়Ͱ͸ͳ͘ओʹίϩΠυཻࢠಉ͕࢜ܗ੒

͢ΔΫϥελʔͷฏۉձ߹਺ ⟨Kc⟩͕ࢧ഑తͰ͋Δ͜ͱΛҙຯ͠ɼཻܗࢠঢ়ҟํੑ͸ྲྀΕํ޲΁

ͷ഑޲ͳͲͷ෭࣍తͳ໾ׂͷΈΛՌͨ͢ɽ͜ͷ݁Ռ͸ਤ 4.9 ʹΑͬͯ΋֬ೝͰ͖Δɽਤ 4.9 ͸֤

ͷࢠঢ়ͷίϩΠυཻܗ φc = 0.114 ʹ͓͚Δ૬ର೪౓ ηr ʹؔͯ͠ฏۉձ߹਺ ⟨Kc⟩ͷґଘੑΛϓ

ϩοτͨ͠΋ͷ΋ͷͰ͋Δɽਤ 4.9 ͷॎઢͰࣔ͢Α͏ʹɼίϩΠυ෼ࢄӷͷ೪ੑڍಈ͸ฏۉձ߹

਺ͷ஋ʹԠͯ͡ 3 ͭͷྖҬʹ෼͚Δ͜ͱ͕Ͱ͖Δɽ·ͣ region I (1 ! ⟨Kc⟩ ! 4) Ͱ͸ɼͤΜஅ೪

౓͸ฏۉձ߹਺ͷ૿Ճͱͱ΋ʹΘ͔ͣʹ૿Ճ͢ΔྖҬͰ͋Γɼଓ͍ͯ region II (4 ! ⟨Kc⟩ ! 10)

Ͱ͸ɼฏۉձ߹਺͕มԽͯ͠΋೪౓͸΄΅ҰఆʹอͨΕΔྖҬ͕ݱΕΔɽregion III (⟨Kc⟩ " 10)

͸ɼฏۉձ߹਺͕૿Ճ͢ΔʹͭΕ೪౓΋େ্͖͘ঢ͢ΔྖҬͰ͋ΔɽͦΕͧΕͷྖҬͰͷ͞࡯؍
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ΕΔయܕతͳࣗߏ߹ूݾ଄͸ɼregion I ʹ͓͍ͯೋྔମɼྔࡾମͷখ͍͞ٿঢ়Ϋϥελʔ΍࢛໘

ମΫϥελʔɼregion II ঢ়͓Αͼ୹͍ͻ΋ঢ়Ϋϥελʔɼregionٿ͍͓ͯʹ III ʹ͓͍ͯൺֱత

େ͖ͳٿঢ়Ϋϥελʔɼͻ΋ঢ়Ϋϥελʔɼͻ΋ঢ়Ϋϥελʔ͕ෳࡶʹབྷΈ߹ͬͨωοτϫʔΫ

଄Ͱ͋Δɽ͜͜Ͱɼregionߏ III ͷಛʹ ⟨Kc⟩ " 30 ʹ͓͍ͯɼ૬ର೪౓ͷܹٸ͕͖܏ʹ૿Ճ͢Δ

ཧ༝ͱͯ͠ɼΫϥελʔ͕ύʔίϨʔτ͍ͯ͠Δ͜ͱ͕͑ߟΒΕΔɽ͜ͷ৔߹ɼύʔίϨʔγϣ

ϯߏ଄͕ܗ੒͞ΕΔ͔൱͔Ͱ૬ର೪౓ͷ૿Ճ཰͕େ͖͘มԽ͢Δ͜ͱ͕༧૝͞ΕΔͨΊɼγες

ϜαΠζґଘੑΛղফ͢Δͱ region III (⟨Kc⟩ " 30) Ͱͷܹٸͳ೪౓ͷ૿Ճ͸ݱΕͳ͍Մೳੑ͕͋

ΔɽͦͷҰํͰɼύʔίϨʔγϣϯߏ଄͕ܗ੒͞Ε͍ͯͳ͍ ⟨Kc⟩ ! 30 Ͱɼregion II Ͱ͸͞࡯؍

Εͳ͍ฏۉձ߹਺ͷ૿Ճʹ൐͏೪౓ͷ্ঢ͕͢ͰʹݱΕ͍ͯΔɽ͕ͨͬͯ͠ɼίϩΠυ෼ࢄӷͷ

೪ੑڍಈʹ͓͍ͯฏۉձ߹਺ͷ஋ʹΑͬͯ 3 ͭͷྖҬ͕ݱΕΔ͜ͱ͸͔֬Ͱ͋Δɽޙࠓͷ՝୊

ͱͯ͠ɼregion III ʹ͓͚Δ೪౓ͷ্ঢ཰ʹ͍ͭͯ͸ύʔίϨʔγϣϯߏ଄ͱ೪౓ͷؔੑ܎Λௐ

ࠪ͢Δ༧ఆͰ͋ΔɽຊڀݚͰ֬ೝ͞ΕͨΫϥελʔߏ଄ͱ೪౓ͷ૬ؔؔ܎͸ɼۙ೥ɼߴೱ౓λϯ

ύΫ༹࣭ӷʹؔ͢Δ࣮ݧʹΑͬͯ΋֬ೝ͞Ε͍ͯΔ [150, 151]ɽ

1.0

1.5

2.0

2.5

3.0

100 101

(I) (II) (III)η
r

〈Kc〉

S, θ = 66°
S, θ = 90°

SC, λ = 2.0
SC, λ = 3.0

ਤ 4.9 ฏۉձ߹਺ ⟨Kc⟩ͷؔ਺ͱ֤ͨ͠ܗঢ়ͷίϩΠυཻࢠͷ φc = 0.114 ʹ͓͚Δ૬ର೪౓ ηrɽ

4.2.3 ୺ԁபঢ়ٿ/ঢ়ٿ JanusίϩΠυཻࠞࢠ߹෼ࢄӷͷࣗूݾ߹ͱ೪ੑڍಈ

্ड़ͨ͠ฏۉձ߹਺ͱ೪౓ͷ૬ؔؔ܎Λ౿·্͑ͨͰɼޙ࠷ʹ φc = 0.057 ͓Αͼ 0.114 ʹ͓

͚Δٿঢ় (θ = ୺ԁபঢ়ٿ/(◦66 (λ = 3) Janus ίϩΠυཻܥ߹ࠞࢠʹؔ͢Δ݁ՌΛड़΂Δɽࠞ߹ܥ

ʹ͓͍ͯɼ֤ίϩΠυཻࢠͷମੵ෼཰ൺΛಉ͡ʹ͍ͯ͠ΔͷͰɼܥ಺ʹ͸ٿঢ় Janus ίϩΠυཻ

਺ͷํ͕ଟ͘ͳΔɽਤࢠ 4.10 (a) ͓Αͼ 4.10 (b) ͸ͦΕͧΕϖΫϨ਺ Pe ͷؔ਺ͱͯ͠ ⟨Kc⟩͓Α

ͼ ηr Λϓϩοτͨ͠΋ͷͰ͋Δɽ͜ΕΒͷࠞ߹ܥʹ͓͚Δฏۉձ߹਺͸ɼ७ਮͳٿঢ় Janus ί
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ϩΠυཻܥࢠͷͱ͖ΑΓ΋େ͖͍͕ɼٿ୺ԁபঢ় Janus ίϩΠυཻࢠͷ৔߹ͱൺֱ͢Δͱେ෯

ʹখ͘͞ͳ͍ͬͯΔ͜ͱ͕෼͔Δ (ͦΕͧΕɼਤ 4.2 (a) ͓Αͼ 4.6 (a) Λࢀর) ɽ͜Ε͸ɼٿঢ়

Janus ίϩΠυཻٿ͕ࢠ୺ԁபঢ় Janus ίϩΠυཻࢠಉ࢜ͷΩϟοϓ–Τοδ͓ΑͼΤοδ–Το

δͷ઀ଓΛ્݁ͨ͠֐ՌɼωοτϫʔΫߏ଄ͷܗ੒͕཈੍཈੍͞Εͨͱ͑ߟΒΕΔɽͦͷ݁Ռɼ

૬ର೪౓͸ φc = 0.057 ʹ͓͍ͯ 10%ɼφc = 0.114 ʹ͓͍ͯ 35% ͷ্ঢʹͱͲ·ͬͨɽ·ͨɼ͜

Ε·Ͱͷ୯੒෼ܥͷ৔߹ͱಉ༷ʹ͍ͤڧΜஅ (Pe " 40) Λ༩͑ͨͱ͖ɼΫϥελʔͷ่յͱͱ΋

ʹ shear-thinning ͸ɼ୯܎଄ͱ೪౓ͷؔߏ߹ूݾΔ͜ΕΒͷ͚͓ࣗʹܥ߹Εͨɽࠞ͞࡯؍ಈ͕ڍ

Ұ༹࣭ܥͰͷٞ࿦Ͱड़΂ͨ૬ؔؔ܎ͱҰக͢Δ݁Ռͱͳͬͨɽ
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ਤ 4.10 ϖΫϨ਺ Pe ͷؔ਺ͱͨ͠ٿঢ় (θ = ୺ԁபঢ়ٿ/(◦66 (λ = 3) Janus ίϩΠυཻࠞࢠ

ͷܥ߹ (a) ฏۉձ߹਺ ⟨Kc⟩ɼ (b) ૬ର೪౓ ηrɽ
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4.3 ݁࿦

ଟཻࢠিಥಈྗֶͱ෼ࢠಈྗֶΛ૊Έ߹Θͤͨ MD-MPCD ϋΠϒϦουγϛϡϨʔγϣϯ๏

ʹ͓͍ͯɼMüller-Plathe ͷํ๏Λ༻͍Δ͜ͱͰͤΜஅྲྀΕԼʹ͓͚Δ Janus ίϩΠυཻࢠ෼ࢄ

ӷͷ೪౓Λௐ΂ɼࣗߏ߹ूݾ଄ͱͷؔੑ܎ͷղ໌ʹऔΓ૊Μͩɽୈ 3 ষͰࣔͨ͠ Janus ίϩΠυ

Εͨɽྫ͑͹͞࡯؍ಈ͕ڍ߹ूݾ଄ʹɼͤΜஅྲྀΕΛ༩͑Δ͜ͱʹΑ༷ͬͯʑͳࣗߏߧͷฏࢠཻ

φc ≤ 0.028 ʹ͓͚Δ θ = 66◦ ͷٿঢ় Janus ίϩΠυཻࢠ͸ɼͤΜஅʹΑΔখ͞ͳΫϥελʔͷ༥

߹͓Αͼେ͖ͳΫϥελʔͷ෼྾ʹΑͬͯɼ͍ͤ޿Μஅ଎౓ҬͰΫϥελʔαΠζ Kc = 4 ͷ࢛

໘ମΫϥελʔ͕ܗ੒ͨ͠ɽͦͷঢ়ଶ͔Β͞ΒʹͤΜஅ଎౓Λ૿Ճͤ͞Δͱɼ࢛໘ମΫϥελʔ

͸ೋྔମͷΫϥελʔ΁෼྾·ͨ͸׬શʹ่յ͢ΔɽΑΓ͍ߴମੵ෼཰ʹ͓͍ͯ͸ɼऑ͍ͤΜஅ

ʹΑͬͯ Kc ≥ 6 ͷΑΓେ͖͍ٿঢ়Ϋϥελʔ͕ܗ੒͞ΕΔ͕ɼͤΜஅ଎౓͕େ͖͘ͳΔʹͭΕ

ͯͦΕΒͷΫϥελʔ͸෼྾ɼ่յ͢Δ͜ͱ͕֬ೝ͞Εͨɽฏߧঢ়ଶ (φc = 0.114) ʹ͓͍ͯωο

τϫʔΫߏ଄Λܗ੒͢Δɼθ = 90◦ ͷٿঢ়͓Αͼٿ୺ԁபঢ় Janus ίϩΠυཻࢠͷࣗߏ߹ूݾ଄

͸ɼͤΜஅ଎౓͕େ͖͘ͳΔʹͭΕͯͻ΋ঢ়ɼٿঢ়ΫϥελʔʹมԽ͠ɼ࠷ऴతʹ͸Ϋϥελʔ

ͷ׬શͳ่յ͕͞࡯؍Εͨɽ

͞ΒʹίϩΠυ෼ࢄӷͷ೪౓ͱΫϥελʔͷฏۉձ߹਺ ⟨Kc⟩ ͸͍ڧ૬͕ؔؔ͋܎Δ͜ͱ͕

໌Β͔ͱͳΓɼ೪ੑڍಈ͸ฏۉձ߹਺ͷ஋ʹԠͯ͡ 3 ͭͷྖҬ͕ଘ͢ࡏΔ͜ͱΛݟग़ͨ͠ɽ

1 ! ⟨Kc⟩ ! 4 ͷখ͍͞Ϋϥελʔ͕ܗ੒͞ΕΔྖҬͰ͸ɼ༹ഔ೪౓ʹର͢Δ೪౓ͷ૿Ճ཰

͸ 0 ∼ 25% Ͱมಈ͠ɼͤΜஅ଎౓͕େ͖͘ͳΔʹͭΕͯऑ͍ shear-thinning Εͨɽݱಈ͕ڍ

4 ! ⟨Kc⟩ ! 10 ͷٿঢ়͓Αͼ୹͍ͻ΋ঢ়Ϋϥελʔ͕ݱΕΔྖҬͰ͸ɼฏۉձ߹਺ͷ஋ʹΑͬ

ͯ೪౓ͷ஋͸΄΅มԽͤͣ (೪౓ͷ૿Ճ཰͸ 25%) ɼͤΜஅΛ༩͑ͯ΋χϡʔτχΞϯͳڍಈ

Λࣔͨ͠ɽ⟨Kc⟩ " 10 ͷେ͖ͳٿঢ়Ϋϥελʔɼͻ΋ঢ়Ϋϥελʔɼͻ΋ঢ়Ϋϥελʔ͕ෳࡶ

ʹབྷΈ߹ͬͨωοτϫʔΫߏ଄͕͞࡯؍ΕΔྖҬͰ͸ɼฏۉձ߹਺ʹґଘͯ͠೪౓΋େ͖͘

্ঢ͢Δɽͦͯ͜͠ΕΒͷେ͖ͳΫϥελʔ͸ऑ͍ͤΜஅʹΑͬͯ෼྾͠ɼͦΕʹ൐͍ݦஶ

ͳ shear-thinning ঢ়Ͱܗಈ͸Ϋϥελʔͷڍӷͷ೪ੑࢄΕͨɽҎ্ΑΓɼίϩΠυ෼ݱಈ͕ڍ

͸ͳ͘ɼίϩΠυཻࢠಉ͕࢜ܗ੒͢ΔΫϥελʔͷฏۉձ߹਺͕ࢧ഑తͰ͋Δ͜ͱ͕໌Β͔ͱ

ͳͬͨɽ
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੩ࢭ৔ʹ͓͚Δ JanusίϩΠυ–
ϙϦϚʔࠞ߹༹ӷͷࣗूݾ߹

ຊষͰ͸ɼ੩ࢭ৔ʹ͓͚Δ Janus ίϩΠυ–ϙϦϚʔࠞ߹༹ӷͷࣗूݾ߹ʹؔ͢Δ݁ՌΛड़΂

ΔɽJanus ίϩΠυཻࢠʹ͍ͭͯ͸ɼ2 ͭͷૄਫੑύονͷαΠζ (θ = 66◦ ͓Αͼ θ = 90◦) Λ༻

ҙ͠ɼϙϦϚʔʹ͍ͭͯ͸ϗϞϙϦϚʔ (਌ਫੑɼૄ ਫੑ) ͓Αͼ྆਌ഔੑϙϦϚʔ (δϒϩοΫɼ

τϦϒϩοΫ) Λݕ౼ͨ͠ɽ͜ΕΒͷ Janus ίϩΠυ–ϙϦϚʔࠞ߹༹ӷʹ͓͍ͯɼϙϦϚʔͷ

ૄਫੑɼϙϦϚʔೱ౓ɼͤΜஅ଎౓ΛมԽͤ͞ͳ͕ΒɼίϩΠυཻࢠͱϙϦϚʔ͕ܗ੒͢Δ༷ʑ

ͳࣗߏ߹ूݾ଄΍ͦͷ৚݅ʹ͍ͭͯௐ΂Δɽ͸͡Ίʹ 5.1 અͰࢉܭ৚݅ʹ͍ͭͯઆ໌͠ɼଓ͍ͯ

5.2 અͰ݁Ռ͓Αͼ࡯ߟΛड़΂ɼޙ࠷ʹ 5.3 અͰ݁࿦Λड़΂ΔɽຊষͷਤͷҰ෦͸ɼKobayashi et

al., “Structure and shear response of Janus colloid-polymer mixtures in solution”, Langmuir, vol.

36, pp. 14214-14223, 2020. Δɽ͍ͯ͠༺࢖Ε͍ͯΔਤΛ͞ࡌܝʹ

5.1 ৚݅ࢉܭ

Ϟσϧʹ͍ͭͯ͸ɼୈࢠঢ়ίϩΠυཻٿ 3 ষ͓Αͼୈ 4 ষͰ༻͍ͨ΋ͷͱಉ͡཭ࢄԽཻࢠϞ

σϧΛ࢖༻͢Δ [123, 152]ɽٿঢ় Janus ίϩΠυཻࢠ (JC) ͸ਤ 5.1 (a) ʹࣔ͢Α͏ʹɼૄਫੑཻ

ࢠ (ΦϨϯδ৭) ͱ਌ਫੑཻࢠ (ਫ৭) ʹΑͬͯߏ੒͞ΕΔɽͦΕͧΕίϩΠυཻࢠ಺ͷૄਫੑཻ

Λࢠ COɼ਌ਫੑཻࢠΛ CW ͱͯ͢͠ه (ͦΕͧΕɼ“C” ͸ίϩΠυɼ“O” ͸ૄਫੑɼ“W” ͸਌

ਫੑΛҙຯ͢Δ) ɽٿঢ় Janus ίϩΠυཻࢠͷύοναΠζ͸ Janus ίϩΠυཻࢠͷ഑޲ϕΫτ

ϧʹର͢Δ։͖֯౓ θ ͱͯ͠ఆٛ͢Δ (ਤ 5.1 (a) ͷ (i) Λࢀর) ɽຊڀݚͰ͸ɼύοναΠζ͕

Janus ίϩΠυ–ϙϦϚʔࠞ߹༹ӷʹ͓͚Δࣗߏ߹ूݾ଄ʹ༩͑ΔӨڹΛௐ΂ΔͨΊʹɼૄਫੑ

ύονͷ։͖֯౓ θ = 66◦ ͓Αͼ θ = 90◦ ͷೋछྨͷٿঢ় Janus ίϩΠυཻݕ͍ͯͭʹࢠ౼͢Δ

͕ɼओʹ θ = 66◦ ͷ৚݅ʹয఺Λ౰ͯͯٞ࿦ΛਐΊΔɽ७ਮͳ Janus ίϩΠυཻࢠ෼ࢄӷʹؔ͠

ͯ͸ୈ 3 ষͰ΋ࣔͨ͠Α͏ʹɼθ = 66◦ (ίϩΠυཻࢠ಺ͷૄਫ/਌ਫཻࢠͷ੒෼ൺ f = 0.31) ͷ

ঢ়ٿ Janus ίϩΠυཻࢠ͸ɼ੩ࢭ৔ʹ͓͍ͯൺֱతখ͞ͳٿঢ়ΫϥελʔΛܗ੒͢Δ [69, 152] ɽ

·ͨ θ = 90◦ ( f = 0.5) ͷ৔߹͸ɼຊڀݚͰର৅ͱ͢Δཻࢠମੵ෼཰ (φc = 0.028) ʹ͓͍ͯ͸ͻ
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΋ঢ়Ϋϥελʔ͕͞࡯؍ΕΔ͜ͱ͕֬ೝ͞Ε͍ͯΔ [69, 152] ɽ

Janus ίϩΠυཻࢠͷૄਫੑύονؒ CO-CO ʹ͸ LJ ϙςϯγϟϧ (ࣜ 3.3 Λࢀর) Λ࠾༻͠

ͨɽΧοτΦϑڑ཭͸ rcut = 3.0 a ͱͨ͠ɽཻؒࢠͷ૬࡞ޓ༻ͷ͞ڧ͸ εi j ͷ஋ʹΑ੍ͬͯ͞ޚΕ

Δɽཻ֤ؒࢠͷ εi j ͷ஋Λද 5.1 ʹࣔ͢ɽCW ͱଞͷཻؒࢠʹ͸ WCA ϙςϯγϟϧ (ࣜ 3.2 Λࢀ

র) Λ࠾༻ͨ͠ɽ

ຊڀݚͰ༻͍ΔϙϦϚʔ͸ɼJanus ίϩΠυཻࢠΛߏ੒͢Δ཭ࢄԽཻࢠͱಉ͡௚ܘ a ͓Αͼ࣭

ྔ m Λ࣋ͭ 25 ͷϏʔζݸ (M = 25) ͕όωͰ࠯ঢ়ʹ͕ܨΕͨόωɾϏʔζϞσϧͱͯ͠Ϟσ

ϧԽͨ͠ɽ݁߹ཻؒࢠͷ݁߹ϙςϯγϟϧͱͯ͠ɼҎԼͷࣜͰද͞ΕΔ༗ݶ৳௕ੑඇઢܗόω

(FENE: Finitely Extensible Nonlinear Elastic) ϙςϯγϟϧ [153] Λ༻͍ͨɽ

UFENE(r) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
− k

2 r2
max ln

[
1 −

(
r

rmax

)2
]
, r < rmax

∞, r ≥ rmax,
(5.1)

͜͜Ͱ k ͸͹Ͷఆ਺ɼrmax ͸৳ͼ੾Γ௕ [154] Ͱ͋ΔɽຊڀݚͰ͸ɼ͹Ͷఆ਺͸ k = 30 kBT/a2ɼ

৳ͼ੾Γ௕͸ rmax = 1.5 a ͱ͠ɼ͜ͷͱ͖͹Ͷͷฏߧ௕͸ b ≈ 0.97 a ͱͳΔɽ
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ਤ 5.1 (a) ൒ܘ R = 3 a ͷٿঢ় Janus ίϩΠυཻࢠϞσϧɽਤதͷΦϨϯδ৭͸ૄਫੑύο

νɼਫ৭͸਌ਫੑύονΛද͢ɽͦΕͧΕɼ (i) Janus ίϩΠυཻࢠϞσϧͷ໛ࣜਤɼ (ii) ૄ
ਫੑύονͷ։͖֯౓ θ = 66◦ ͷٿঢ় Janus ίϩΠυཻࢠΛද͢ɽ (b) M = 25 ͷϙϦϚʔϞ

σϧɽਤதͷ੺৭͸ૄਫجɼփ৭͸਌ਫجΛද͢ɽͦΕͧΕɼ (i) ਌ਫੑϗϞϙϦϚʔɼ (ii)
ૄਫੑϗϞϙϦϚʔɼ (iii) ྆਌ഔੑδϒϩοΫίϙϦϚʔɼ (iv) ྆਌ഔੑτϦϒϩοΫίϙ

ϦϚʔΛද͢ɽ

ຊڀݚͰ͸ਤ 5.1 (b) ͷ (i-iv) ʹࣔ͢Α͏ʹɼ2 छྨͷϗϞϙϦϚʔ (HP) ͓Αͼ 2 छྨͷ྆਌

ഔੑίϙϦϚʔ (AP) ͷܭ 4 छྨͷϙϦϚʔϞσϧΛݕ౼ͨ͠ɽ۩ମతʹ͸ɼ(i) MW = M = 25

ͷ਌ਫੑϗϞϙϦϚʔ (PW) ɼ (ii) MO = M = 25 ͷૄਫੑϗϞϙϦϚʔ (PO) ɼ (iii) MO = 7 ͓

Αͼ MW = 18 ͷ྆਌ഔੑδϒϩοΫίϙϦϚʔ (DP) ɼ (iv) MO = 14 ͓Αͼ MW = 11 ͷ྆਌

ഔੑτϦϒϩοΫίϙϦϚʔ (TP) Ͱ͋Δɽ྆਌ഔੑίϙϦϚʔΛߏ੒͢Δૄਫ/਌ਫཻࢠͷ੒෼

ൺ f ͸ɼຊڀݚͰ༻͍Δ 2 छྨͷ Janus ίϩΠυཻࢠͱ͓͓ΑͦରԠ͓ͯ͠ΓɼδϒϩοΫί
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ද 5.1 ULJ ʹ͓͚Δཻؒࢠ૬࡞ޓ༻ύϥϝʔλ εi j (ࣜ (3.3) Λࢀর) ɽදதͷ஋ͷ୯Ґ͸ kBT
Ͱ͋Δɽ“–” ͸ɼͦͷཻؒࢠʹ͸ UWCA (ࣜ (3.2) Λࢀর) ͕ద༻͞ΕΔ͜ͱΛҙຯ͢Δɽ

CO CW PO PW

CO 0.5 – 0.5 –

CW – – – –

PO 0.5 – 0.2 or 0.5 –

PW – – – –

ϙϦϚʔ͸ f = MO/M = 0.28ɼτϦϒϩοΫίϙϦϚʔ͸ f = MO/M = 0.56 Ͱ͋ΔɽPW ͱଞ

ͷཻؒࢠʹ͸ WCA ϙςϯγϟϧ͕༻͍ΒΕɼPO-PO ͓Αͼ PO-CO ʹ͸ LJ ϙςϯγϟϧ͕ద

༻͞ΕΔɽPO-PO ͷ૬࡞ޓ༻ͷ͞ڧʹ͍ͭͯɼ2 छྨͷ஋Λݕ౼͢Δ͜ͱͰϙϦϚʔͷૄਫੑʹ

ΑΔӨڹΛௐ΂Δ͜ͱͱͨ͠ɽද 5.1 ʹશͯͷཻؒࢠ૬࡞ޓ༻ύϥϝʔλ εi j ɽ͢ه͍ͯͭʹ

༹ഔཻࢠ͸ɼ७ਮͳ Janus ίϩΠυཻࢠ෼ࢄӷͷͱ͖ͱಉ͡৚݅Ͱѻ͏ (ୈ 3 ষΛࢀর) ɽMD

ͷ਺஋ੵ෼๏ʹ͸଎౓ࢉܭ Verlet ๏ [134] Λ࢖༻͠ɼ࣌ؒࠁΈ͸ ∆t = 0.005 τ ͱͨ͠ɽ·ͨɼ

MPCD Ͱ͸ࢉܭ ∆tMPCD = 0.1 τ Λ࢖༻ͨ͠ɽͭ·Γɼηϧ಺ʹ͓͚Δཻࢠಉ࢜ͷিಥॲཧ͸

20 MD εςοϓ͝ͱʹ࣮͞ߦΕΔ͜ͱʹͳΔɽ࣌ؒͷ୯Ґ͸ τ =
√

ms/(kBT )a Ͱ͋ΔɽԹ౓͸

kBT = 1 ͱͨ͠ [111]ɽίϩΠυཻ͓ࢠΑͼϙϦϚʔΛߏ੒͢Δ཭ࢄԽཻࢠ (Ϗʔζ) ͷ࣭ྔ͸ɼ

༹ഔͰຬͨ͞Εͨিಥηϧͷฏྔ࣭ۉͱ߹͏Α͏ʹઃఆ͞ΕΔͨΊ m = msρsa3 = 10 ms ͱͳ

ΔɽྖࢉܭҬͷ 1 ล͸ແ࣍ݩ௕͞Ͱ L = 80 a ͷཱํମͰ͋Γɼ༹ഔཻࢠͷ਺͸ 5, 120, 000 Ͱ

͋Δɽڥք৚݅͸पڥظք৚݅Λ༻͍ͨɽશͯͷγϛϡϨʔγϣϯ͸ɼHOOMD–blue (version

2.5.1) [135–137] Λ༻͍ͯߦΘΕͨɽ·ͨ HOOMD–blue ্ͰͤΜஅྲྀΕͷγϛϡϨʔγϣϯΛ

ΊͷϓϥάΠϯͱͯͨ͠͏ߦ “azplugins” (version 0.6.2) [138] Λ࢖༻ͨ͠ɽ

5.2 ݁Ռ͓Αͼ࡯ߟ

શͯͷ৚݅ʹ͓͍ͯɼίϩΠυཻࢠͷ਺͸ Nc = 125 ͰҰఆͱ͠ɼ͜ͷͱ͖ମੵ෼཰͸

φc = NcVc/L3 ≈ 0.028 ͱͳΔɽ͜͜ͰίϩΠυཻࢠͷମੵ͸ Vc = 4πR3/3 Ͱ͋ΔɽϙϦϚʔͷ

ຊ਺͸ Np = 498 ·ͨ͸ 996 ͱ͠ɼ͜ͷͱ͖ϙϦϚʔೱ౓͸ͦΕͧΕ c = NpM/V ≈ 0.024 a−3 ·

ͨ͸ ≈ 0.049 a−3 ͱͳΔɽ͜͜Ͱɼྑ༹ഔதʹ͓͍ͯ࠯ಉ͕࢜઀৮͠͸͡ΊΔॏͳΓೱ౓ c∗ ͸

c∗ = M/(4πR3
g/3) ≈ 0.2 a−3 ͱͳΔɽ͜ͷͱ͖ɼϙϦϚʔͷੑ׳൒ܘ͸ Rg ≈ 3.07 ± 0.02 a ≈ R Ͱ

͋Δ ܘ൒ੑ׳) Rg ͷఆٛ͸ࣜ (6.2) Λࢀর)ɽ͕ͨͬͯ͠ɼຊڀݚͰݕ౼͢ΔϙϦϚʔೱ౓͸ɼ

ॏͳΓೱ౓ c∗ ΑΓ΋େ͖͘ԼճΔ৚݅Ͱ͋Δɽॳߏظ଄͸ɼཻؒࢠͷॏͳΓΛճආ͠ͳ͕Βγ

ϛϡϨʔγϣϯϘοΫε಺ʹ Janus ίϩΠυཻࢠͱϙϦϚʔΛϥϯμϜʹ഑ஔͨ͠ɽฏߧԽγ

ϛϡϨʔγϣϯʹ͓͚Δεςοϓ਺͸ɼগͳ͘ͱ΋ 108 MD εςοϓ େͰ࠷) 6 × 108 MD ε
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ςοϓ) ͱ͠ɼ֤ࠞ߹༹ӷʹ͓͍ͯ 3 ճͷಠཱͨ͠γϛϡϨʔγϣϯΛ࣮ͨ͠ߦɽ֤σʔλͷଌ

ఆ͸ϙςϯγϟϧΤωϧΪʔɼฏۉձ߹਺ͷ࣌ؒมԽ͕ϓϥτʔྖҬʹ౸ୡ͔ޙΒͨͬߦɽҰํ

ͰຊڀݚͰѻ͏Α͏ͳෳܥࡶͷ৔߹ɼγϛϡϨʔγϣϯͷ࣌ؒεέʔϧ͕࣮ݧͷ࣌ؒεέʔϧͱ

ൺֱͯ͠খ͍ͨ͞Ίʹɼ͕ܥ४҆ఆঢ়ଶʹτϥοϓ͞ΕΔՄೳੑ͕͋Δ [155]ɽ͕ͨͬͯ͠ɼϙ

ςϯγϟϧΤωϧΪʔɼฏۉձ߹਺ͷ࣌ؒมԽͷ͚ͩ࡯؍Ͱ͸׬͕ܥશʹฏߧঢ়ଶʹୡ͍ͯ͠Δ

͜ͱΛอূͰ͖ͳ͍͜ͱʹ஫ҙ͢Δඞཁ͕͋Δɽ

Janus ίϩΠυ–ඇٵண (਌ਫੑ) ϙϦϚʔࠞ߹༹ӷͷ৔߹ɼ७ਮͳ Janus ίϩΠυཻࢠ෼ࢄ

ӷͷͱ͖ͱಉ༷ʹ (ୈ 3 ষΛࢀর) ɼJanus ίϩΠυཻٿ͕ࢠঢ়ΫϥελʔΛܗ੒͢Δ [152] Ұํ

ͰɼϙϦϚʔ͸༹ӷதʹ෼ͨ͠ࢄ··Ͱ͋ͬͨɽಉ༷ͷࣗߏ߹ूݾ଄͕ɼJanus ίϩΠυ–ૄਫ

ੑϗϞϙϦϚʔࠞ߹༹ӷͷϙϦϚʔͷૄਫੑ͕௿͍ͱ͖ (εPO−PO = 0.2 kBT ) ʹɼϙϦϚʔೱ౓ʹ

Εͨ͞࡯؍ͳ͘܎ؔ (ਤ 5.2 (a) Λࢀর )ɽΑΓૄਫੑ͕͍ߴϙϦϚʔͷ৔߹ (εPO−PO = 0.5 kBT )ɼ

ϙϦϚʔಉ࢜Ͱେ͖ͳӷణʹू߹͠ɼͦͷपғΛ Janus ίϩΠυཻ͕ࢠ෴͏ߏ଄͕ܗ੒͞Εͨɽ

ӷణͷपғΛ Janus ίϩΠυཻ͕ࢠ෴͏͜ͱͰɼ਌࿨ੑͷ௿͍ϙϦϚʔͱ༹ഔͷ઀৮Λ཈੍͢Δ

͜ͱ͕ՄೳͰ͋Δ (ਤ 5.2 (b) Λࢀর) ɽਤ 5.2 (b) ʹࣔ͢Α͏ʹɼ͜ΕΒͷӷణ͸෦෼తʹ෴ΘΕ

͓ͯΓ͍ޓʹিಥ͢Δ͜ͱʹΑͬͯ͞Βʹ੒௕͢ΔՄೳੑ͕͋Δ͕ɼӷణ͕େ͖͘ͳΔʹͭΕͯ

஗͘ͳΔͷͰӷణಉ࢜ͷিಥස౓͕গͳ͘ͳΔɽ͜ΕΒͷ݁Ռ͸ɼJanus͕ࢄ֦ ίϩΠυཻ͕ࢠ

ք໘ࡎੑ׆ͷΑ͏ʹ;Δ·͏͜ͱ͔ΒϐοΧϦϯάΤϚϧγϣϯͷೕԽࡎͱͯ͠༻͍Δ͜ͱ͕

ՄೳͰ͋Δ͜ͱΛ͍ࣔͯ͠Δ [50, 156] ɽ
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ਤ 5.2 ϙϦϚʔೱ౓ c = 0.049 a−3 ʹ͓͚Δɼ (a, b) Janus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ

߹༹ӷ͓Αͼ (c-f) Janus ίϩΠυ–྆਌ഔੑίϙϦϚʔࠞ߹༹ӷͷฏߏߧ଄ɽ

ΫϥελʔͷαΠζ΍ߏ੒Λఆྔతʹ֬ೝ͢ΔͨΊʹɼDBSCAN [145] Λ࢖༻ͯ͠Ϋϥε

λʔղੳΛͨͬߦɽ·ͣɼίϩΠυཻ͓ࢠΑͼϙϦϚʔཻࢠΛߏ੒͢Δશૄਫੑཻࢠʹରͯ͠Ϋ

ϥελʔղੳΛ͍ߦɼཻ֤ؒࢠͷڑ཭͕ 1.3 a ҎԼͷͱ͖ʹର৅ͷίϩΠυཻࢠͱϙϦϚʔ͸ಉ

͡Ϋϥελʔʹଐ͢Δͱͨ͠ɽ࣍ʹɼͦΕΒͷΫϥελʔ͝ͱʹձ߹਺ K = Kc + Kp Λ͠ࢉܭ

ͨɽKc ͓Αͼ Kp ͸ɼͦΕͧΕ 1 ͭͷΫϥελʔதʹଘ͢ࡏΔίϩΠυཻࢠͱϙϦϚʔͷ਺Ͱ

͋Δɽ͜͜ͰΫϥελʔதͷίϩΠυ͓ΑͼϙϦϚʔͷ࠷େ਺͸ɼγεςϜ಺ͷίϩΠυ͓Αͼ

ϙϦϚʔͷ૯਺ͱͳΔɽ͞Βʹ͜ΕΒͷσʔλ͔Βɼձ߹਺ K ͷଘ֬ࡏ཰ P(K)ɼΫϥελʔ಺
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ͷίϩΠυཻࢠͷձ߹਺ Kc ͷଘ֬ࡏ཰ P(Kc)ɼΫϥελʔ಺ͷϙϦϚʔͷձ߹਺ Kp ͷଘ֬ࡏ

཰ P(Kp) Λͨ͠ࢉܭɽ1 ͭͷΫϥελʔ಺ʹ͓͚Δฏۉձ߹਺͸ ⟨K⟩ = ∑
K=1 KP(K) ʹΑͬͯࢉ

ग़Ͱ͖ɼ⟨Kc⟩͓Αͼ
〈
Kp

〉
΋ಉ༷ͷࢉܭͰࢉग़Ͱ͖ΔɽΫϥελʔதͷίϩΠυཻ͓ࢠΑͼϙϦ

Ϛʔͷ࠷େ਺͸ɼγεςϜ಺ͷίϩΠυ͓ΑͼϙϦϚʔͷ૯਺ͱͳΔɽ

Ϋϥελʔղੳͷ݁Ռɼ֤ ࠞ߹༹ӷʹ͓͍ͯ (i) ϙϦϚʔͷΈ (ϙϦϚʔϛηϧ·ͨ͸ϙϦϚʔ

(ମूڽ ·ͨ͸ (ii) ίϩΠυͱϙϦϚʔͷ྆ํ͔Βߏ੒͞ΕΔ (ϋΠϒϦουूڽମ) ɼ2 छྨͷ

Ϋϥελʔ͕֬ೝ͞ΕͨɽεPO−PO = 0.2 kBT ʹ͓͚Δ Janus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹

༹ӷͷͱ͖ɼܥ಺ʹܗ੒͞ΕͨΫϥελʔͷ͏ͪ໿ 70 − 80% ͷΫϥελʔ͕ϙϦϚʔͷΈͰߏ

੒͞Ε͓ͯΓɼ࢒ΓͷΫϥελʔ͸ίϩΠυཻࢠͱϙϦϚʔʹΑͬͯܗ੒͞Ε͍ͯͨɽ·ͨܥ಺

ͷશϙϦϚʔͷ͏ͪɼ໿൒෼༹͕ӷதʹ෼ͨ͠ࢄঢ়ଶͰ͋ͬͨɽΑΓૄਫੑ͕͍ߴϙϦϚʔͷ

৔߹ (εPO−PO = 0.5 kBT ) ɼਤ 5.2 (b) ʹࣔ͢Α͏ʹ΄΅શͯͷ Janus ίϩΠυཻ͓ࢠΑͼϙϦϚʔ

͕ϋΠϒϦουूڽମΛܗ੒ͨ͠ɽJanus ίϩΠυ–δϒϩοΫίϙϦϚʔࠞ߹༹ӷʹ͓͍ͯ

c = 0.024 a−3 ͷͱ͖ɼϙϦϚʔͷૄਫੑ εPO−PO ڽͳ͘ɼϙϦϚʔϛηϧͱϋΠϒϦου܎ؔʹ

ूମ͕Ϋϥελʔશମͷ໿ 50% ΕͨɽϙϦϚʔೱ౓Λ૿Ճͤ͞Δͱ͞࡯؍ͭͣ (c = 0.049 a−3)

ɼϙϦϚʔϛηϧͷׂ߹͕ 70 − 80% ·Ͱ૿Ճ͠ϋΠϒϦουूڽମ͸ 20 − 30% গͨ͠ɽݮʹ

·ͨ c = 0.049 a−3 ͔ͭ εPO−PO = 0.5 kBT ͷͱ͖ɼશδϒϩοΫίϙϦϚʔ਺ͷ໿ 30% ༹͕ӷத

ʹ෼ͨ͠ࢄ··Ͱ͋ͬͨɽͦͷଞͷέʔεͰ͸ɼશδϒϩοΫίϙϦϚʔ਺ͷ 60 − 70% ༹͕ӷ

தʹ෼ͨ͠ࢄ··Ͱ͋ͬͨɽ͜Ε͸δϒϩοΫίϙϦϚʔΛߏ੒͢Δཻࢠͷ͏ͪ਌ਫجͷ෦෼

͕େ͖͍ͨΊʹɼձ߹͠ͳ͔ͬͨͱ͑ߟΒΕΔɽ
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ਤ 5.3 (a) Janus ίϩΠυ–ૄਫੑϗϞϙϦϚʔɼ (b) Janus ίϩΠυ–྆਌ഔੑδϒϩοΫί

ϙϦϚʔࠞ߹༹ӷʹ͓͚ΔϋΠϒϦουूڽମதͷ Janus ίϩΠυཻࢠ਺ Kc ͷ෼෍ P(Kc)ɽ
ൺֱͷͨΊʹɼ७ਮͳ Janus ίϩΠυཻࢠ෼ࢄӷ (Pure JC) ͷ݁Ռ΋ࣔ͢ɽ͜͜ʹࣔ͢શͯͷ

Janus ίϩΠυཻࢠʹؔͯ͠ɼύον։͖֯౓͸ θ = 66◦ Ͱ͋Δɽ

ਤ 5.3 (a) ʹ Janus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹༹ӷʹ͓͚ΔϋΠϒϦουूڽମதͷ

Janus ίϩΠυཻࢠ਺ͷ෼෍ P(Kc) Λࣔ͢ɽϙϦϚʔఴՃʹΑΔΫϥελʔαΠζ΁ͷӨڹΛ֬

ೝ͢ΔͨΊʹɼಉ͡ύον։͖֯౓ θ = 66◦ ͔ͭಉମੵ෼཰ φc ≈ 0.028 ͷ७ਮͳ Janus ίϩΠ

υཻࢠ෼ࢄӷͷ݁Ռ΋ؚΊ͍ͯΔɽεPO−PO = 0.2 kBT ͷͱ͖ɼP(Kc) ͸७ਮͳ Janus ίϩΠυཻ

ӷͷ৔߹ͱൺֱͯ͠Θ͔ͣʹେ͖ͳࢄ෼ࢠ Kc ʹγϑτ͢Δ͞࡯؍͕޲܏Εͨɽ·ͨΫϥελʔ

தʹଘ͢ࡏΔίϩΠυཻࢠͷฏۉձ߹਺ ⟨Kc⟩Λͨ͠ࢉܭͱ͜Ζɼ७ਮͳ Janus ίϩΠυཻࢠ෼

ʹ߹ӷͷ৔ࢄ ⟨Kc⟩ = 3.9± 0.1 ͱͳΓɼࠞ߹༹ӷͷ c = 0.024 a−3 ͷͱ͖ʹ ⟨Kc⟩ = 4.4± 0.6ɼͦ͠

ͯ c = 0.049 a−3 ͷͱ͖ʹ ⟨Kc⟩ = 4.6 ± 0.3 ͱɼϙϦϚʔఴՃʹΑͬͯ ⟨Kc⟩͕૿Ճ͢Δ͜ͱ͕໌

Β͔ͱͳͬͨɽϙϦϚʔͷૄਫੑ͕͘ߴͳΔͱ (εPO−PO = 0.5 kBT ) ɼΫϥελʔதͷίϩΠυཻ
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ձ߹਺͸ܶతʹ૿Ճ͠ɼcۉͷฏࢠ = 0.024 a−3 ͷͱ͖ʹ ⟨Kc⟩ = 14 ± 2ɼc = 0.049 a−3 ͷͱ͖ʹ

⟨Kc⟩ = 24 ± 5 ͱͳͬͨɽJanus ίϩΠυ–྆਌ഔੑδϒϩοΫίϙϦϚʔࠞ߹༹ӷͷ৔߹ɼ७ਮ

ͳ Janus ίϩΠυཻࢠ෼ࢄӷͷͱ͖ͱൺֱͯ͠ΫϥελʔαΠζͷ෼෍ P(Kc) ʹେ͖ͳมԽ͸

Εͳ͔ͬͨݱ (ਤ 5.3 (b) Λࢀর) ɽͨͩ྆͠਌ഔੑϙϦϚʔΛఴՃ͢Δ͜ͱͰɼKc ≤ 3 ͷখ͞ͳ

Ϋϥελʔͷׂ߹͕૿Ճ͢Δ͜ͱ͕෼͔Δɽ͜ͷΑ͏ͳɼΑΓখ͞ͳ Kc ΁ͷγϑτ͸δϒϩο

ΫίϙϦϚʔ͕ Janus ίϩΠυཻࢠͷૄਫੑύονʹٵண͢Δ͜ͱͰɼJanus ίϩΠυཻࢠಉ࢜

ͷΫϥελʔͷ੒௕Λ્݁ͨ͠֐Ռͩͱ͑ߟΒΕΔɽಉ༷ͷڍಈ͕ٿঢ় Janus ίϩΠυཻ༹ࢠӷ

୺ԁபঢ়ٿʹ Janus ίϩΠυཻࢠΛఴՃͨ͠ͱ͖ʹ͞࡯؍Ε͍ͯΔ [152](3.2.4 અΛࢀর)ɽ

θ = 90◦ ͷ Janus ίϩΠυ–྆਌ഔੑδϒϩοΫίϙϦϚʔࠞ߹༹ӷͷ৔߹ɼૄਫੑύονͷ

։͖֯౓Λେ͖͘͢Δ͜ͱͰɼJanus ίϩΠυཻࢠͷฏۉձ߹਺͸ ⟨Kc⟩ = 5.5 ± 0.2 ͱͳΓ૿Ճ

͢Δ͕ɼ΍͸Γಉମੵ෼཰ʹ͓͚Δ (φc = 0.028) ɼ७ਮͳ Janus ίϩΠυཻࢠ෼ࢄӷͷฏۉձ

߹਺ (⟨Kc⟩ = 14.0 ± 0.2) ΑΓ΋ԼճΔ݁Ռͱͳͬͨɽ͜ͷͱ͖δϒϩοΫίϙϦϚʔΛτϦϒ

ϩοΫίϙϦϚʔʹஔ͖͑׵ΔͱɼτϦϒϩοΫίϙϦϚʔ͸྆୺ʹૄਫجΛ࣋ͭ͜ͱͰɼҟ

ͳΔ Janus ίϩΠυཻࢠΛ઀ଓͰ͖ΔͨΊɼΫϥελʔ͸੒௕͠ ⟨Kc⟩ = 8.1 ± 0.5 ͱͳͬͨɽ͠

͔͠τϦϒϩοΫίϙϦϚʔఴՃʹΑΔϒϦοδͷޮՌΑΓ΋ɼJanus ίϩΠυཻࢠͷձ߹Λ๦

͛ΔޮՌͷํ͕େ͖͍ͨΊʹͻ΋ঢ়Ϋϥελʔ΍ωοτϫʔΫߏ଄͸ܗ੒͞Εͣɼ⟨Kc⟩͸७ਮ

ͳ Janus ίϩΠυཻࢠ෼ࢄӷΑΓ΋খ͍͞··Ͱ͋ͬͨɽ྆਌ഔੑϙϦϚʔͷฏۉձ߹਺
〈
Kp

〉

͸ɼθ = 66◦ ͷ Janus ίϩΠυ–྆਌ഔੑδϒϩοΫίϙϦϚʔࠞ߹༹ӷͱൺֱͯ͠໿ 2 ഒେ͖

͘ɼδϒϩοΫͱτϦϒϩοΫίϙϦϚʔͰҧ͍͸΄΅ݱΕͳ͔ͬͨɽ

5.3 ݁࿦

ಈྗֶΛ૊Έࢠিಥಈྗֶͱ෼ࢠΉ͜ͱ͕Ͱ͖ΔଟཻࠐΛऔΓ༺࡞ޓͷྲྀମྗֶత૬ؒࢠཻ

߹Θͤͨ MD-MPCD ϋΠϒϦουγϛϡϨʔγϣϯ๏Λ༻͍ͯɼ੩ࢭ৔ʹ͓͚Δرബ༹ӷதͷ

Janus ίϩΠυ-ϙϦϚʔࠞ߹෺ͷࣗूݾ߹Λௐ΂ͨɽJanus ίϩΠυཻࢠͱૄਫੑϗϞϙϦϚʔ

·ͨ͸྆਌ഔੑίϙϦϚʔͷࠞ߹෺ʹՃ͑ɼྑ༹ഔதͷ౳ํੑίϩΠυཻࢠͱϗϞϙϦϚʔͷγ

ϛϡϨʔγϣϯΛͨͬߦɽ΄΅ಉ͡஋ͷίϩΠυཻࢠͷ൒ܘͱϙϦϚʔͷੑ׳൒ܘΛ༻͍ɼॏ

ͳΓೱ౓Λେ͖͘ԼճΔ 2 छྨͷϙϦϚʔೱ౓ͷ΋ͱͰɼϙϦϚʔͷૄਫੑΛ 2 छྨݕ౼ͨ͠ɽ

਌ਫੑίϩΠυ–਌ਫੑϗϞϙϦϚʔͷࠞ߹༹ӷ͸ɼϙϦϚʔʹΑͬͯ༠ൃ͞ΕΔ͕ྗׇރඇৗ

ʹऑ͘ίϩΠυཻࢠͷूڽΛҾ͖͜͞ىͳ͔ͬͨͨΊɼϙϦϚʔೱ౓ʹؔ܎ͳ͘ۉҰͳ෼ࢄঢ়

ଶͰ͋ͬͨɽJanus ίϩΠυ–ૄਫੑϗϞϙϦϚʔͷࠞ߹༹ӷʹ͓͍ͯɼϗϞϙϦϚʔͷૄਫੑ

͕ൺֱత௿͍ͱ͖ɼখ͞ͳϙϦϚʔूڽମɼίϩΠυཻࢠͱϗϞϙϦϚʔͷ྆ํ͔Βߏ੒͞Ε

ΔϋΠϒϦουूڽମɼ༹ӷதʹ෼ͨ͠ࢄϙϦϚʔ͕͞࡯؍ΕͨɽϗϞϙϦϚʔͷૄਫੑΛΑ

Γ͘͢ߴΔͱ (ΑΓශ༹ഔʹ͢Δͱ) ɼૄਫੑϗϞϙϦϚʔ͸େ͖ͳӷణΛܗ੒͠ɼͦͷपғΛ

Janus ίϩΠυཻ͕ࢠ෴͏ߏ଄͕ܗ੒͞ΕͨɽJanus ίϩΠυ–྆਌ഔੑίϙϦϚʔͷࠞ߹༹ӷͰ

͸ɼϙϦϚʔͷૄਫੑʹؔ܎ͳ͘ϙϦϚʔϛηϧɼϋΠϒϦουूڽମɼ෼ࢄঢ়ଶͷ྆਌ഔੑί

ϙϦϚʔ͕͞࡯؍Εͨɽ·ͨɼ྆਌ഔੑίϙϦϚʔ͸ Janus ίϩΠυཻࢠͷૄਫੑύονΛ෴͏
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͜ͱͰ Janus ίϩΠυཻࢠಉ࢜ͷձ߹Λ્͢֐ΔͨΊɼ७ਮͳίϩΠυཻࢠ෼ࢄӷͱൺֱͨ͠ͱ

͖ʹΫϥελʔ಺ͷ Janus ίϩΠυཻࢠͷ਺͸ (ฏͯ͠ۉ) খ͘͞ͳΔ͜ͱ͕໌Β͔ͱͳͬͨɽ
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ୈ 6ষ

ͤΜஅྲྀΕԼʹ͓͚Δ
JanusίϩΠυ–ϙϦϚʔࠞ߹༹ӷͷ
ಈڍͱ೪ੑ߹ूݾࣗ

ຊষͰ͸ɼͤΜஅྲྀΕԼʹ͓͚Δ Janus ίϩΠυ–ϙϦϚʔࠞ߹༹ӷͷࣗूݾ߹ͱ೪ੑڍಈʹ

ؔ͢Δ݁ՌΛड़΂Δɽୈ 5 ষͰಘΒΕͨฏߏߧ଄ʹͤΜஅΛ༩͑ɼͤΜஅ೪౓Λଌఆ͢Δɽྲྀ

ಈԼʹ͓͍֤ͯΫϥελʔ (ϙϦϚʔϛηϧ/ूڽମ͓ΑͼϋΠϒϦουूڽମ) ͕ͲͷΑ͏ʹม

Խ͢Δ͔Λ͠࡯؍ɼͦͷߏ଄มԽ͕೪ੑڍಈʹରͯ͠ͲͷΑ͏ͳӨڹΛ༩͑Δ͔Λௐ΂Δɽ͸

͡Ίʹ 6.1 અͰࢉܭ৚݅ʹ͍ͭͯઆ໌͠ɼଓ͍ͯ 6.2 અͰ݁Ռ͓Αͼ࡯ߟΛड़΂ɼޙ࠷ʹ 6.3

અͰ݁࿦Λड़΂ΔɽຊষͷਤͷҰ෦͸ɼKobayashi et al., “Structure and shear response of Janus

colloid-polymer mixtures in solution”, Langmuir, vol. 36, pp. 14214-14223, 2020. Εͯ͞ࡌܝʹ

͍ΔਤΛ࢖༻͍ͯ͠Δɽ

6.1 ৚݅ࢉܭ

ୈ 5 ষͰಘΒΕͨฏߏߧ଄ʹ Müller-Plathe ͷํ๏ [148] Λ༻͍ͯͤΜஅྲྀΕΛ༩͑ɼࠞ߹

༹ӷ಺ͷࣗߏ߹ूݾ଄ͷมԽ͓ΑͼͦΕʹ൐͏ਫ༹ӷͷ೪ੑڍಈΛௐ΂ͨɽຊڀݚͰ࠾༻ͨ͠

Müller-Plathe ͷํ๏ʹ͍ͭͯ͸ 4.1 અΛࢀর͞Ε͍ͨɽͤΜஅ଎౓ γ̇ ͸ఆৗঢ়ଶʹ͓͚Δ଎

౓෼෍ͷޯ഑͔Βٻ·Γɼద༻ൣғ͸ 1.8 × 10−4τ−1 ∼ 2.2 × 10−2τ−1 Ͱ͋ΔɽͤΜஅ೪౓ η ͸

η = ⟨σxz⟩ /γ̇ ΑΓ͞ࢉܭΕΔɽͨͩ͠ ⟨. . .⟩ ͸࣌ؒฏۉΛද͢ɽͤΜஅγϛϡϨʔγϣϯ͸ୈ 5

ষͰಘΒΕͨฏߏߧ଄Λॳߏظ଄ͱ͠ɼগͳ͘ͱ΋ 108 MD εςοϓ େͰ࠷) 3 × 108 MD ε

ςοϓ) ΘΕͨɽΑΓਖ਼֬ͳσʔλΛಘΔͨΊʹɼ௿ͤΜஅ଎౓Ҭߦ (γ̇ ≤ 5.0 × 10−4) ʹؔͯ͠

͸ 2 ճͷಠཱͨ͠γϛϡϨʔγϣϯΛ࣮͠ߦɼ౷ܭฏۉΛͱͬͨɽܥ಺ʹੜ੒͞ΕΔͤΜஅྲྀ

Ε͸ z = ±Lz/4 Ͱ࠷େ஋ΛऔΔܗ֯ࡾͷ଎౓෼෍Λ΋ͭ (ਤ 6.1 Λࢀর) ɽ͜ͷΑ͏ͳ଎౓෼෍

ͷ৔߹ɼ଎౓ͷઈର஋͕࠷େͱͳΔܗ֯ࡾͷ௖఺෇ۙΛ͙ލ (ྫ͑͹ωοτϫʔΫߏ଄ͷΑ͏ͳ)

େ͖͍ߏ଄͕ܥ಺ʹଘ͢ࡏΔͱ͖ɼਖ਼͍ͤ͠ΜஅγϛϡϨʔγϣϯ͕ߦΘΕͳ͍Մೳੑ͕͋Δɽ
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ຊڀݚʹ͓͍ͯ͸ɼΫϥελʔղੳͷ݁ՌΑΓωοτϫʔΫߏ଄ͷΑ͏ͳେ͖͍ߏ଄͸͞࡯؍Ε

ͳ͍͜ͱΛ֬ೝͨ͠ɽ·ͨɼͤΜஅྲྀΕͷํ޲ͷϙϦϚʔͷ Gyration ςϯιϧ Gxx Λ͠ࢉܭɼ

ϙϦϚʔ͕ྲྀΕͷޯ഑ํ޲ (z) Δ͜ͱΛ֬ೝ͍ͨͯ͠͠ܗҰʹมۉʹ (ਤ 6.2 Λࢀর) ɽ

-0.2

-0.1

0.0

0.1

0.2

-40 -20 0 20 40

V x

z

σxz = 9.2 × 10-4

σxz = 4.5 × 10-2

σxz = 8.8 × 10-2

ਤ 6.1 ϙϦϚʔೱ౓ c = 0.049 a−3 ͓͚Δྑ༹ഔதͷ౳ํੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹

༹ӷͷ଎౓෼෍ɽ

1.0

2.0

3.0

4.0

-40 -20 0 20 40

G
xx

z

γ
. = 7.5 × 10-4

γ
. = 3.9 × 10-3

γ
. = 7.9 × 10-3

ਤ 6.2 ͤΜஅྲྀΕͷޯ഑ํ޲ʹ͓͚ΔϙϦϚʔͷॏ৺Ґஔ (z) ʹର͢ΔྲྀΕํ޲ͷ Gyration
ςϯιϧͷର֯੒෼ (Gxx) ɽਤ 6.1 ͱಉ͡γεςϜʹؔ͢Δσʔλ͕ࣔ͞Ε͍ͯΔɽ

༹ഔ೪౓͸ܥʹऑ͍ͤΜஅΛ༩͑Δ͜ͱʹΑͬͯ͠ࢉܭɼγϛϡϨʔγϣϯͰಘΒΕΔ

ηs = 8.72 ± 0.01 ms/(aτ) ͸ɼղੳతʹٻ·Δ஋ [2] ͱҰக͢Δ͜ͱΛ֬ೝ͍ͯ͠Δ (3.2.1 અΛࢀ

র) ɽܥʹ༩͑ΒΕͨͤΜஅͷ͞ڧΛಛ௃͚ͮΔͨΊʹɼୈ 4 ষͰ΋࢖༻ͨ͠೤ͷҠಈʹ͓͚Δ
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Ҡྲྀͱ֦ࢄͷൺΛද͢ϖΫϨ਺ Pe ʹՃ͑ɼ஄ੑྗͱ೪ੑྗͷൺΛද͢ϫΠθϯϕϧά਺ Wi Λ

ಋೖͨ͠ɽͦΕͧΕɼϖΫϨ਺͸ Pe = γ̇R2/D (D ͸֦܎ࢄ਺) ɼϫΠθϯϕϧά਺͸ Wi = γ̇τp

(τp ͸࠷௕؇࿨࣌ؒ) Ͱఆٛ͞ΕΔɽ͓͓Αͦͷ Pe ͓Αͼ Wi Λੵݟ΋ΔͨΊʹɼ֦܎ࢄ਺ D

ΛετʔΫεɾΞΠϯγϡλΠϯͷࣜΑΓɼ࠷௕؇࿨࣌ؒ τp ͸ Zimm Ϟσϧʹ͓͚Δ࠷௕؇࿨

ϞʔυΑΓࢉग़ͨ͠ɽ͜͜Ͱ Zimm Ϟσϧͱ͸ɼرബ༹ӷதͷϙϦϚʔͷμΠφϛΫεΛදݱ

͢ΔόωɾϏʔζϞσϧʹ͓͍ͯɼϏʔζؒͷྲྀମྗֶ૬࡞ޓ༻Λྀͨ͠ߟ΋ͷΛ Zimm Ϟσ

ϧͱ͍͏ɽͦΕͧΕɼD = kBT/(6πηsR) ≈ 0.002 a2/τ͓Αͼ τp = ηsR3
g/(kBT ) ≈ 250 τͱͳͬͨɽ

͕ͨͬͯ͠ɼຊڀݚͰద༻͞ΕͨͤΜஅ଎౓ʹରԠ͢ΔϖΫϨ਺ͷൣғ͸ 1 ! Pe ! 100 ͱͳΓɼ

ϫΠθϯϕϧά਺ͷൣғ͸ 0.05 ! Wi ! 6 ͱͳΔɽ

6.2 ݁Ռ͓Αͼ࡯ߟ

Janus ίϩΠυཻࢠ΍ϙϦϚʔͷࣗूݾ߹ʹΑΔ೪ੑڍಈ΁ͷӨڹΛ֬ೝ͢ΔͨΊʹɼ·ͣ

ྑ༹ഔதͷ౳ํੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷ (Hydrophilic mixtures) ͷͤΜஅγϛϡ

ϨʔγϣϯΛͨͬߦɽ͜ͷͱ͖ඇ݁߹ཻؒࢠͷ૬࡞ޓ༻ϙςϯγϟϧʹ͸ UWCA ͕ద༻͞ΕΔ

(ࣜ (3.2) Λࢀর) ɽ༹ӷͷͤΜஅ೪౓ ηʹ͓͚Δ༹࣭ͷد༩Λநग़͢ΔͨΊʹɼ૬ର೪౓ (༹ӷ

ͷ೪౓Λ७ਮ༹ഔͷ೪౓Ͱআͨ͠΋ͷɼͭ·Γ ηr = η/ηs) ʹՃ͑ɼ࣍ͷࣜͰఆٛ͞ΕΔݻ༗೪౓
[
η
]
Λͨ͠ࢉܭɽ

[
η
]
=
η − ηs

ηsφ
(6.1)

͜͜Ͱɼ༹࣭ͷମੵ෼཰ φ ͸ φ = φc + φp Ͱ͋ΔɽຊڀݚͰ͸ɼίϩΠυཻࢠͷମੵ෼཰ φc

͸ φc ≈ 0.028 ͰҰఆͰ͋ΔɽҰํͰɼϙϦϚʔͷମੵ෼཰ φp ͸ϙϦϚʔೱ౓ c Λ༻͍ͯ

φp = cσ3π/6 Ͱఆٛ͞ΕΔɽϙϦϚʔͷମੵ෼཰ φp ͸͔ࣜΒ෼͔Δͱ͓ΓɼϙϦϚʔೱ౓ɼϙ

ϦϚʔͷૄਫੑɼͤΜஅ଎౓ʹΑͬͯมԽ͢ΔϙϦϚʔͷཱମߏ଄ͱ͸ແؔ܎Ͱ͋Δɽݻ༗೪౓

͸ɼؐݩ೪౓ (ϙϦϚʔͷ୯Ґೱ౓͋ͨΓͷ೪౓) ʹೱ౓͓ΑͼͤΜஅ଎౓ʹؔͯ͠θϩΛ֎ૠ

͢Δ͜ͱʹΑΓٻΊΒΕɼ1 ༗೪౓ݻඪΛද͢ɽͭ·Γɼࢦ༩͢Δ཰ͷدʹӷͷ೪౓༹͕ࢠ෼ߴ

͸ߴ෼࠯ࢠͷ͕޿Γ౓߹͍Λද͢ύϥϝʔλͰ͋Γɼฏۉ෼ྔࢠͷܾఆʹ༻͍ΒΕΔɽҰํͰຊ

๏ͱ͸ҟͳํ༺࢖ग़͢ΔͨΊʹɼຊདྷͷఆ͓ٛΑͼࢉ༗೪౓Λݻ͍ͯ༺Ͱ͸ɼͤΜஅ೪౓Λڀݚ

Δɽ༹͔͠͠ӷͷͤΜஅ೪౓ʹ͓͚Δ༹࣭ͷد༩Λநग़͢Δͱ͍͏໨తͷͨΊʹ͸༗ޮͱ͑ߟ

ͨͨΊɼݻ༗೪౓ΛͤΜஅ೪౓ͷؔ਺ͱͯ͠༻͍Δ͜ͱͱͨ͠ɽ

ਤ 6.3(a) ʹϙϦϚʔೱ౓ c = 0.024 a−3(φp = 0.013) ͓Αͼ c = 0.049 a−3(φp = 0.025) ʹ͓͚Δ

༗೪౓ݻ [η] ΛͤΜஅ଎౓ γ̇ ͷؔ਺ͱͯࣔ͢͠ (֤ࠞ߹༹ӷʹ͓͚Δ૬ର೪౓ ηr = η/ηs ʹؔ͠

ͯ͸ਤ 6.4 Λࢀরɽ) ɽc = 0.024 a−3 ͷͱ͖ɼݻ༗θϩͤΜஅ೪౓͸ [η](γ̇ → 0) = 5.2 ± 0.1 Ͱ

͋Γɼࠞ߹༹ӷ͸χϡʔτχΞϯڍಈΛࣔͨ͠ɽϙϦϚʔೱ౓Λ૿Ճͤ͞Δͱ (c = 0.049 a−3) ɼ

༗θϩͤΜஅ೪౓͸ݻ [η](γ̇ → 0) = 7.5 ± 0.1 ͱͳΔɽࠞ߹༹ӷ͸ γ̇ ! 10−3 τ−1 ʹ͓͍ͯχϡʔ

τχΞϯڍಈΛࣔ͠ɼ͞ΒʹͤΜஅ଎౓Λେ͖͘͢Δͱ shear-thinning Εͨɽ͜͜Ͱɼݱಈ͕ڍ

ಉମੵ෼཰ʹ͓͚Δ७ਮͳ਌ਫੑίϩΠυཻࢠ෼ࢄӷͷݻ༗θϩͤΜஅ೪౓ [152] ͸ͦΕͧΕ
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φ = 0.040 ͷͱ͖ʹ [η] = 3.9ɼφ = 0.053 ͷͱ͖ʹ [η] = 4.3 Ͱ͋ͬͨɽͭ·Γɼಉମੵ෼཰ʹ͓

͍ͯྑ༹ഔதͷ౳ํੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷͷํ͕ݻ͍ߴ༗೪౓Λࣔ͢͜ͱ͕໌

Β͔ͱͳͬͨɽ

4.0

5.0

6.0

7.0

8.0

9.0

  

(a)

Wi=1

[η
]

Hydrophilic mixtures, c = 0.024
c = 0.049

1.0

2.0

3.0

10-3 10-2

(b)

Wi=1

G
α
α

γ
. [1/τ]

Gxx
Gyy
Gzz

ਤ 6.3 (a) ͤΜஅ଎౓ γ̇ͷؔ਺ͱͨ͠ྑ༹ഔதͷ౳ํੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷ

ͷݻ༗೪౓ [η]ɽ(b) ϙϦϚʔೱ౓ c = 0.049 a−3 ʹ͓͚ΔϙϦϚʔͷ Gyration ςϯιϧ Gααɽ
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1.1

1.3

1.5

  

(a)

Pe=1 Wi=1

η
r

JC-HP, θ = 66°, c = 0.024, εPO-PO
 = 0.2

c = 0.049, εPO-PO
 = 0.2

c = 0.024, εPO-PO
 = 0.5

c = 0.049, εPO-PO
 = 0.5

1.1

1.3

1.5

1.7

10-3 10-2

(b)

Pe=1 Wi=1

η
r

γ
. [1/τ]

JC-DP, θ = 90°, c = 0.049, εPO-PO
 = 0.5

JC-TP, θ = 90°, c = 0.049, εPO-PO
 = 0.5

Hydrophilic mixtures, c = 0.024
c = 0.049

ਤ 6.4 (a) Janus ίϩΠυ–ૄਫੑϗϞϙϦϚʔ͓Αͼ (b) Janus ίϩΠυ–྆਌ഔੑίϙϦ

Ϛʔࠞ߹༹ӷʹ͓͚Δ૬ର೪౓ ηrɽHPɼDPɼTP ͸ͦΕͧΕɼϗϞϙϦϚʔɼδϒϩοΫίϙ

ϦϚʔɼτϦϒϩοΫίϙϦϚʔΛҙຯ͢Δɽਤதͷഁઢͱ࣮ઢ͸ɼͦΕͧΕ c = 0.024 a−3

͓Αͼ c = 0.049 a−3 ʹ͓͚Δྑ༹ഔதͷ౳ํੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷͷ૬ର

ͤΜஅ೪౓ ηr Λࣔ͢ɽ

c = 0.049 a−3 ʹ͓͍ͯ shear-thinning Εͨཧ༝Λௐ΂ΔͨΊʹɼ֤ϙϦϚʔͷݱಈ͕ڍ

Gyration ςϯιϧΛͨ͠ࢉܭɽ

G = 1
M

M∑

i=1

δriδri (6.2)

͜͜Ͱɼδri ͸ϙϦϚʔͷॏ৺ʹର͢ΔϞϊϚʔ i ͷҐஔͰ͋Δɽςϯιϧͷର֯੒෼ Gαα (ͨͩ

͠ α ∈ {x, y, z}) ͸ɼͦΕͧΕྲྀΕͷํ޲ (x) ɼӔ౓ (y) ɼͤΜஅྲྀΕͷޯ഑ํ޲ (z) ͷϙϦϚʔ

ͷมܗΛද͢ɽϙϦϚʔͷੑ׳൒ܘ͸ Rg =
√

Gxx +Gyy +Gzz ͱͯ͠ఆٛ͞ΕΔɽୈ 5 ষͰ΋

ड़΂ͨͱ͓Γɼ੩ࢭ৔ʹ͓͚Δ਌ਫੑϗϞϙϦϚʔͷੑ׳൒ܘ͸ Rg ≈ 3.07 ± 0.02 a Ͱ͋Δɽ
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Fig. 6.3(b) ʹͤΜஅ଎౓ γ̇ͷؔ਺ͱͯ͠ Gyration ςϯιϧ Gαα Λϓϩοτͨ͠΋ͷΛࣔ͢ɽ௿

ͤΜஅ଎౓Ҭʹ͓͍ͯ (γ̇ ! 5 × 10−4 τ−1) ɼGxx ≈ Gyy ≈ Gzz Ͱ͋Δ͜ͱ͔ΒϙϦϚʔ͸౳ํతͳ

௕͢Δ৳ʹ޲଄Λ༗͍ͯ͠Δ͜ͱ͕෼͔ΔɽͤΜஅ͕େ͖͘ͳΔʹͭΕͯɼϙϦϚʔ͸ྲྀΕํߏ

ҰํɼӔ౓͓Αͼޯ഑ํ޲ʹऩॖ͢Δ͜ͱ͕֬ೝ͞ΕͨɽͤΜஅʹΑΔϙϦϚʔͷऩॖ͸ɼӔ౓

ஶͰ͋ͬͨɽ͜Ε͸ͤΜஅྲྀΕԼʹ͓͚Δ७ਮͳϙϦϚʔ༹ݦͰΑΓ޲ͱൺֱͯ͠ޯ഑ํ޲ํ

ӷʹؔ͢ΔաڈͷγϛϡϨʔγϣϯ݁ՌͱҰக͍ͯ͠Δ [96, 98]ɽ

࣍ʹɼθ = 66◦ ͷ Janus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹༹ӷ (JC–HP) ʹؔ͢Δ݁ՌΛड़΂

ΔɽJanus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹༹ӷͷ୅දతͳεφοϓγϣοτΛਤ 6.5 ʹࣔ͢ɽ

ϙϦϚʔͷૄਫੑ͕௿͍ͱ͖ (εPO−PO = 0.2 kBT ) ɼͤΜஅ͕Ճ͑ΒΕΔͱ੩ࢭ৔ʹ͓͍ͯܗ੒͞

Εͨൺֱతখ͞ͳΫϥελʔ่͕յ͠ɼϙϦϚʔ͸ྲྀΕͷํ޲ʹ৳௕͢Δ͜ͱ͕෼͔ΔɽϙϦ

ϚʔͷૄਫੑΛ͘͢ߴΔͱ (εPO−PO = 0.5 kBT ) ɼ௿ͤΜஅʹΑͬͯ (γ̇ ∼ 10−4 τ−1 (Pe ∼ 1)) ɼӷ

ణ͕ΑΓେ͖ͳαΠζ΁੒௕͍ͯ͠Δ͜ͱ͕εφοϓγϣοτ͔Β֬ೝͰ͖Δ (ਤ 5.2(b) ͓Αͼ

ਤ 6.5(g) Λࢀর) ɽ͜ͷΑ͏ͳͤΜஅ༠ىʹΑΔΫϥελʔͷ੒௕͸ɼ७ਮͳ Janus ίϩΠυཻ

Ε͍ͯΔ͞࡯؍ͷγϛϡϨʔγϣϯͰ΋ڈӷʹؔ͢Δաࢄ෼ࢠ [69, 73, 152]ɽ͜ͷݱ৅͸ɼΫϥ

ελʔ͕෼྾Λ͜͞ىͳ͍ఔ౓ͷऑ͍ͤΜஅΛՃ͑Δ͜ͱʹΑͬͯɼ੩ࢭ৔ͱൺֱͯ͠Ϋϥε

λʔಉ࢜ͷিಥස౓͕૿Ճ͢Δ͜ͱʹىҼ͢Δͱ͑ߟΒΕΔɽͤΜஅ଎౓Λେ͖͍ͯ͘͘͠ͱ

(γ̇ " 10−3 τ−1 (Wi " 1)) ɼӷణ͔Β Janus ίϩΠυཻ͕ࢠ୤཭͠ɼӷణ͸ྲྀΕͷํ޲ʹ৳௕͢Δɽ

͞ΒʹͤΜஅ଎౓Λେ͖͘͢ΔͱɼҰ෦ϙϦϚʔͷΈ͔Βߏ੒͞ΕΔΫϥελʔ͕ΑΓྲྀΕํ޲

ʹ৳௕͢Δ΋ͷͷɼଟ͘ͷΫϥελʔ͸׬શʹ่յ͢Δɽ



6.2 ݁Ռ͓Αͼ࡯ߟ 59

ਤ 6.5 ͤΜஅྲྀΕԼʹ͓͚Δ Janus ίϩΠυ–ૄਫੑϙϦϚʔࠞ߹༹ӷͷεφοϓγϣοτɽ

ͨͩ͠ɼJanus ίϩΠυཻࢠͷύον։͖֯౓͸ θ = 66◦ Ͱ͋Δɽ

ΑΓఆྔతʹͤΜஅྲྀΕԼʹ͓͚Δࠞ߹༹ӷͷࣗڍ߹ूݾಈͱ೪ੑڍಈͷؔੑ܎ΛධՁ͢Δ

ͨΊʹɼ1 ͭͷϋΠϒϦουूڽମதʹؚ·ΕΔίϩΠυཻࢠͷฏۉձ߹਺ ⟨Kc⟩ ͓ΑͼϙϦ

Ϛʔͷฏۉձ߹਺
〈
Kp

〉
Λࢉग़͠ɼ೪ੑڍಈͱͷؔ܎Λௐ΂ͨɽͦΕΒͷ݁ՌΛͤΜஅ଎౓ γ̇ͷ

ؔ਺ͱͯ͠ਤ 6.6 ʹࣔ͢ɽ·ͣਤ 6.6 (a) ʹࣔ͢ɼίϩΠυཻࢠͷฏۉձ߹਺ ⟨Kc⟩ʹண໨͢Δɽ

ϙϦϚʔͷૄਫੑ͕௿͍ͱ͖ (εPO−PO = 0.2 kBT ) ɼ௿ͤΜஅ଎౓Ҭʹ͓͍ͯ (γ̇ ! 5 × 10−3 τ−1

(Wi ! 1)) ɼ⟨Kc⟩͸ฏߧঢ়ଶͱಉ͡஋ΛͱΔɽͤΜஅ଎౓Λେ͖͘͢Δͱɼ⟨Kc⟩͸ঃʑʹݮগ͠

ͨɽϙϦϚʔͷૄਫੑ͕͍ߴͱ͖ (εPO−PO = 0.5 kBT ) ɼऑ͍ͤΜஅ (γ̇ ! 3× 10−4 τ−1 (Pe ! 1)) ʹ

Αͬͯɼ⟨Kc⟩͕૿Ճ͍ͯ͠Δ͜ͱ͕֬ೝͰ͖ΔɽͦͷͤޙΜஅΛେ͖͘͢ΔʹͭΕͯɼ⟨Kc⟩͸খ

͘͞ͳ͍༷ͬͯ͘͞࡯؍͕ࢠΕͨɽJanus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹༹ӷʹ͓͚Δ ⟨Kc⟩
ͱ७ਮͳ Janus ίϩΠυཻࢠ෼ࢄӷʹ͓͚Δ ⟨Kc⟩Λൺֱͨ͠ͱ͖ɼࠞ߹༹ӷͰܗ੒͞ΕΔϋΠ

ϒϦουूڽମ͸ΑΓଟ͘ͷ Janus ίϩΠυཻࢠΛؚΜͰ͍Δ͜ͱ͕෼͔ΓɼͦΕΒ͸ΑΓେ͖

ͳͤΜஅ଎౓ γ̇ ͰΫϥελʔ͔Βͷ୤཭͕࢝·Δ͜ͱ͕֬ೝ͞Εͨɽͭ·ΓɼૄਫੑϗϞϙϦ
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Ϛʔ͸ͤΜஅʹΑΔΫϥελʔͷ่յΛ཈੍͢Δ઀ணࡎͷΑ͏ͳ໾ׂΛՌͨ͢͜ͱΛݟग़ͨ͠ɽ

࣍ʹਤ 6.6 (b) ʹࣔ͢ɼϙϦϚʔͷฏۉձ߹਺
〈
Kp

〉
ʹண໨͢Δɽಉ͡ϙϦϚʔೱ౓ c ͷܥಉ

࢜Λൺֱ͢Δͱɼ
〈
Kp

〉
͸ϙϦϚʔͷૄਫੑ͕͘ߴͳΔʹͭΕͯ૿Ճ͢Δɽಉ༷ʹಉ͡ϙϦϚʔ

ͷૄਫੑΛ࣋ͭܥಉ࢜Λൺֱ͢ΔͱɼϙϦϚʔೱ౓ c ͕૿Ճ͢ΔʹͭΕͯ
〈
Kp

〉
΋૿Ճ͢Δ͜

ͱ͕֬ೝ͞ΕͨɽϙϦϚʔͷૄਫੑ͕௿͍ͱ͖ (εPO−PO = 0.2 kBT ) ɼͤΜஅΛ༩͑ͯ΋
〈
Kp

〉
͸

΄΅ҰఆͰ͋ͬͨɽҰํͰϙϦϚʔͷૄਫੑ͕͍ߴͱ͖ (εPO−PO = 0.5 kBT ) ɼγ̇ ! 3 × 10−4 τ−1

(Pe ! 1) ʹ͓͍ͯ
〈
Kp

〉
͸Θ͔ͣʹ૿Ճ͠ɼͦͷͤޙΜஅ଎౓Λେ͖͘͢Δͱঃʑʹݮগͨ͠ɽ
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(b)

Pe=1 Wi=1

〈K
p〉

100

101

102

  

(a)

Pe=1 Wi=1

〈K
c〉

JC-HP, θ = 66°, c = 0.024, εPO-PO
 = 0.2

c = 0.049, εPO-PO
 = 0.2

c = 0.024, εPO-PO
 = 0.5

c = 0.049, εPO-PO
 = 0.5

Pure JC, θ = 66°

4.0

6.0

8.0

10.0

10-3 10-2

(c)

Pe=1 Wi=1

[η
]

γ
. [1/τ]

Hydrophilic mixtures, c = 0.024
c = 0.049

ਤ 6.6 ϋΠϒϦουूڽମʹ͓͚Δ (a) Janus ίϩΠυཻࢠͷฏۉձ߹਺ ⟨Kc⟩͓Αͼ (b) ૄ
ਫੑϗϞϙϦϚʔͷฏۉձ߹਺

〈
Kp

〉
ɽ(c) ༗೪౓ݻ [η] ͷͤΜஅ଎౓ γ̇ґଘੑɽJanus ίϩΠ

υཻࢠͷύον։͖֯౓͸ θ = 66◦ Ͱ͋Δɽ(a) ͓Αͼ (b) ͷਫฏ໼ҹ͸ฏߧঢ়ଶʹ͓͚Δฏ

ձ߹਺Λࣔ͢ɽ(a)ۉ ͷ࣮ઢ͸ɼಉ͡ମੵ෼཰ φc ʹ͓͚Δ७ਮͳ Janus ίϩΠυཻࢠ෼ࢄӷͷ

⟨Kc⟩Λࣔ͢ɽ(c) ͷഁઢ͓Αͼ࣮ઢ͸ɼͦΕͧΕ c = 0.024 a−3 ͓Αͼ 0.049 a−3 ʹ͓͚Δྑ༹

ഔதͷ౳ํੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷͷݻ༗೪౓ [η] Λࣔ͢ɽ
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ਤ 6.6 (c) ͸ Janus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹༹ӷ (JC–HP) ʹ͓͚Δݻ༗೪౓ [η] ͷͤ

Μஅ଎౓ γ̇ ґଘੑΛࣔ͢ɽڵຯਂ͍͜ͱʹɼJanus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹༹ӷͷݻ

༗೪౓ [η] ͸ɼϙϦϚʔಉ࢜ͷձ߹ΛҾ͖͢͜ىఔ౓ͷૄਫੑ͕͋Ε͹ϙϦϚʔͷૄਫੑ εPO−PO

ͳ͘ɼϙϦϚʔೱ౓܎ؔʹ c ʹΑܾͬͯఆ͞ΕΔ͜ͱΛݟग़ͨ͠ɽc = 0.024 a−3 ʹ͓͚Δݻ༗

θϩͤΜஅ೪౓ [η](γ̇ → 0) = 6.6 ± 0.1 ͸ɼಉ͡ϙϦϚʔೱ౓ͷྑ༹ഔதʹ͓͚Δ౳ํੑίϩ

Πυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷͷݻ༗θϩͤΜஅ೪౓ [η] ΑΓ΋େ͖͘ͳͬͨ (ਤ 6.3 (a) Λ

(রࢀ ɽc = 0.024 a−3 ͷ৔߹ͱ͸ରরతʹɼc = 0.049 a−3 ʹ͓͚Δݻ༗θϩͤΜஅ೪౓͸ɼྑ

༹ഔதʹ͓͚Δ౳ํੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷͷݻ༗θϩͤΜஅ೪౓ͱ͍ۙ஋ͱ

ͳͬͨ ([η](γ̇ → 0) = 7.9 ± 0.1 vs. 7.5 ± 0.1)ɽ·ͨɼJanus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹

༹ӷ͸ɼྑ༹ഔதʹ͓͚Δ౳ํੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷͱൺֱͯ͠ɼΑΓݦஶͳ

shear-thinning ಈ͸ΑΓେ͖ͳͤΜஅ଎౓ڍಈΛࣔ͠ɼͦͷڍ (γ̇ " 5 × 10−3 τ−1 (Wi " 1)) Ͱൃ

ੜ͢Δ͜ͱ͕֬ೝ͞Εͨɽ͜ΕΒͷڍಈ͸ɼΫϥελʔղੳʹΑΔू߹ߏ଄ͷมԽͱରԠͯ͠

͓Γ (ਤ 6.6 (a,b) Λࢀর) ɼͦΕͧΕ௿ͤΜஅ଎౓ҬͰͷϋΠϒϦουूڽମܗ੒ʹΑΔݻ༗೪

౓ͷ૿ՃͱɼͤߴΜஅ଎౓ҬͰͷΫϥελʔͷ่յʹ൐͏ϙϦϚʔͷྲྀΕํ޲΁ͷ৳௕ʹΑΔ

shear-thinning ಈͷൃੜͰ͋Δɽ͞Βʹਤڍ 6.5 (e, h) ʹࣔ͢Α͏ʹɼεPO−PO = 0.5 ʹ͓͚Δૄਫ

ੑϙϦϚʔ͸ɼΫϥελʔ่͕յ͢Δલʹ͢ͰʹྲྀΕํ͘ڧʹ޲഑͠޲ɼࡉ௕͍ूڽମʹม͠ܗ

͍ͯΔ͜ͱ΋֬ೝ͞Εͨɽ

࣍ʹɼJanus ίϩΠυ–྆਌ഔੑίϙϦϚʔࠞ߹༹ӷʹؔ͢Δ݁ՌΛड़΂Δɽਤ 6.7 (a) ʹϋ

ΠϒϦουूڽମதʹ͓͚ΔίϩΠυཻࢠͷฏۉձ߹਺ ⟨Kc⟩ ΛͤΜஅ଎౓ γ̇ ͷؔ਺ͱͯࣔ͠

͢ɽθ = 66◦ ͷ Janus ίϩΠυ–྆਌ഔੑδϒϩοΫίϙϦϚʔࠞ߹༹ӷʹؔͯ͠ɼ⟨Kc⟩ͷڍಈ

͸ɼϙϦϚʔೱ౓ c ͓ΑͼϙϦϚʔͷૄਫੑ εPO−PO ʹґΒͳ͍ɽ੩ࢭ৔͓Αͼ௿ͤΜஅ଎౓Ҭ

(γ̇ ! 3 × 10−4 τ−1 (Pe ! 1)) ʹ͓͍ͯɼ⟨Kc⟩͸ಉ͡ମੵ෼཰Λ࣋ͭ७ਮͳ Janus ίϩΠυཻࢠ෼

ձ߹਺ͱൺֱͯ͠খ͔ͬͨ͞ۉӷͷฏࢄ (⟨Kc⟩ = 3.9± 0.1) ɽ͜Ε͸ 5.2 અͰ΋ड़΂ͨΑ͏ʹɼδ

ϒϩοΫίϙϦϚʔ͕ Janus ίϩΠυཻࢠͷૄਫੑύονΛ෴͏ͨΊʹɼJanus ίϩΠυཻࢠಉ

࢜ͷΫϥελʔͷ੒௕͕཈੍͞ΕͨͨΊͰ͋Δ (ਤ 6.8 (a) Λࢀর) ɽͨͩ͠ɼͤΜஅ଎౓Λେ͖

͘͢Δͱ (γ̇ " 3 × 10−4 τ−1 (Pe " 1)) ɼϋΠϒϦουूڽମಉ࢜ͷিಥස౓͕૿͑Δ͜ͱͰΫϥ

ελʔͷ૊Έ͕͑׵ੜ͡ɼ⟨Kc⟩͕ঃʑʹ૿Ճ͢Δ͜ͱ͕֬ೝ͞Εͨ (ਤ 6.8 (b) Λࢀর) ɽ͞Βʹ

େ͖ͳͤΜஅ଎౓Λ༩͑Δͱ (γ̇ " 3 × 10−3 τ−1 (Wi " 1)) ɼ⟨Kc⟩͸ݮʹܹٸগͨ͠ɽ͜ͷͱ͖΄

ͱΜͲͷϋΠϒϦουूڽମ͕෼྾Λ͜͠ىɼ୯Ұͷ Janus ίϩΠυཻࢠʹ਺ຊͷϙϦϚʔ͕ٵ

ணͨ͠ߏ଄ʹมԽͨ͠ (ਤ 6.8 (c) Λࢀর) ɽϙϦϚʔͷฏۉձ߹਺
〈
Kp

〉
͸ɼΑΓϙϦϚʔೱ౓

ʹͱ͖͍ߴ͕ (c = 0.049 a−3) Θ͔ͣʹେ͖ͳ஋Λࣔ͢ҰํͰɼϙϦϚʔͷૄਫੑ εPO−PO ͸Өڹ

Λ༩͑ͳ͍͜ͱΛݟग़ͨ͠ (ਤ 6.7 (b) Λࢀর) ɽͤΜஅ଎౓ґଘੑʹ͍ͭͯɼ
〈
Kp

〉
͸௿ͤΜஅ଎

౓Ҭ (γ̇ ! 10−3 τ−1 (Wi ! 1)) Ͱ͸΄΅มԽͤͣɼͦͷͤޙΜஅ଎౓͕૿Ճ͢ΔʹͭΕͯΘ͔ͣʹ

গͨ͠ɽݮ
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Pe=1 Wi=1
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JC-DP, θ = 90°, c = 0.049, εPO-PO
 = 0.5

JC-TP, θ = 90°, c = 0.049, εPO-PO
 = 0.5
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(a)

Pe=1 Wi=1

〈K
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JC-DP, θ = 66°, c = 0.024, εPO-PO
 = 0.2

c = 0.049, εPO-PO
 = 0.2

c = 0.024, εPO-PO
 = 0.5

c = 0.049, εPO-PO
 = 0.5

Pure JC, θ = 66°
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(c)

Pe=1 Wi=1

[η
]

γ
. [1/τ]

Hydrophilic mixtures, c = 0.024
c = 0.049

ਤ 6.7 ϋΠϒϦουूڽମʹ͓͚Δ (a) Janus ίϩΠυཻࢠͷฏۉձ߹਺ ⟨Kc⟩͓Αͼ (b) ྆
਌ഔੑίϙϦϚʔͷฏۉձ߹਺

〈
Kp

〉
ɽ(c) ༗೪౓ݻ [η] ͷͤΜஅ଎౓ γ̇ґଘੑɽ(a) ͓Αͼ (b)

ͷਫฏ໼ҹ͸ฏߧঢ়ଶʹ͓͚Δฏۉձ߹਺Λࣔ͢ɽ(a) ͷഁઢ͓Αͼ࣮ઢ͸ɼͦΕͧΕಉ͡ମ

ੵ෼཰ φc ʹ͓͚Δɼύον։͖֯౓ θ = 66◦ ͓Αͼ θ = 90◦ ͷ७ਮͳ Janus ίϩΠυཻࢠ෼

ӷͷࢄ ⟨Kc⟩Λࣔ͢ɽ(c) ͷഁઢ͓Αͼ࣮ઢ͸ɼͦΕͧΕ c = 0.024 a−3 ͓Αͼ 0.049 a−3 ʹ͓͚

Δྑ༹ഔதͷ౳ํੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷͷݻ༗೪౓ [η] Λࣔ͢ɽ



64 ୈ 6 ষ ͤΜஅྲྀΕԼʹ͓͚Δ Janus ίϩΠυ–ϙϦϚʔࠞ߹༹ӷͷࣗूݾ߹ͱ೪ੑڍಈ

Janus ίϩΠυཻࢠͷύον։͖֯౓Λ θ = 90◦ ʹͨ͠৔߹ɼJanus ίϩΠυ–྆਌ഔੑδϒ

ϩοΫίϙϦϚʔࠞ߹༹ӷ಺ʹܗ੒͞ΕΔϋΠϒϦουूڽମதͷ ⟨Kc⟩͸ɼθ = 66◦ ͷࠞ߹༹

ӷͱൺֱ͠Θ͔ͣʹ૿Ճ͠ɼγ̇ ≈ 3 × 10−3 τ−1 (Wi ∼ 1) ͷൣғͰ΄΅ҰఆͰ͋ͬͨɽͤΜஅ଎౓

Λ͞Βʹେ͖͘͢Δͱɼ⟨Kc⟩ ≈ 1 ·Ͱݮʹܹٸগͨ͠ɽWi ! 1 ʹ͓͍ͯɼ⟨Kc⟩͸ಉ͡ମੵ෼཰

Λ࣋ͭ θ = 90◦ ͷ७ਮͳ Janus ίϩΠυཻࢠ෼ࢄӷͷฏۉձ߹਺ͱൺֱͯ͠খ͍͞஋Λࣔͨ͠ɽ

·ͨɼίϩΠυཻࢠͷΈͰߏ੒͞ΕΔΫϥελʔΑΓ΋ɼΘ͔ͣʹେ͖ͳͤΜஅ଎౓ͰϋΠϒ

Ϧουूڽମ͔ΒίϩΠυཻࢠͷ୤཭͕࢝·͍ͬͯΔ͜ͱ͔Βɼ྆਌ഔੑϙϦϚʔ΋·ͨϋΠ

ϒϦουूڽମΛ҆ఆԽͤ͞Δ͜ͱΛݟग़ͨ͠ɽδϒϩοΫίϙϦϚʔ͸ γ̇ " 5 × 10−4 τ−1 ʹ͓

͍ͯɼίϩΠυཻࢠΑΓ΋ૣ͘Ϋϥελʔ͔Βͷ୤཭͕͸͡·Δ͕ɼͤΜஅ଎౓Λେ͖ͯ͘͠΋
〈
Kp

〉
≈ 2 ͸อͨΕͨ··Ͱ͋ͬͨɽτϦϒϩοΫίϙϦϚʔͷ৔߹ɼϙϦϚʔ಺ͷ 2 ͭͷૄਫ

ΑͬͯΑΓଟ͘ͷ઀ଓ͕ՄೳͱͳΔͨΊɼδϒϩοΫίϙϦϚʔͱൺֱͯ͠େ͖ͳͤΜஅ଎ʹج

౓ʹ͓͍ͯ΋ɼϙϦϚʔ͸ΫϥελʔʹऔΓࠐ·Εͨ··Ͱ͋ͬͨɽ

ਤ 6.7(c) ʹ Janus ίϩΠυ–྆਌ഔੑδϒϩοΫίϙϦϚʔࠞ߹༹ӷ (JC–DP) ͓Αͼ Janus ί

ϩΠυ–྆਌ഔੑτϦϒϩοΫίϙϦϚʔࠞ߹༹ӷ (JC–TP) ʹ͓͚Δݻ༗ͤΜஅ೪౓ [η] Λࣔ

͢ɽڵຯਂ͍͜ͱʹɼϙϦϚʔͷૄਫੑ εPO−POɼૄਫੑύον։͖֯౓ θɼίϙϦϚʔͷ૊੒ൺ

f ͸ϋΠϒϦουूڽମͷαΠζ͓Αͼ҆ఆੑʹӨڹΛٴ΅͢Ұํ (ਤ 6.7 (a, b) Λࢀর) ɼݻ

༗೪౓ [η] ͸ͦΕΒͷύϥϝʔλʹ΄΅ӨڹΛड͚͍ͯͳ͍ɽͭ·ΓɼຊڀݚͰݕ౼ͨ͠ύϥ

ϝʔλͷൣғͰ͸ݻ༗೪౓ [η] ͸ϙϦϚʔೱ౓ͷΈʹґଘ͠ɼͦΕͧΕ c = 0.024 a−3 ͷͱ͖ʹ

[η](γ̇ → 0) = 7.9 ± 0.2ɼ0.049 a−3 ͷͱ͖ʹ [η](γ̇ → 0) = 9.5 ± 0.3 Ͱ͋ͬͨɽશͯͷࠞ߹༹ӷʹ

͓͍ͯɼγ̇ ! 5 × 10−3 τ−1 (Wi ! 1) Ͱऑ͍ shear-thinning Βʹେ͖͍ͤΜ͞ޙΕɼͦͷݱಈ͕ڍ

அ଎౓ͰΑΓݦஶͳ shear-thinning ऴతʹ͸࠷Εɼ͞࡯؍ಈ͕ڍ γ̇ " 10−2 τ−1 Ͱྑ༹ഔதͷ౳ํ

ੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷͷݻ༗೪౓ͷ஋ʹۙͮ͘ɽ·ͨɼಉ͡ϙϦϚʔೱ౓ c Λ

ಉ࢜Λൺֱ͢Δͱɼ[η]ܥͭ࣋ ͸ৗʹ Janus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹༹ӷΑΓ΋ Janus

ίϩΠυ–྆਌ഔੑίϙϦϚʔࠞ߹༹ӷͷํ͕େ͖͍஋Λࣔ͢͜ͱ͕໌Β͔ͱͳͬͨ (ਤ 6.6 (c)

Λࢀর) ɽ͜ͷ݁Ռͷ͑ߟΒΕΔओͳཧ༝ͱͯ͠ɼJanus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹༹

ӷ಺ʹ͸ͤΜஅྲྀΕํ޲΁৳௕͓Αͼ่յ͢Δେ͖ͳϋΠϒϦουूڽମ͕਺͋ݸΔͷʹର͠ɼ

Janus ίϩΠυ–྆਌ഔੑίϙϦϚʔࠞ߹༹ӷ಺ʹ͸ͤΜஅྲྀΕԼʹ͓͍ͯଟ਺ͷখ͞ͳϋΠϒ

Ϧουूڽମ͕සൟʹিಥ͢Δ͜ͱͰΫϥελʔͷྲྀಈ͕๦͛ΒΕ͍ͯΔ͜ͱ͕͛ڍΒΕΔɽ

ͰͷεέʔϧͱͲͷΑ͏ʹରԠ͢Δ͔ʹ͍ͭͯઆܥ࣮ݱϞσϧ͕ͨ͠౼ݕͰڀݚɼຊʹޙ࠷

໌͢ΔɽγϛϡϨʔγϣϯ্ͷ୯ҐΤωϧΪʔ ϵ = kBTɼ௕͞ aɼ࣌ؒ τ =
√

ms/(kBT )a ݩ࣍ʹ

ΛೖΕΔ͜ͱͰɼૈࢹԽϨϕϧͷ౓߹͍Λଌఆ͢ΔɽࣨԹ (298 K) Λ૝ఆͨ͠ͱ͖ͷ୯ҐΤω

ϧΪʔ͸ ϵ = 4.11−21 J ͱ͞ࢉ׵ΕΔɽ௕͞εέʔϧʹ͍ͭͯ͸ɼ෼ྔࢠ M = 1 × 103 g/mol ͷ

ϙϦΤνϨϯάϦίʔϧ (PEG) [157, 158] Λ୯Ґࢉ׵ʹ༻͍Δ͜ͱʹͨ͠ɽPEG ͸ Janus ࢠཻ

ͷද໘૷০ʹ༻͍ΒΕΔ෼ࢠͷҰͭͰ͋Δ [159–161]ɽ௕͞εέʔϧʹ͍ͭͯɼਫ༹ӷதʹ͓͚

Δ PEG ͷੑ׳൒ܘ͸ Rg = 0.02M0.58ɼγϛϡϨʔγϣϯͰͷੑ׳൒ܘ͸ Rg = 3.07 Ͱ͋ΔͷͰɼ

Rg = 1.1 nm ͱͳΓ୯Ґ௕͞͸ a = 0.36 nm ͱͳΔɽ͜ͷͱ͖ຊڀݚͰ༻͍ͨ 1 ͷ௕͞͸ࢠ෼ߴ

17.3 nm Ͱ Janus ͸ܘͷ൒ࢠཻ R = 1.08 nm ͱͳΔɽ͜͜Ͱ Janus ʹݧ࣮ࡏݱͷαΠζ͸ɼࢠཻ
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Αͬͯ߹੒ʹ੒ޭ͍ͯ͠ΔαΠζ (R " 50 nm) ͱൺֱͯ͠খ͘͞ɼࡏݱͷ߹੒ٕज़Ͱ͸ຊڀݚͰ

αΠζͷͨ͠౼ݕ Janus ೉Ͱ͋ΔɽҰํͰɼ਺ࠔ੒͢Δ͜ͱ͸࡞Λࢠཻ nm Φʔμʔͷ Janus ཻ

Εͭͭ͋Δ͞ࠂͷ߹੒ख๏΋Ұ෦ใࢠ [162–164]ɽ͕ͨͬͯ͠ɼকདྷ͞Βʹ߹੒ٕज़͕ൃల͠ɼ

҆ఆͨ͠αΠζɾྔΛ࡞੒͢Δ͜ͱ͕Ͱ͖Ε͹ɼຊڀݚʹΑͬͯ໌Β͔ʹͳͬͨ஌͕ݟԠ༻͞Ε

Δͱ͑ߟΔɽޙ࠷ʹ࣌ؒεέʔϧʹ͍ͭͯࢉ׵Λ͏ߦɽZimm ཧ࿦ΑΓࢉग़͞ΕΔ֦܎ࢄ਺͸

D = 0.002a2/τMD Ͱ͋Γɼ࣮ݧͰͷ֦܎ࢄ਺͸ D = kBT/(6πηsRh) ͱͯ͠ࢉग़͞ΕΔɽ͜͜Ͱɼ

ηs ͸ਫͷ೪౓ɼRh ͸ྲྀମྗֶ൒ܘΛද͢ɽࣨԹ (298 K) ͷͱ͖ਫͷ೪౓͸ ηs = 0.89 cP Ͱ͋Γɼ

͜ͷͱ͖ PEG ͷྲྀମྗֶ൒ܘ Rh ͸ 0.97 nm ͱͳΔ [158]ɽ͕ͨͬͯ͠ɼD = 2.5 ʷ 10−6 cm2/s

ͱͳΓ୯Ґ࣌ؒ͸ 3.72 µs Ͱ͋Δɽ

ਤ 6.8 ֤ͤΜஅ଎౓ʹ͓͍ͯɼθ = 66◦ ͷ Janus ίϩΠυ–྆਌ഔੑδϒϩοΫίϙϦ

Ϛʔࠞ߹༹ӷ಺ʹܗ੒͞ΕΔϋΠϒϦουूڽମͷεφοϓγϣοτɽϙϦϚʔೱ౓͸

c = 0.024 a−3 Ͱ͋ΓɼϙϦϚʔͷૄਫੑ͸ εPO−PO = 0.2 kBT Ͱ͋Δɽ֤εφοϓγϣοτ͕

଄ʹରԠ͢ΔͤΜஅ଎౓͸ͦΕͧΕɼߏࣔ͢ (a) γ̇ = 2.3 × 10−4 τ−1, (b) γ̇ = 2.7 × 10−3 τ−1, (c)
γ̇ = 2.0 × 10−2 τ−1 Ͱ͋Δɽ

6.3 ݁࿦

ଟཻࢠিಥಈྗֶͱ෼ࢠಈྗֶΛ૊Έ߹Θͤͨ MD-MPCD ϋΠϒϦουγϛϡϨʔγϣϯ๏

ʹ͓͍ͯɼMüller-Plathe ͷํ๏Λ༻͍Δ͜ͱͰͤΜஅྲྀΕԼʹ͓͚Δ Janus ίϩΠυ–ϙϦϚʔ

ࠞ߹༹ӷͷ೪౓Λௐ΂ɼࣗߏ߹ूݾ଄ͱͷؔੑ܎ͷղ໌ʹऔΓ૊Μͩɽୈ 5 ষͰࣔͨ͠ Janus

ίϩΠυ–ϙϦϚʔࠞ߹ܥͷฏߏߧ଄ʹɼͦΕͧΕϖΫϨ਺ 1 ! Pe ! 100ɼϫΠθϯϕϧά਺

0.05 ! Wi ! 6 ʹରԠ͢ΔͤΜஅྲྀΕΛ༩͑Δ͜ͱʹΑͬͯɼ༷ʑͳࣗڍ߹ूݾಈ͕͞࡯؍Εͨɽ

ྫ͑͹ Pe ∼ 1 ʹ͓͍ͯΫϥελʔͷ੒௕͕͞࡯؍ΕɼWi ! 1 ʹ͓͍ͯશͯͷࠞ߹༹ӷ͸χϡʔ

τχΞϯڍಈΛࣔͨ͠ɽΑΓ͍ͤڧΜஅԼͰ͸ɼूڽମ่͕յ͠ɼϙϦϚʔ͕ྲྀΕํ޲ʹԊͬ

ͯ৳௕ͨ͜͠ͱͰࠞ߹༹ӷ͸ shear-thinning ಈΛࣔͨ͠ɽ͜ͷͤΜஅʹΑΔΫϥελʔͷ่յڍ

͸ɼ७ਮͳ Janus ίϩΠυཻࢠ෼ࢄӷͱൺֱͯ͠େ͖ͳͤΜஅ଎౓Ͱൃੜ͢ΔͨΊɼJanus ίϩ

Πυཻٵʹࢠணͨ͠ϙϦϚʔ͸ϋΠϒϦουूڽମΛྲྀΕʹରͯ͠ΑΓ҆ఆԽͤ͞Δ͜ͱΛݟ

ग़ͨ͠ɽ͕ͨͬͯ͠ຊڀݚͷ݁Ռ͸ɼฏߧঢ়ଶ͔Β֎ΕͨγεςϜʹ͓͍ͯ΋ɼJanus ίϩΠυ



66 ୈ 6 ষ ͤΜஅྲྀΕԼʹ͓͚Δ Janus ίϩΠυ–ϙϦϚʔࠞ߹༹ӷͷࣗूݾ߹ͱ೪ੑڍಈ

ͱͯ͠༻͍Δ͜ͱ͕ՄೳͰ͋Δ͜ͱΛࣔ͠ࡎͰϐοΧϦϯάΤϚϧγϣϯͷೕԽܥ༉–ਫ͕ࢠཻ

͍ͯΔɽ

Janus ίϩΠυ–྆਌ഔੑίϙϦϚʔࠞ߹༹ӷͷݻ༗θϩͤΜஅ೪౓͸ɼྑ༹ഔதͷ౳ํੑί

ϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷͱൺֱͯ͠࠷େͰ 50 % େ͖͍஋Λࣔ͠ɼྑ༹ഔதͷ७ਮͳ

౳ํੑίϩΠυཻࢠ෼ࢄӷʹରͯ͠͸࠷େ 2 ഒେ͖͍஋Λࣔͨ͠ɽ·ͨɼJanus ίϩΠυ–ϙϦ

Ϛʔࠞ߹༹ӷʹ͓͚Δݻ༗θϩͤΜஅ೪౓͸ɼຊڀݚͰݕ౼ͨ͠ύϥϝʔλͷൣғͰ͸ϙϦϚʔ

ͷૄਫੑ εPO−POɼૄਫੑύον։͖֯౓ θɼίϙϦϚʔͷ૊੒ൺ f ʹґଘͤͣɼϙϦϚʔೱ౓ͷ

Έʹґଘ͢Δ͜ͱ͕໌Β͔ͱͳͬͨɽຊڀݚͰݕ౼ͨ͠ϙϦϚʔೱ౓ΑΓ΋͍ߴೱ౓Λ༻͍Δ

ͱɼωοτϫʔΫߏ଄ͷΑ͏ͳڊେͳΫϥελʔ͕ܗ੒͞ΕɼͦͷΑ͏ͳࣗߏ߹ूݾ଄͸೪౓ʹ

େ෯ͳ૿ՃΛ΋ͨΒ͢͜ͱ͕ظ଴͞ΕΔɽJanus ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹༹ӷ͸ɼج

ຊతʹ Janus ίϩΠυ–྆਌ഔੑίϙϦϚʔࠞ߹༹ӷͱಉ༷ͷ೪ੑڍಈΛ͕ࣔ͢ɼݻ༗θϩͤΜ

அ೪౓͸Θ͔ͣʹ௿͘ͳͬͨɽ
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ຊ࿦จͰ͸ɼJanus ίϩΠυཻࢠ/ϙϦϚʔͷσβΠϯ (φϊεέʔϧ)–ྲྀମ಺ͷࣗूݾ߹ɾ෼

଄ߏࢄ (ϝιεέʔϧ)–෺ੑ (ϚΫϩεέʔϧ) Λ݁ͼ͚ͭΔ͜ͱΛ໨తͱ͠ɼ੩ࢭ৔ʹ͓͚Δ

Janus ίϩΠυ෼ࢄӷ͓Αͼ Janus ίϩΠυ-ϙϦϚʔࠞ߹༹ӷͷࣗߏ߹ूݾ଄ɼͦͯͤ͠Μஅྲྀ

ΕԼʹ༹͓͍ͯӷ͕ࣔ͢೪ੑڍಈʹ͍ͭͯࣗूݾ߹ͱͷؒʹͲͷΑ͏ͳ͕ؔ͋ੑ܎Δ͔Λɼ෼ࢠ

ಈྗֶ๏ͱଟཻࢠিಥಈྗֶ๏Λ૊Έ߹Θͤͨ MD-MPCD ϋΠϒϦουγϛϡϨʔγϣϯ๏Λ

༻͍ͯௐ΂ͨɽ

੩ࢭ৔ʹ͓͚ΔόϧΫ෼ࢄӷதͷ Janus ίϩΠυཻࢠ͸ɼJanus ͷૄਫੑύονͷαΠζࢠཻ

θɼܗঢ়ҟํੑ λɼମੵ෼཰ φΛมԽͤ͞Δ͜ͱͰɼ౳ํੑίϩΠυཻࢠͰ͸͞࡯؍Εͳ͍༷ʑ

ͳࣗߏ߹ूݾ଄Λܗ੒ͨ͠ɽٿঢ় Janus ίϩΠυཻࢠͷ৔߹ɼૄਫੑύον͕খ͍͞ͱ͖ʹ͸ൺ

ֱతখ͞ͳٿঢ়Ϋϥελʔ͕ܗ੒͞ΕɼૄਫੑύονΛେ͖͘͢Δͱͻ΋ঢ়Ϋϥελʔ΍ωοτ

ϫʔΫߏ଄͕͞࡯؍Εͨɽٿ୺ԁபঢ় Janus ίϩΠυཻࢠͷ৔߹ɼܗঢ়ҟํੑ λΛ࣋ͨͤΔ͜ͱ

ʹΑͬͯɼΩϟοϓ–Τοδ͓ΑͼΤοδ–Τοδͷ઀ଓ͕ՄೳʹͳΔͨΊɼٿ୺ԁபঢ় Janus ί

ϩΠυཻૄ͕ͭ࣋ࢠਫ/਌ਫද໘ͷൺ཰ΑΓ΋େ͖ͳൺ཰Λ࣋ͭٿঢ়ίϩΠυཻࢠͱಉ༷ͷࣗݾ

୺ԁபঢ়ٿಈΛࣔ͢͜ͱ͕໌Β͔ͱͳͬͨɽ·ͨɼڍ߹ू Janus ίϩΠυཻࢠ෼ࢄӷʹٿঢ়ίϩ

ΠυཻࢠΛఴՃ͢Δͱɼٿ୺ԁபঢ়ίϩΠυཻࢠͷΤοδ͓ΑͼΩϟοϓ෦ʹٿঢ়ίϩΠυཻࢠ

͕઀৮͢Δ͜ͱͰɼ্Ͱड़΂ͨٿ୺ԁபঢ়ίϩΠυཻࢠಉ࢜ͷΩϟοϓ–Τοδ͓ΑͼΤοδ–

Τοδͷ઀ଓ͕๦͛ΒΕΔΑ͏ʹͳΔɽͦͷ݁Ռɼٿঢ়/ٿ୺ԁபঢ় Janus ίϩΠυཻࠞࢠ߹෼

੒͞Εͳ͔ͬͨɽܗ଄͕ߏ࠯଄ͷΑ͏ͳ௕ߏӷͰ͸ɼͻ΋ঢ়Ϋϥελʔ΍ωοτϫʔΫࢄ

͜ΕΒͷฏߏߧ଄ʹͤΜஅྲྀΕΛ༩͑Δ͜ͱʹΑͬͯɼΫϥελʔͷ੒௕ɼมܗɼ෼྾ɼ่

յʹ൐͏༷ʑͳࣗڍ߹ूݾಈ͕͞࡯؍Εͨͱͱ΋ʹɼίϩΠυ෼ࢄӷͷ೪ੑڍಈ͸ίϩΠυཻ

ձ߹਺ۉ੒͢ΔΫϥελʔͷฏܗಉ͕࢜ࢠ ⟨Kc⟩ʹΑ͓͓ͬͯΑͦ੔ཧͰ͖Δ͜ͱΛ໌Β͔ʹ͠

ͨɽ೪ੑڍಈ͸ฏۉձ߹਺ ⟨Kc⟩ ͷ஋ʹԠͯ͡ 3 ͭͷྖҬʹ෼͚Δ͜ͱ͕Ͱ͖ɼ۩ମతʹ͸ (i)

1 ! ⟨Kc⟩ ! 4ɼ(ii) 4 ! ⟨Kc⟩ ! 10ɼ(iii) ⟨Kc⟩ " 10 ͷΑ͏ʹ੔ཧͰ͖ΔɽͦΕͧΕɼ (i) ͸૬ର೪

౓͕ 1.0 ∼ 1.25% Ͱมಈ͢Δऑ͍ shear-thinning ΕΔྖҬɼݱಈ͕ڍ (ii) ͸૬ର೪౓͕ 1.25 Ͱ΄

΅ҰఆͰχϡʔτχΞϯͳڍಈΛࣔ͢ྖҬɼ (iii) ͸ฏۉձ߹਺ʹґଘͯ͠ 2 ഒҎ্ͷ૬ର೪౓

Λࣔ͠ɼ෼ࢄӷ͸ͤΜஅʹର͍ͯ͠ڧ shear-thinning ಈΛࣔ͢ྖҬͰ͋Δɽڍ
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੩ࢭ৔ʹ͓͚Δرബ༹ӷதͷ Janus ίϩΠυ-ϙϦϚʔࠞ߹෺͸ɼϙϦϚʔͷ૊੒ൺ fɼϙϦ

Ϛʔͷૄਫੑ εPO−POɼϙϦϚʔೱ౓ φp ΛมԽͤ͞Δ͜ͱͰɼ७ਮͳ Janus ίϩΠυ෼ࢄӷͰ͸

ؔʹͱϙϦϚʔͷαΠζࢠΕͨɽຊ࿦จͰ͸ɼίϩΠυཻ͞࡯؍଄͕ߏ߹ूݾΕͳ͍ࣗ͞࡯؍

ͯ͠ίϩΠυཻࢠͷ൒ܘͱϙϦϚʔͷੑ׳൒ܘΛಉ͡஋ʹͳΔΑ͏ʹઃఆͨ͠ɽ͜ͷ৚݅ͷ΋

ͱͰɼ਌ਫੑίϩΠυ–਌ਫੑϗϞϙϦϚʔࠞ߹༹ӷ͸ɼϙϦϚʔʹΑͬͯ༠ൃ͞ΕΔ͕ྗׇރ

ඇৗʹऑ͘ίϩΠυཻࢠͷूڽΛҾ͖͜͞ىͳ͔ͬͨͨΊɼ༹ӷ಺ʹࣗߏ߹ूݾ଄͸ܗ੒͞Ε

ঢ়ଶͰ͋ͬͨɽJanusࢄҰͳ෼ۉͣ ίϩΠυ–ૄਫੑϗϞϙϦϚʔͷࠞ߹༹ӷʹ͓͍ͯɼϗϞϙ

ϦϚʔͷૄਫੑ͕ൺֱతऑ͍ͱ͖ɼ༹ӷ಺ʹ͸খ͞ͳϙϦϚʔूڽମɼίϩΠυཻࢠͱϗϞϙϦ

Ϛʔͷ྆ํ͔Βߏ੒͞ΕΔϋΠϒϦουूڽମɼ༹ӷதʹ෼ͨ͠ࢄϙϦϚʔ͕͞࡯؍Εͨɽϙ

ϦϚʔͷૄਫੑ͕͘͢ߴΔͱ (ΑΓශ༹ഔʹ͢Δͱ) ɼૄਫੑϗϞϙϦϚʔ͸େ͖ͳӷణΛܗ੒

͠ɼͦͷपғΛ Janus ίϩΠυཻ͕ࢠ෴͏ߏ଄͕ܗ੒͞ΕͨɽJanus ίϩΠυ–྆਌ഔੑίϙϦ

Ϛʔͷࠞ߹༹ӷͰ͸ɼϙϦϚʔͷૄਫੑʹؔ܎ͳ͘ϙϦϚʔϛηϧɼϋΠϒϦουूڽମɼ෼ࢄ

ঢ়ଶͷ྆਌ഔੑίϙϦϚʔ͕͞࡯؍Εͨɽ͜ͷͱ͖ɼ७ਮͳίϩΠυཻࢠ෼ࢄӷʹ྆਌ഔੑίϙ

ϦϚʔ (δϒϩοΫ͓ΑͼτϦϒϩοΫίϙϦϚʔ) ΛఴՃ͢Δ͜ͱͰɼΫϥελʔΛߏ੒͢Δ

Janus ίϩΠυཻࢠͷ਺͸ (ฏͯ͠ۉ) খ͘͞ͳΔ͜ͱ͕໌Β͔ͱͳͬͨɽ

͜ΕΒͷฏߏߧ଄ʹͤΜஅྲྀΕΛ༩͑Δͱɼ௿ͤΜஅ଎౓ҬͰͷΫϥελʔͷ੒௕΍७ਮͳ

Janus ίϩΠυཻࢠ෼ࢄӷͱൺֱͯ͠େ͖ͳͤΜஅ଎౓Ͱൃੜ͢ΔΫϥελʔͷ่յ͕͞࡯؍Ε

ͨɽಛʹऀޙ͸ɼJanus ίϩΠυཻࢠ–ϙϦϚʔࠞ߹༹ӷಛ༗ͷݱ৅Ͱ͋Γɼຊ࿦จͰݕ౼ͨ͠

શͯͷࠞ߹༹ӷͰ֬ೝ͞ΕͨɽJanus ίϩΠυ–྆਌ഔੑίϙϦϚʔࠞ߹༹ӷͷݻ༗θϩͤΜஅ

೪౓͸ɼྑ༹ഔதͷ౳ํੑίϩΠυཻࢠ–ϗϞϙϦϚʔࠞ߹༹ӷͱൺֱͯ͠࠷େͰ 50 % େ͖͍

஋Λࣔ͠ɼྑ༹ഔதͷ౳ํੑίϩΠυཻࢠ෼ࢄӷʹରͯ͠͸࠷େ 2 ഒେ͖͍஋Λࣔͨ͠ɽJanus

ίϩΠυ–ૄਫੑϗϞϙϦϚʔࠞ߹༹ӷ͸ɼجຊతʹ Janus ίϩΠυ–྆਌ഔੑίϙϦϚʔࠞ߹༹

ӷͱಉ༷ͷ೪ੑڍಈΛ͕ࣔ͢ɼݻ༗θϩͤΜஅ೪౓͸Θ͔ͣʹ௿͘ͳͬͨɽ্Ͱड़΂ͨΑ͏ʹɼ

ϙϦϚʔͷ૊੒ൺ f ͸ϋΠϒϦουूڽମͷαΠζ͓Αͼ҆ఆੑʹӨڹΛٴ΅͢Ұํɼݻ༗೪

౓ [η] ͷͤΜஅ଎౓ґଘੑʹ͸΄΅ӨڹΛٴ͹͞ͳ͍͜ͱΛݟग़ͨ͠ɽ͞Βʹ Janus ίϩΠυ–

ϙϦϚʔࠞ߹༹ӷʹ͓͚Δݻ༗θϩͤΜஅ೪౓͸ɼຊڀݚͰݕ౼ͨ͠ύϥϝʔλͷൣғͰ͸ϙϦ

Ϛʔͷૄਫੑ εPO−POɼૄਫੑύον։͖֯౓ θɼίϙϦϚʔͷ૊੒ൺ f ʹґଘͤͣɼϙϦϚʔೱ

౓ͷΈʹґଘ͢Δ͜ͱ͕໌Β͔ͱͳͬͨɽ

ɼຊ࿦จͰ͸ʹޙ࠷ MD-MPCD ϋΠϒϦουγϛϡϨʔγϣϯ๏Λ༻͍Δ͜ͱͰɼશࢠݪγ

ϛϡϨʔγϣϯ͓Αͼ࿈ଓମγϛϡϨʔγϣϯͰ͸ѻ͏͜ͱ͕ࠔ೉Ͱ͋ͬͨɼඇฏߧঢ়ଶʹ͓͚

Δෳࡶͳݱ৅ͱࣗूݾ߹͕ෳࡶʹབྷ·Γ߹͏ݱ৅ʹΞϓϩʔνͨ͠ɽJanus ͸ɼͯؔ͠ʹܥࢠཻ

͜ͷे਺೥Ͱ࣮ݧɾγϛϡϨʔγϣϯ໰ΘͣɼJanus ͕ࠂ଄ʹؔ͢Δଟ͘ͷใߏ߹ूݾͷࣗࢠཻ

͋ΔҰํɼJanus Λ༩͑Δ͔ʹ͍ͭͯͷڹ଄͕ͲͷΑ͏ʹྲྀಈಛੑʹӨߏ߹ूݾಛ༗ͷࣗܥࢠཻ

ใࠂ͸গͳ͔ͬͨɽ͜ͷ఺ʹ͓͍ͯຊ࿦จͰࣔͨ݁͠Ռ͸ɼJanus ίϩΠυཻࢠ/ϙϦϚʔͷσβ

Πϯ (φϊεέʔϧ)–ྲྀମ಺ͷࣗूݾ߹ɾ෼ߏࢄ଄ (ϝιεέʔϧ)–෺ੑ (ϚΫϩεέʔϧ) Λ݁

ͼ͚ͭΔ͜ͱΛୡ੒͓ͯ͠Γɼߏ଄੍ޚʹΑΔ৽ػنೳੑࡐྉͷ։ൃʹରͯ͠ॏཁͳ஌ݟʹͳΓ

ಘΔͱ͑ߟΔɽ
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ຊڀݚΛ਱͠ߦɼֶҐ࿦จΛ·ͱΊΔʹ͋ͨΓɼଟ͘ͷํ͔Β͝ࢧԉͱ͝ࢦಋΛࣀΓ·ͨ͠ͷ

Ͱɼ͜͜ʹँײͷҙΛද͍ͨ͠ͱ͍ࢥ·͢ɽຊത࢜࿦จ͸ɼචऀ͕ܚጯٛक़େֶେֶӃཧݚֶ޻

΋ͨͬߦʹಋͷ΋ͱࢦतͷڭҸ।نҪߥՊֶ޻ցػ෦ֶ޻தʹɼಉେֶཧֶࡏത࢜՝ఔظޙՊڀ

ͷͰ͢ɽۙـେֶࡏ੶࣌ΛؚΊͨ໿ 7 ೥ؒͷେֶੜ׆Ͱͷڀݚʹ͓͍ͯɼߥҪنҸ।ڭतʹ͸

ଟେͳ͝ࢧԉͱ͝ࢦಋΛ͍͖ͨͩ·ͨ͜͠ͱʹਂ͍ͨ͘͠ँײ·͢ɽಛผͳֶྗ͕ແ͍ࣗ෼ʹ

ͱͬͯɼ࣌ؒͷํ͍࢖ɼઌੜͷڀݚʹର͢Δ࢟੎౳͸ඇৗʹߟࢀʹͳΓ·ͨ͠ɽ·ͨɼത࢜࿦จ

ࣥචʹؔͯ͠ɼओࠪΛҾ͖ड͚ͯԼͬͨ͜͞ͱʹ͓ͯ͠ँײΓ·͢ɽߥҪنҸ।ڭतʹ͸ڀݚੜ

ͳͲɼҰਓͷਓؒͱͯ͠੒௕͍ͤͯͨ͞ํ͑ߟͷΈͳΒͣɼਓͱͷ෇͖߹͍ํɼਓੜʹର͢Δ׆

͖ͩ·ͨ͠ɽߥҪࣨڀݚͰഓͬͨ΋ͷΛ͔ͯ͠׆ɼ͜Ε͔Βത࢜ͱͯ͠ΑΓҰ૚ਫ਼ਐ͍͖ͯͨ͠

͍ͱ͍ࢥ·͢ɽ

ͦͯ͠ɼֶҐ৹ࠪʹ͋ͨΓɼ͓๩͍͠த෭ࠪΛҾ͖ड͚ͯԼͬͨ͞ே૔ߒҰڭतɼງాಞڭ

तɼହԬڭ࣏ݦतɼ૿ᔹ༤Ұڭतʹް͘ྱޚਃ্͛͠·͢ɽ

·ͨɼຊڀݚΛ਱͢ߦΔʹ͋ͨͬͯɼJohannes Gutenberg University MainzʢϚΠϯπେֶʣ

ͷ Arash Nikoubashman ത࢜ʹ΋ଟେͳ͝ࢦಋͱ͝ࢧԉΛ͍͖ͨͩ·ͨ͠ɽJanus ͚͓ʹܥࢠཻ

ΔϞσϧͷݕ౼͔Βڀݚͷ·ͱΊํ·Ͱ༷ʑͳ͜ͱΛֶ͹͍͖ͤͯͨͩ·ͨ͠ɽ·ͨɼ2019 ೥

4 ݄͔Βͷ൒೥ؒɼϚΠϯπେֶͷ Graduate School of Excellence - Materials Science in Mainz

͔ΒࢧԉΛ௖͖ɼGuest PhD Student ͱͯࣨ͠ڀݚʹ଺͖͍ͩͨͯͤ͞ࡏ·ͨ͠ɽϚΠϯπେֶ

Ͱͷ଺ࡏ͸ɼֶҐऔಘʹ͋ͨͬͯͳͯ͘͸ͳΒͳ͍ݧܦͰͨ͠ɽް͘ྱޚਃ্͛͠·͢ɽ·ͨɼ

ͦͷΑ͏ͳػձΛ༩͑ͯͩͬͨ͘͞ϚΠϯπେֶʹ΋ँײਃ্͍͛ͨ͠ͱ͍ࢥ·͢ɽ

ࣗ਎ͷڀݚΛਐΊΔʹ͋ͨΓɼ೔ຊֶज़ৼڵձಛผڀݚһ੍౓ɼܚጯֶ޻ձɼܚጯٛक़ઌ୺Պ

ֶٕज़ڀݚηϯλʔͷॿ੒Λड͚·ͨ͠ɽް͘ྱޚਃ্͛͠·͢ɽ

ͷϝࣨڀݚҪߥେֶ࣌୅͔Βͷـɽۙ͢·͍ࢥΛड़΂͍ͨͱँײͷϝϯόʔʹ΋ࣨڀݚҪߥ

ϯόʔͰ͋Δߥ໦܅ɼ௰೭্܅ɼ܅౻ࠤɼܚጯٛक़େֶʹҠΓग़ձ͏͜ͱͱͳͬͨాத܅ɼञҪ

͠·ΒΕ͑ࢧ੾᛭ୖຏ͢Δ͜ͱʹΑͬͯਫ਼ਆతʹ΋ʹ͍ޓతͳٞ࿦Λ௖͖ɼܹࢗɼ܅ɼ৿ా܅

ͨɽࣨڀݚͰͷ೔ʑɼ߹॓ɼҿΈձ౳Ұॹʹա͖ͯͨ࣌ؒ͝͠͸ͱͯ΋༗ҙٛͰͨ͠ɽ
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