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TR TIRBESEORBZIIZRIEE T2 2 e TE, HABoAS X126 2 HBRN
BEN 5, FFIEZTOLEERED S LIRSS Y6k (Broadband Dielectric Spectroscopy:
BDS) & HIEEN5D, LA L. RHEOEBEBARHERBEEIOED &, BOBL T BRETHFIX
RFEEMTERL BB -OBHENIFERIIMET LTV, OB EFEBEMBIL L
IEOY, HEAEROELI 2 AER, B 2HERIL LTI L TREOIT SN,

Voltage /V

Time /s

Figure 1.1 The schematic chart of step pulse response.

ABEEMEGRT 2RBE AKX L LT Debye DA SN TWSE, 5, HIFEBEMRIZK 1.1
DESIZHBH R ATy T2V ZAEZHNNT 5 ., RIEHBHMEEBVWTOMBL TV, ZDHHR
BRRIILTOMO HFRATRT I N TE S,

dP(t) 1
=P (1.1)

TRIZIENTES, ZZT PO, 7 1 30MERORERMTH D, ZDOMWo HEXITES
CERBRIIS U DBDRAIEE Par & Uy T2, BRI K 20 W 138D T OB
WTHELDDINEEY Poo & UTEL EBITFD K D RISEBB o(t) K Z 5,

d(t) = Praz exp(—t/7) + P (1.2)
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14 jwr (1.3)

INE Debye DRI, € 2FER, ' ZifFEHK, ¢ ZHNFEEE, o ZHFHRICE
JEEER, w BABEE 2rf) LT 5. F72. €5 & o DEE Ae TRU, BRIBRE L ITI,
Debye D RADEHH & BEERIZENETNEZ T T &,

Ae
"= €o 1.4
€ = oot 1+ (wr)?’ (1.4)
AewT
"
_ 1.
¢ 1+ (wr)?’ (1.5)

L5,

1.2.2 EEEM

Debye D HFM 2 X7 H3 5 F BRI 2 R <Gk U722y, @mEpike & omEicsw»
T Debye A THRE R WL D RBEFLERELRO 5N T E 72, gk BEFEM SO IEIESRBUEF
(non-exponential relaxation) & FE.3, WK B 1) 5 b — M4 BERE 2 Gl 3 2 Ak
F 127§ Kohlrausch-Williams-Watts(KWW) & ) ©& 3,

o(t) = exp(—(t/7)™), (1.6)

ZIT. BB 1IBFEDPD0 L0 REVERTH S, B, A1 ORI I~ T 5, W
AR U7z & 5 2R D & SRIRIE R E® Stretched Exponential BI# & £ IEIEN 5, KWW
KU1 5\ Thk 2 2B RRRE 2 R T 225 By 28 0.5 DBE % B\ TR I EUR © D i
PEEL R, 0%, FERBUSHE LB WTOABN I N2 FEERMARY MV ERRT 57
Bz, BAUFIZ29 Cole-Cole Bk 10 BRI E W T &7,

Ae

€ :GOO—FW

(1.7)

T, B ERRMEEAM T AR EEHT S, fl1cH R Cole-Davidson & M(K 1.8) %,
Cole-Cole X & Cole-Davidson &% & » —f%{t L 7z Havriliak-Negami = ['2] (X 1.9) 2151
TW5,

Ae
* = oo 1.
€ €0 1+ jor)” (1.8)
A
€ =€ + ‘ (1.9)
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ZZTO0<a,B<1TH?, £7z, Havriliak-Negami RO FEHG, EHTIILLFD L 51 FE )
% 131,

e+ A cos(ag) 1.10
‘ 6*’6g+2@ﬂ%mhmufﬁﬂ+@ﬂwpﬂ’ (1.10)
o sin(ag) (1.11)
{HQWﬂ%NW%L-N+Wﬂ”P”' '
ZZ T,
(wT)? cos[m/2(1 — B)]
= arct 1.12
¢ = arctan <1 + (wT)Bsin[r/2(1 — B)] (1.12)
TH 5,
Frequency / Hz Frequency / Hz
Figure 1.2 The § dependency of Cole-Cole Figure 1.3 The a dependency of Cole-Cole
relaxation curve, where, 7 = 1,Ae = l,and relaxation curve, where, 7 = 1,Ae = l,and
€0 = 1. €0 = 1.

1.2,1.3, 12 Cole-Cole #,Cole-Davidson 2D B,a HFZME%2 RS, BEEICOWTOARIEHT
X Cole-Cole XD B IFFHEEEA Y bV a2 EANFMZIELIZ U, Cole-Davidson XD « 1%
HFRCIEILIZT 5, £z, KWW K& 3wz Zn s o XFRFIRToOmEM %2 723, HFET
RRERANEASIN-BBTH S, £7/2. FERABRZREO T 280X LB 0720T
Fa ioRbREIN TS 1]

123 7374

HAREFNZ BB EE A 1017 DR AR 1820 a4 59, Glycerol?! @ & 5 mBEHTHER
DoNDEEWRBLTH D, ZOMKEENERELZIMHTLETIVE LTI I 7 XVIRN IR
TINTVWS, M14I1IZYz)VEVAF—DH—Ry b EENZHMAINL T T 7 XV Z2RT,
VIV VAF—DH—Ry MIEARELELADRS LDRID1/3DEIITHRE L7, 9DITD
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Figure 1.4 The sixth generation Sierpinski’s carpet.

FLWRETOFEBUIZAE L, PO ZS VKK Vo2 FmE 2O IBRT I L TRIES NS,
ZOMARFREZ Lo TRMESNDHIZE SHENE. BEMEEZRFD, M 1410875013
ZOFfi%z 6 T8> bDTHD, £/, AROFRES 2 —VonicH LU TEH L DE T >~
F—VEE, SWTIEALEZSDEA Y H—DARY VLI, ZOKRRREIRT 52 ZIVIK
FTLEWIMREEATE I TREOT 2 ZENTE, HIZIFHANZY oV EVAXF—Dh —
Ry DT T 27 ZIVIRTTIE logg8 ~ 1.893 TH D I Lo NT WS, —fIZ. RGIFELBUED
BEWBNT 527 ZVRTFEINEERHREL 2D EZ DN TE, HHMEE 1/a i
MU 7B b A ORBIKIEIZ & > TREPER I W TWE L &, TO7 727 2R D I,

D =log,b (1.13)

LEHFEIND, RIZEBBEOAZWNAIRTE =2V Y RIRGTTEMATERT B LD 5,
BIZIEET 2 KD 1/2 1ITHi/NT 5 & 4 DOHEREBICHMEINDE Z L5 ZFDWTIE
logod =2THbO, =27V Y FIRGte—HT 5, HRIZGFET2H6D2EDIEX7 T 7 XV
KThsesx, HOMMMZF DMK ZH L UTIIIR, Rk Kb iFonsd, filx
X, L-system LIFEN2 7 T 7 ZVOERETIZLZT VTV XL X > TER I N2 KPER
REOHLDELRADIFZIEWHRETHL U, BEMIZEHCHLUMEZRE DI o IR LE
MRERRP S 132 DMK EZRET 5 Z VP TERN,

Fujiwara SIEY 2 VEVAF—D A —Ry NOREHELZ LI LTV DPDT7 T 7 XIIVK
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BEHEL, TOEM ETEYTHNVOKRIZED T VALY A=Y Iab—Yavifiliot
22 Wil T ET MBI B TV X LY 4 — 2 Tl Debye BIOMEHBRAE SN DIZH L,
T ZRNVEBIZBITE T VR LT 4 —2 D6 1F Cole-Cole FLDREHIEFEDZRD Sz, T DWF
HEHETYIab—vavitkd25D0TH DN, EBRIWIZBIHIX N5 Cole-Cole BIEEI DAE
MOERRICEBE RN E G272, 372056, B TPRAESL LI LHEED X277 7 2V EE2RDIE
TTHDHL, TOWERDFOXAF I 7 ATHELEZTWSEE X505, Ryabov 5 2372
i& Cole-Cole R 53k & 2 FEBEAIRGM 7 & FE MM T A—X fOBR (AT -8 X
AT T ITLENER) 2B, 777 XVOMEEID ANZUTORZREL -,

da InTwg
= =5 1.14
s 2 In(1/70)’ (1.14)
ZIZT, 103y MATIRL dg 13772 ZVIRTTH Y, we &
(
o, = 2dp G 2/2dg)Ds (1.15)
Ry

Thd, £72. dg. G. Dy, Ry 3ZnTna—2V v Fikon, BAZEE. HOIBRE. 7y
A7 2B TH %, Ryabov 5 1% Z DFr 7z it TR & 0 BUKI&E D1 & BUKI & 1215
25770 ZANVIRILERED I L BB OES TKBK TR U, L2LAEA S, Ryabov DA D
BRI R0 BHER D 5720 1-8 KA T T I L0067 7 7 ZARGTGERET 5 72 DIZIEE W
FMECOEREIT LRI BENR DD, £/, A1y MA TRy b A TZEH, B HLBEREBUIAE
FATAKIFE U TR T H 2 00 S EBIGRFHIIZH L <. 58 2 5 W o MEOMIR P EE N D,

1.3 Rl HIGD S
1.3.1 HKIHISDIREAH

1922 T DONTY 2T V=T NI NDERIIBWTHEF ALV RRERINALI LIPS
(6] BB B W THRIZB T 5 BT A Y V4t (Electron Spin Resonance: ESR) il &
05 (Nuclear Magnetic Resonance: NMR) OEIER FHRIS T Wz, Goter 5 1d 1936 FiZ1d
Bl SIS R 2 BT 272D DFEEREITR > TWI2hS, Y HFIERE AR AR OB A F 72 B g
ENTWED 572720 206 DERIZEIBITKD o 72, B DWESKILIRTHR P ERKIZHF S Nz
DI 1946 £ TH V. Purcell 5 & Bloch & 2T IZH#i 5 U7z 27281 Bloch 1% Goter & D%
DU =D OFREFIFEE T1,T2 12 & h A ¥ 220 BRI ORERLER 2 il 3 5 Bloch ifEX
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RHE L 29, RoEBRKEL M IE, f2DACVOBKE—AY F pORZ FLVHIE LT,
M=) p= Mk, (1.16)

LEITDH, TIT, My BERNEAACDOFEERETOREITH Y, k IFEINS NS #S & [H U
AMDBART MV ET D, 5. 2z HIANZHES Bo PEHINE N5 &R0 EMRNBAL M I35
HENZN U TH 2 AEER > Tl AEH %29 5, % Larmor D2 EE) & IF O, % DK

Bw i
w = 7By, (1.17)

EEID, TI Ty IIEKAMEIETHD, ZNTNOKTEEDMHEZFFD, DLFOEHRTIXAE
B w DEERBEIERIZ BT S BRI O WTHR S, ERNEADRBZLIZATO & 5 i12E

5,

M
%£;::A4><VBO. (1.18)

WAL DN S S P DEEEZ T 5 2 L CHERE» S T2 &, RIFFHPRETRELAEL
otz x y HEO My, My, 282, R TRIEHPIRBIZE > TW < EFET M, & M, 1
WU, 2z AROWEAL M, 1% My i2—83 %, Z0OitafE% Bloch AREATIZU T LS I12EIT 3,

dM, 1
dt - (M X 'YBO)x - EMx
dM, 1
d;’:(A4><mBOM——i§A@ (1.19)
dM. 1
= = (M x vBy), — — (M, — M,
g — (M x7Bo). = 7 0)

2T, Ty WA V- M FE IR (Spin-Lattice Relaxation Time, MERERIF, [T & %),
Ty IFAE V-AE VR (Spin-Spin Relaxation Time, ##EAIKEH, AAHFIREKME £) T
%, Bloch HREANFRI NI TIE T, Ty &\ o - BHIEIE S < F TRERI2/8T A —
R UTERINZHDICBERD 7275 %12 Purcell 13 Bloembergen & #£1Z Bloembergen-
Purcell-Pound(BPP) #i B0 2 %&£ L. #F OG- WEFAHAMEMIC LD B258N5 =D
DIEFIREE B MBI 2 X 72, 9 TEBOHBIM 7. & Ty, T, OBRIZ BPP B o,

1 Te 47,
~ =R =K
Ty ! (1+4wnﬁ4'y+@wnﬁ>

1 - ) (1.20)
Te Te
— —Ry,=K (31,
T 2 ( Tt T en)? T 1 (2mc)2)
EEIFL, 22T ,
32 K2A4
Ho 7 (1.21)

= 16072 16
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Figure 1.5 The relationship of 7. between T1,T> where, resonance frequency w as 100
MHz and 400 MHz, r as 1.50x107'°, and v as 2.675 x 10%.

T.. Tob DEGRZRT, M1.5050b05 X512 T) BHEEMIZBNMEIZ RS, T, 139 FESINE
7Bz 20 (HEARFAKE <512 2o0) B LTV, X 1.20 1 Ty, Ty & MBI 7. D
BRERLTVWENIZLEALEDEGIZ r ERMBTH D720, 2 2056 B HBER M Z ke
52 eI U, SEIERE IS U T BPP BERAMH K 1 — TId R B 2, ISR 2L
5 Z & THRMMEIENTANE 7. 2 RS N2 (e H 205, JEROMEEE NMR %8 1
R 2 EEHTERVWIZOIAWEBEEIRTOREIZH L\, X512, ZTNZT ORI
FEAAR, 14> BFHRR, pH R EDREEZ R 21T 5720, MR & BARK 7270+ EH)
& Z OHBIRREIC D W THE U725z, —H T 170 % 2H O & 5 22 PURs5-#% T 1A
KRR Ty & PHBARER 7 13,

1 372 2I+3 [e2qQ\° 7?2
= =T 1+ 27, 1.22
T, 1012(21—1)( h > <+3>T (122)

CEFL, ZIZT RRTIUER. TIRAE Y, n REHHENRT A =X, e2qQ X VIR T-E 5K
THD, WBTFELCRAMENT A —ZIFREPS FREOXELZHE VRIS, HLOHEEIER
BN PR TE D Z DS IBINASIZ 7, KD 2 Z 2PN TE 3 B, Yamanaka & 13#8#{iKD
TO-NMR $EMEEI 2 RE T 5 Z & T, KD FOEEEMHEREZ 1.8ps L&A LTV B2, Zo
fiti13 Barthel 512 & BN HEHIE D 515 5 N4l 1.02psP3 L —F L T3, Bloch &
Purcell I3P1#8 % D 61 1952 12/ —RVEEZZE L TW5S, F72. Bloembergen (312 A —
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Fl1E 14

¥ — (Microwave Amplification by Stimulated Emission of Radiation: MASER) % L —#—
(Light Amplification by Stimulated Emission of Radiation: LASER) ~DH#kA* 5 1981 4EIZ
AU/ —=_RVEZZELTWD,

1.32 7—YIZ#H NMR OFE

IR DR RIS 1AL F i . 45 U IR 9 O A k2 5195 Z & TRIFY — 2 215 T
Wiz Z & S ek (Continuous Wave: BAF CW £ &9 5%) LIFEN 5, CW EIZ & B HIE
WIRI NIRRT EY 7 b EIES, BFEBIRICL D TOETNETNDOHEREEIZGL T
NEELT-E—IBPESNE I EHRBINT WD, WRILIEDOARE R 72 EE DK X & #5112 h
25 W7 EOEHIZ & 0 5D TR WHIERFB A BT L ST Wiz, 1954 412 Kubo 512 &> T
HRIE S NS E B 122D < 7 — ) =254 NMR(7$)L 2 NMR & %)B4 13 CW Izl K
TR ER M 2 S TH 0. o, BIMIZ AR MUVAORRER I LS5 Z N TE 20,
NMR 3 HIEC & 2EFED MBI R T RO SN 7z, R, RRFIELD 0.1% FRED
BCOY I FN%BLZDIE OV AERBERARTH D, CW ETIXEEWIZIIATETDH
%, DEBEDM LX) ¥ T ER (J-constant) OFEM R Z ATREE L7z Z 206, fbFY
T NDARS Ty T v T EBDIRN NS FREEDOHEE N DR R FIT 2T 5 L5 1Tk o7,
Kubo 5 OIfEIx, N E TRERECEAEYEIE IS WTHW ST W NMR 2MEFEBHA L
JBHAINBIZES-EHERE NI TH D, 72, 7— Y 48 NMR ORI FT-TR R
TOFBEANEHEICBHEAEINT VWS, 77—V & NMR OFFIE Ernst 512 & > TR
IZATh N, RIZEZ ROt NMR P S IGE &L (Magnetic Resonance Imaging: MRI) &\
BN EFE LU TV, Ernst 5 13ABEDE R OBEFRZHNIZE T 5 #8580 54 1991 4
W2 —_VEEZE Uz, 2OV AEOREERIZE W TRIZEZEZR DX 1950 4£12 Hahn (2 & -
T & N7z Spin-Echo(Hahn T3 — & $IE.8) OF R TH % B3, Spin-Echo #z WS Z &
THES DAY —MEIZ & S BRI T, 2135 Z e TE, BA 0V ZRFNTISH I 1T
W5, 12 Spin-Echo i TILIEMEZ: T2 ERIFH %15 2 @ CTH T O EE2Z I TLES Z
EWRoh Y, ZOREEWE L OV ZRFIA Carr & Purcell 512 & > TR S B, Zo
RINIAE DY A F ==Y a > 7 v 72T Carr-Purcell-Meiboom-Gill #% (CPMG )37
EUTHBMAEBHAINTWS, #%ikd 55, Spin-Echo IENAREMIZH FILEOMEEEZIFTL
E5 LS MERIFRICS FIRIGREHIEA~ L IEHIh TV, @H7—Y TZ8Him7 LT ) XA
(FFT) OBiF®. stEMMEREDM EIZ =00t NMR 2 ZH g0 L Uiz, flAX, &b ik
D Hfi72 — kot NMR #13 COrrelation SpectroscopY (COSY) THH . £D “RILARZ b
IMPHAE Yy 7)Y IZET A EREEONS, @RS THEED AL 5T, NOESY(NOE
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correlated SpectroscopY) * ROESY (Rotating-frame nuclear Overhauser Effect Correlation
SpectroscopY) TIXZEMINITE WEEREICAIE T 2 A U BRREY -7 L UTHBHIZ NS Z &7 6,
RDFDZREECEBD T 05 WHEEEARD AV T A A= a2 b ET LI LATES

(38]

o

1.3.3 NMR ZRAWEY A 30 @

WML S LR BT TS FOBENIEEZ RIS Z EDENTH > 72720, 5 FOEENNES L OH#
I A REAEMRRIE RE T S T Wiz, LrL, £< O NMR 7OV A RFNEERH O
BMEEZMBEL L2 o, EMISENEHEZ RED 2 6E L, w68 T H UL IR % 5 X
HBBENE L TE 2, MBSV A (Pulsed Field Gradient: PFG) 3 7RIS % 5L
T & CHREMMIZ KM L. MR TORMAEZER L2, X512, PFG IZFERF DR E O 22 M i
IZBFB NMRESZHIT A EMNTEI s, BIZMRIANEREL TV o7, 1965 Fiz
Stejskal & Tanner(3%49) |x Spin-Echo DV ARSIz PFG %212 3 Z & TR D EREIZ
DTIHRE R RIETE 5 L 2R U7z, BRICEHEEGELEE (Dynamic Light Scattering: DLS)
IZ & B 0GR TOHLBUREHIE IXH 5 T W7z W3, Stejskal & D HiklZ NMR ¥ —72 2 /R_R$ 01
THNIEH SR EDITHEMAAHETH D, FITKRE DED T2 T OILEERE % EHHIE fTHE
L7220 6Y 7 MY X—YHEERIIC G 2 7 BIEREN, PFG 7OV A % 72 5 BRI
A 4 A EcR ok RIlE 198 L E o MR BIE 1901 BEERRERIC X B % s
ZDARZ NV4#E (Diffusion Ordered SpectroscopY: DOSY) 527561 72 &k 2 72 s DS & 1
TWd, JEF, T05 OFEMIE NMR 2 X 28R E#IE % & 12 NMR Relaxometry, NMR
Diffusiometry ¥ IEEH, NMRIZEBHFOXA F I 27 2 - BIKSE IS 2D WE ST
W3 BT61 8z Field-Cycling(FC) NMRIS% 63 ZIE#ISIZIE 2 0781 F I 27 ADEITIZ K
U, SBZOIHEMHR I NS, Tl &N - IWBCIEHDO XY F b v 7 NMR 2340 5
FEI N, BRIV RANEFRE R E DRI WTOEHIhTWS B4 53 NMR 2 HW\W =49 F
OHEFVEICBET BRI EZRRAE L TH D, FRRHIEAMNZRES R INTE D, JAWEEEE
IIEDRRRENBIIZ Z R DIZIEE > TR,

1.4 #3ZEHN

ARBFFED H XA E ) Y6k & 54 NMR(PFG-NMR) I X 2 HIE 21TV, ZNEnDOF
HEORER & AT 2 22 T, D FAWMELHINEIC OWTOHEEZED L Z L TH S,
WH e U7z %%, MlaMEE 7 VKT (Liposome) 8%, BT VR, B—K0 T ES FBERD
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1:1%

H1E fp

3DTH5, UFIZENETNDERMEERT,

1. Liposome 73 #CGRIZEB T B KD F OILEBIG 2B L 7=, %72, Liposome % HEk§ 5 i
DR LD KD T XA F I 7 ZDEAX, DERHMKD T OILHZ BHE I 2 i BRALEL
(restricted diffusion) D% % i lid %,

2. BT NVETINVE UCHEZRB L, FEOMEEL NMR 2 X D KDFOREER - i 2 o
FITAEBPU 7z, HESKME T RT S & TRR S IERECHBME 2 K> EE %
PHBLL . FEEFE - WEILBRB O 22 A Uz, £72. WADRREZ B WIZIHRY
B2 ETTIVRIZEITBKDFOMEE - MEEF DX S IZBRL TWB 22w 5,

3. K, LA - 2fi - 37V I—)b, TFL VIV A=A Tv—, KOFKEESMEEE
BIEO B —RIZB W TLFEFAE S L L PFG-NMR 2 W B 2175572, 85
NI BRI & PREGREL KON 2 HEICHER T 2 Z & T 73[R - WiEEH) D

EREEECKIREDHEIZ DV THEMT D,

TNETNDRIZEBRDZEMAT =)V aRK>THED, DK DI FOMEE L ILRPREO T 51
BWRGEL 72, RBRIZINS DFEREHIE L. D FOEER - MK A F I 7 ZADWRH S Bk
SR P TLIPAN ST (NS ARG i A
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L1

SERIRIE & )

\liil

21 EBEDIE
FEACEH AT 2 90 P AEC B, P IRERERE D L @R E OB S,

D =¢.egF = ¢ E + P (2.1)

ERED, TIT, e FEEOFER, ¢, FHFEEXRTHD, FEAOFERE c T 5L
e&r =€/eg THDH, TITREHIIBIIDLFEER e, ZEEFER e L LT, UTFDOLIITE

%j—éo
=€ —jée’ (2.2)

ZIT, JRERTHY, ¢ & 2TNTNFER, FEEALXEERT D,

211 BREEGAIE & BIREUCAIE

SRR E KT TEFO, oM, SUBSM23H 55, 2 2 TS T3 DWW T
DAY HD . BIZIE, KD &S LYEIFESBIEEDRZLMEL ~DOKENPSHEE I NT
WBOBBFE—AY MERD, A TE—A Y MDYEHICH L TUSET S 2 & % BUH7-5 i
EMERIAY, AR5 MR DR AR (RFEE) T 1 &0 T OEEINEITKIF T D720, AT v T /OVAIT
N2 EHEEEST D L THFEHZBITLILNTEL, ATy IOV AL BINE
2 5 Fik 2 RIS HIE £ 1 0Y, Time Domain Reflectometry (TDR)!M % DC Transient
Current (DCTC)2 7% X DFiENH 2,

— /T, NEDHPE f I8 5FBEERZELMEEOF ¥ N EX VA C, VIYAXVAR, i
HIERE tand ZHIE S D Z & THEFER ¢ ORBBREEZSES X 5 2Tz FBEEEEHE &
I3, JE BRI E TR 2.1 12T K D iR O JHIREUKAEEDRRO S, EHEAFER
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Figure 2.1 A typical frequency dependence of permittivity ¢’ and dielectric loss €”.
D JA PR 2 B EREA (5 U < XEEEAER). IO BRBUKANE 2 FERE (B L XSS

RAY) &IPS, PANIZ;RS Debye DR & Wit 2175 T & TAERNGERZ RO o1,
PRAIRE 7 ZRET B Z W TE D,

i

€5 — €
— s "% 2.5
€ €°°+1—|—ij (2.3)

T 2T e BNFHIBTOBER, e, (FHNBAER, w AP (=2rf) THD, FBEEHE
HIE TIXE SR 2GS 2 720 HVWS6NE A Y E—RX VAT F T4 PR LCR A =X ED
B ERHT 22 L THREMCEREITA S, 3CGHz REF TS Y E—X VAT S5
1 FEBCTHENTZSH, TS EOF BT Vector Network Analyzer (VNA) % L
LREND D,

F 7o, BERESEI - HEEGEHIS Y S S OEFECTHHE Y v IV ic G b B A G L. K
EFy M OEHERRH X B RERIE - fiBZ2T72 5 BENH S, LFIZ TDR EE VNA HIED
FEZ R R B,

2.1.2 Time Domain Reflectometry (TDR) i&

TDR IETIEHENT 2 A5 v 77OVA (AFHKR) 1209 2 6% (REHKY) 288U, e & o
AW EID Z & CHERMNGEREZE 5, B0 FR - EREFHE CUF ER - NRERE) &
AFHEDONE S DD R & BBEIC X D BIEI NS, AFHEDONLE AT 0 2SRRI LR THE
W& DGEFRIXEIINT 2 AR DN ERDICHENTUEFVWIEMAEZRET LI ENTE
2\, BHENEWEEBME SOV —fDA V=XV RAI AT Y FIZ LB KEEDOEADEN
RS CTAHELUTLE S, 1 V=XV AI ATy FUBROBLEMEIIIEEELZ L VWD, Zh
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PLERWEERI 2 KDY » TV OB ZREST 5 Z 2 TEaw, L, EBIZE Y
Y =D H B RHCEME R EOMED? S R - FRIEEEEZ -RICIREST S Z L ITN#ETDH
52 ENL N, [T 2 EMIZIE U TEBMOBEMERRHIE 2175 2 & CHUIR MR Z e s
BZRENRH D, RFFETIEER 2.2mm O IV Yy KT —7)% 70cm ORI THEBT5Z &
TEMZ MR L. 3 E Y A 12ps @OV — (80E10 TDR module, Tektronix) & 7Y X 1 ¥
v 7k vuAa—7 (DSA8300, Tektronix) % A\ 5 Z & T 100MHz »* 5 65GHz O TE#EO

BITBHENITASZ L 2R LT,

—# D TDR JIEIZBEHIDO Y 7 7 L v Ak & REGRR O K RIE D20 % & 5 2 & Cfiff &
555477 VY AEERAWE B, MFICF 1 77 Ly AEO % RT,

L+ {(cfo)/liwly  d)e(W)]}p f (2.4)
L+ {[jwly  d)esw)l/(cf)}p fs '

w) =

ZZ T,
P — Vs (w)=Vz(w)
VS(W)+VZ(W)7
fiz:) = zicot(z), (2.5)

z(w) = (wd/o)y/e(w).
Thb, ZITe(w) & ef(w) ITRABEIZ Y 77 L Y ADEEFER, c13tE, d IXE MO
VYA R,y BEBOBRETH S, £, Vi(w) & Vilw) EWRKEEE R, (1) & Ry(t) D575
ABHTH B,

2.1.3 VNA

JE W BB O 7 A 4 6 BRI E T 13 Agilent ¥ > VNA(N5230) = High Performance
Probe(8570E) & Ecal == v I (N4693) % i\ 7z, M5 AU IE 100MHz 4 5 50GHz T&
B, EAD &S I EBEIRORETIZ < D2 OREER L VS & ASHK DA, KT
BTy N — SRR B BE DB, VNA TRIEREO A ¥ ¥ — X 2 2 DM
Y B L ONAE A ASEET 22 TS NTA—REHET B LN TED, £, Bl
(S11) & IEHE Sip (2 OWTHIE RIS 2 L AR5 A%, AR TS BIACHEE 5 2 & T
R S11 DIENT %1572 5 720 S11 785 A — ZIZ ASHE ORI Mag(A) &AM Deg(A). K
DiFlE Mag(B) & KA Deg(B) 7 5L KD & 5 12813 3,

A Mag(A)

S = 5 = ypae(p) (DeE(B) ~ Dez(4)) (2.6)
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X 51T, S EEEHIORIEA Y E—X VR Zyg BOIRBIOA V=R VA Z XA TRD & S I HE

TE 5,
S11— 2y

_ou—Z% 2.7
S+ Zo 27)

22 BRSO NE

PR (7 =V ZEBNMR TIESVAY =TV A% TRk 52 & CEMRAIE 217725 2
EMTE, BELK DIV AY =T VAREINTWDS, BB HEMZ VAL =T v AF 020
90° 7NV A (/2 7SV R) &5 Z 7216412 HlEEEREE (Free Induction Decay: FID) Z#1HI3 %
ZeThb, F5N 7 FID ICHEY)RBEKEZNT 7 — ) T8 52 LT NMR AXZ ML
5N,

Jar g4, NMR JIETIEBER 217725 2 TS/N hom Bz HIET, 18C & 8 RREE
o i OKIZBE T ZHETIIBTEOBMELITRD 2B L <L, HEDHR DK URH
(Repetition Time) 1& U UIEHIERIZ K & g8 2 RKIXS, 774005, FID Bll&IZIERD
FTHERI L. SEHPRIBIZ 22 2 £ TR 2 BRICIROBE T o 2 s 8D 5, —Mkiz, Z
D0 B UK HNEHEE R Ty O 5 ERE L 725 2 8 WEE L WA, KR7Z & TR A
Mz 2B U< %<, ZTO#D IR UKREITEIITET 5 72 OHlER M OALRERK & 72 5,

WS ZIE, WY RS TRE 2 RS 72O IFR O MERFIIER Ty 230 h > TW\W5 Z e WY
FLW, Th ZHIET 272DV AY =7V ZE WL DDREINT WD D, b di iy o—
fRi 72 £ D13 A K E7E (Inversion Recovery; IR, 180° — 7 — 90°) TH 5 5, IR LTI 47
LEOLNDEY R URIZB VT, LR 7 2 BRI LS R0 5 v 7 FLVisEDEl %
BTz 2T, UTOADRS T 2IRET DI LN TE D,

M(7) = Mo(1 — 2¢~7/T1) (2.8)

ZZT M(r) 3R bRE T 2B A EFEE. My &0k (B U205 5iET
H5,

FizT " BRI HPRHEE 222 RBUZDWTHIAN L7zds, BRSNSV AY =V ATIELIEUIE
BB Ty ORI MEE 25, +E— 0 OFERRTIE T, =Ty 725 Z L B HHAE
TEDLN, BTEVPKREDP 72D, ZIREEEZ LD IO BRRATIHIDORD TRV, £72. T
ZHEMRNNVAY = VAR BEL INDARHIE R D FREEZ R o TWVWEEDTH D, B
FRANRER] To (XALAH O FLER R & BIERA, MR VA =T YV AIZBWTAE YD —L Y
AERBETHRMIE T XD IREI N, —D2DV ARSI OHEIERFE D Ty 2 B2 2568121335
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FHEEORFIZLSTRONRSL>TULE D,

—RU7zEZ 5, 90° SOVAZEINL FID OE#EREE RAUL T, 2ETES XS ICRA 5,
Udr L. EEIZIE FID OSBRI % e 2 eI Ty LIFEN Ty LKL TR SR,
EBEDO NMR JIETIEWAR Sy T v 7217725 THlRE P HES. U TR RIS
RHEORED S ER Y, A RBRIZE > TAE SRR ET 2, T—ETORXNSHS 2k
& 2 TR BII R — R B S R AT SIS A B R E A TR B B A EETLE S, Z0%
RO E U TN, REOYEMETH S Ty LD E@ENCREL I -V VAR EDbITL
5, Mo T, WIZTy <To THYH, A TGOMELRITHLH S RWVIRY EEs T, 2015 2
LIETER,

T, AEFIRERI DBIEH: & U THRANTHE 725 D1 Spin-Echo % [4(90° — 7 — 180° — 7) TH
%, IR EL AL 7 223 8TW I8 T, UFORDS Th 2ETE S,

M (27) = Mye™2/T2 (2.9)

KR U7z B0, R—HGOMBRIZE > T—D2HD 90° NIV ADE#ZD o AHIFELN, ¥ 7 v
b TnL, LNL. ZOHED 180° /WIVAIFAY UV R%E RIESE 5 LT, MNI—MEDF
BEYVIRIE, N TV 2NMHEZBHUORBEIES XS RARIERIE2 2R TES, 20
B H 728 IE (Echo) DX I IZ—EIEHE LY 7 F VPR ->TL % Z &5 6 Spin-Echo
EHMT STz, FORED S, Spin-Echo JEIZF A Y U RADEMA I v — L > MG Z AJREIZ L,
B DNNVAY =7 v ZIZHARAENTE D, 7SIV AE NMR IZHEWTHREARA R i &
RoTW5,

BRA SNV AY = v ARBEEFICHWS Z L IE NMR HIEDE 7L R2MTHY, TNET
HEEAUNIBRVIFEDNNNVAY =T VARZERINT E /2, KK THWT WS NMR % #E
WHEHET 100 2R BNV A =T VAPARAENTE Y, HENZRIEZSHFTH COSY,
DEPT, NOESY, HSQC, HMBC % Y EROFHEE WD Z BRI 2> T W3,

2.2.1 PFG-NMR &

AHiTld Pulsed Field Gradient (PFG) NMR {EDQJFHIZ DOWTAR S, &b EAKNZL PFG-
NMR {ED SV AT =7 v Z1FH.2.2 12779 Pulsed field Gradient Spin Echo(PGSE) ¥ —7 »
ATHb,

BIAR DA D . Spin-Echo KX FIE T A -G ORE 2 L. EMEL T, WIEZ gL
U7z L L. INETOEMTIED FIRBOFFAEHAINT VS Z L 2HERL RS TIRERS
B0, DD, ATIRBOREEZEZ N TNTNO/ OV AHORE LR 1 OFIZD FI1EZ D
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Tc/z: < L >
9,
A V s
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FID
\ 4 v ‘ ‘ ‘ i\
t, 1,46 T t+a  trars 2|V

Figure 2.2 The pulsed field gradient spin-echo sequence. A closed box and hatched box
represent RF-pulse and field gradient pulse, respectively.

MiEZDTPIZTIEDHENEZT VDS, > T, 1800 7V ADREIZAY VRWEL 5 ¥ —fE
WXRIFE CIEDTPCRRSTED, 20RO Y T F VI Ty B2 S FHIES NS XD X
REIZZR o TULE S,

DY TFNVOFSOREIFZOOHENIIL>TkED, —DHIIRGOARE—~ETHD, &£
DRSS ERINZ A —THhH 2IEE Y T FNVERELSEAT D, £ 5 —DDOERIZN T OYMAHE
THIWHERBTH O, BAGFBREIZD TOBEPRETNEI D 7 F VTS T 5725 5,
PGSE ¥ =7 Vv AIF—HMEMAICARZ 2 L5 02 AL ZHEFETH S, Thbb,
.22 IZRHR TR TG AR SOV AZEHINNT 2 2 & TRERANY G2 HIE U, EM iR
BOE % ATREC U 7z,

PGSE ¥ —7 Y ATHFEMIZ 3 DOBZHELHE UTERII LA TE D, TNLTERR
HEVINEERT 6, EEREERT AL ERIBHGTEE g Th D, EDNRTA—REREL LB LTV IS
N EDRDIEDLZENTE, BBERICZILIETOITIEHART 5 Stejskal-Tanner DX &
PR 2 IRE S D Z N TE D, EBRICIIERBIZHE g 2 MELBE BRI ENEE L,
IR IR, ERMEES FU NIRRT 6 AR RICHEEIR T A X 0 SEWBED D B 7z ORIENMEE &
52 EIXREETHY . £, BRI A OZALIE To ORRIZ LB T FIVEADERIEEI LT
U S 7-0MMhAHL < s, ERBEIHEE g 22 MIE20THNIEI O & S MBS K
LK TRV, 2070, AiF5ETH—HOHIE IXMAREKISRE g ZHELHE L TRo 7=,
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Stejskal-Tanner X DEH

PLFIZ Stejskal-Tanner s Bl B 2 [2.2.2 DL A —7 v 2T HNWTHERS, A, EHi
Kuchel 5 0 @ Fkiz#EL 72,

£9. z—y FHIZBIT DR MV M, ,, 2EFEBERT,

My, = M, +iM, (2.10)

LES, ZZTM, & M, 3xhEh e & y AEOEERZ FPLVORES, i JEBHATDH 5,
b2 bV Mg o 13 Larmor R w TERTVH EZ2EEL TWE 728,

M, ., = My(coswt + isinwt) = Moe™" (2.11)
&S, FH—3ED Bloch R TRUZEAD ZOBALIXRER T ITGUTHALTWL M, Z

TR 3 TRICRVWED L VMEHZ AT 5, RIZ, #fESE %2 By, SUEREMNES 2 G,

MORERZ NVvEr LT 22,
B.=By+G-r (2.12)

B, I CTEMES L ERESE 2 SR o TWEED e Uiz, A IZ X D Larmor
JEIRBUIMERZ ML r 126U TR T 5720,

w=7yBo+G-r) (2.13)

L%, 2Ty R3BEAOBSEELTH S, DEFIT, 2 #IIIN U T w =By THIELT 5 FEFE

REEADE 21113,
M, ,, = Mye DG (2.14)

b, Thvr o(r,t) B & Z ORI IE.
égf = —ivG - rMoe C T = —inG - 11 (2.15)
cEIFE, ZOXEXEt =006t THEATS L,

Y = A(0)e ™ F® (2.16)

F(t) = /Ot G(t)dt (2.17)

TH 0. BREMNE $0) = A0) LBV, ERTED THEREZEE A TORNA, HED I
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Fick O ZERIA 5 ) &
o _ 0%

gy _ 2
5, = D2 = DV (2.18)
Yib, ftoTR2.15 1k )
aif = —iyG - T + DV (2.19)

CESFHEIND, BHUHICED A RBKEIKFEST 2720, TOZe2@EATA216 2EEH

ER=N
Y= A(t)e= " F® (2.20)

B, X51IT, K221t =7 Ca 8NV AESZIFERIEDOE—A Y MIMEZ Iz b7
(4] % 2.20 1%,

) = A(t)e—ivr(F(t)Jr(f—l)f)’
if £€=41 for O<t<T
E=-1 for t>r71 (2.21)

&%, ZIZTf=F(1) & U7, o TR 221 ORHMBAATDO XS5 1zE T 2,
W _ dAQ) iy P18

ot dt
. dF (¢ d iy _
—A(t)iyr - ( dt( ) + (& - l)djtc) e~ (FO+E-DS) (2.22)
Z Z T, (
dF(t) df

THsb, oI, ML 570,
¢ =—iyr-(F(t) +(~1)f)

LB LR 222 1
0 _ AW s _ 4 (pivr - G(1)e? (2.23)

ot dt
2735,
iz, A 2.19 OILHUHIZ D WT 2.21 ZRALURHET 5 &
DV?A(t)e? = DA(t)VZe?

= DA[)[Y(F(t) + (€ — 1) f)]Ve?
= —DAM)y(F(t) + (€ — 1)f)]*e? (2.24)
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s, X224 2K 219 ITRAL., BHET L &,

o _

= —AW)irr - Ge? — DADD(F() + (€ — 1F)e? (2.25)

"Eohd,
X223 £X2.25 76,

dzjh(ft) e? — A(t)iyr - G(t)e‘f’ = —A(t)iyr - Ge® — DA [y(F(t) + (€ — 1)f)]26¢, (2.26)
L1 RSN
dﬁit) = —A{t)Dly(F(t) + (€ - 1) f)]? (2.27)

NEoNd, INEZEBOMLUTKHE =025 2r THAT S L.

A(27) 27
I o M USRI (228)

XM 0-7 & 7—27 THRET B L IFENTN +1,-1 L7220 FAEHIT,

_D172 In <’:((207)>> = /OT F(t)? + /TQT(F(t)dt —2f)2dt

:/TF(t)zdt+/2T(F(t)2—4f-F(t)+4f2)dt

T

T 27 2T

:/ F(t)th—i—/ (F(t)%dt — 4f - F(t)dt +4f%2r — 1)

0 T
2 2T

_ [T F(t)%dt —4f- | F(t)dt +4f>r (2.29)
0 T

NELEND, RIZ, G(t) Z7SVAY =7 VA>T RO 5 BRIz E L,

go when 0 <t <ty,
go+g when t) <t<t;+d<T,
go when t;+d<t<t;i+A>T,
go+g when t1+A<t<t;+A+§<27,
go when ¢ +A+0<t<27, (2.30)

X229 2EMNT D, ZIT, g FHNIT SMBEIZTH Y, FHREEL T 5, go 1FHIE LEET 5
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NV S ThH, BEIKER T —E LT 5, Ft) 3z ETnoXBEIziE-> T,
t1
Fi(t) —/ godt for 0<t<ty,
0
t146
Fg(t):Fl(t1)+/ (go—i-g)dt for tl<t<ty +(5<T,
ty
ti+A
Fg(t):FQ(t1+6)+/ godt for t1+0<t<ti+A>T,
t140
t1+A+6
FxQ:FKQ+A)+/) (go+g)dt for t; +A<t<t;+A+<2T,
t1+A
2T
t1+A+06
&b, TIT, N2290AUD 3HER ZIZHE NI L,
2T
F(t)?dt = (8¢37° + 240gg07T* + 245%g*T — 65ggot]
0
+ (=68 — 6A8)ggo — 126%¢*)t; + (—28° — 3A8? — 3A%6)ggo
+ (=78% —9A6%)g%)/3, (2.32)
2T
/ F(t)dt = —6g27% — 185ggoT? + (46990t + (262 + 4A8)gge — 126%¢%)T
+ 46%g°%t; + (26% + 4A6?) g2, 2.33)
4F%T = AF (1)1 = 4g37° + 86ggo? + 46% ¢, 2.34)
Lirb, 1X2.32,2.33,2.34 DR ZHL Y BT 5 & X 2.29 1F,
1 A(27) 9o
- 1 =g°6°(A -0 2.
D~?2 = ( A(0) > g76%( /3) (2.35)
B, BALIZ AT O Steskal-Tanner O X2MF 51 5,
A2r) _ o (798)*(A—3/3)D_ (2.36)

A(0)

I3 & IRETIRIER D

— i 72 NMR HIE TIEAED bmm. NED 4.9mm BREORREDR L fFHE s, L.,
DK EVERHE T IR OBIT AR ATEAE LT U WIEBRBIE Ic 82 52T LE S, M
WIS AXYEI Y =YY TVEL LTHATSZ e Tl lEls s 2 e atisks 8,
12, Shigemi & L IFIEN2ABE R HHT 2 2 L CHERIET 2 FEE 52 O, Kifgcids
£ 2mm, A 1.8mm OF ¥ ¥ 7 ) —Z2@HF D dbmm EICEHE L THATSZ L THIEZIT->
2o K72 X ORMEDENHRI DA IZF Y E S ) —D Sl N—F—THFE L., HEE ANED
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bH 5 —FHEN—F =T TEBL 72, KiMEVNE VIR O % & Xk % B L 72 RETY v 7
it X, YU U YUTREIT AR ELTY Y TVEIC AN, Wl E ST TEHE L,
FrVE¥I ) —%HAT S 5mm &% Fluorinert Tiii7-9 2 & TEVRER » B & % 8% Ul

DY S ENDRNK 51T U7, Fluorinert 13ALKZED T O b v %2 7 v RICEHBL7ZHDTH D,

Tu R VOREIIZBEWTY I FIIUVEILT I LRV, W DOOFEELNDH 5 A, A% TIE 3M

D FC-40 ZfEH U 7=,

Table 2.1 Self-diffusion cefficients of six strandard liquids at various temperatures[lo].

Liquid T/°C D/107°m?s~! || Liquid T/°C D/107°m?s~!
Water 25 2.299 DMSO 25 0.730
35 2.895 35 0.889
40 3.222 45 1.069
55 4.444 55 1.264
Cyclohexane 25 1.424 Tetradecane 25 0.520
35 1.694 35 0.642
45 2.010 45 0.776
55 2.352 55 0.920
Dioxane 25 1.089 Pentanol 25 0.286
35 1.305 35 0.391
45 1.561 45 0.532
55 1.820 55 0.700

F 2.1 ITHEHEN A AR DBL BRI R D 72, 1Z & A Y DHIE TR 25°C 128 1) B KDL RS

2B O MERMESTRIE 2 RIE U, JIERITR > 72, BB X Ethylene Glycol % i\ THKIE %
o7,

AT o 7K KD N T IS (Radiation Damping) DI ERT 2 B EH
Hd, ZOE5T0 N UMD TELNWRTIE 90° VAN SN Ed, ZOYVITFILDOKRE
IhoTa by IV EEEZTLUE W, of A4 IVZFEEINZEIRD T 72ilRHT 2
EHEZBEVOBRNRI 5, THEBHEE L ITR, NMR EHIHEZ AROME L D/ <
LTLEW, AR MLVOFEHEDTUE D, 7z, Tl OVANR - NT— & ¥ — Z58E L sin
W % i < 72 Z DRERAED S 90° 7SV AZRFETE D0, BHHREOHEI RN R TIXERN
ATl oTUE D72 90° NV AZRETET, PRETE2E UTHAKD 90° IV 2 DR%E %
R 0I3ERMPES, BAHERHRKORERIEE <. 1954 F121% Bloembergen 512 & b E &
Rz M2 T Twa B, UL, BIE T B E O ARE K 2 fiyikid 2 < B2 RELcs
UTWL 20D FkEDONVD I ZBENH 5 1315 H ML MIREIAER 7o b v 2%

\
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KELORoREZ T, Bz 82l EKEERICESBAL I THD, L, EAE
IREDRKIFD 2R, 3IRMEE 2PN LSBT EARBMBEIEEEZZIET LS BNDD
5 U, AR TIT S & 5 LR ECCEAIRHE B 2L T L E S oYM IZEWT IO
FIRIFME A v, NMR & & O 05 J# AT EAY 0 EEEAYE < 78 DI DN TR D8 S H
7=, 515 E2ME NMR HIRICEWTHEZRREE 057255,

AWIFE T, Price 5 16 23R U7z Q-switch k% 2512, M a1 )L 2 HIBEEKO Q fif 2 (K
NEEDZETHEZTVISMEDORE 2 W RERR VS T2 & T HORMELZIT> 72, QH
EET SR ZOBEHET UA, KR TIZ D 7RRE 2R T E 72,

N=prs

AL TIE Bruker #:8 Avance 400WB NMR % {#ifl U7z, 70— 71213 Bruker 18 Smart-
probe & Diff50 probe Z M U7z, — MR HEHIRE X — ot NMR HI%E, A1 FHIE 113
Smartprobe % A\ 7z, LRI 21X Diff50 probe 2 L7z, ZNZE D 70— 7 DLRFE
T E 5 B2 FiPH 12-50 725 60°C Td > 7z, Diff50 probe D i KMERMEILEE 1 2300gauss/cm T
HY. REIOBEMRIZ 251075 2265 10~ 14m? /sec FEEE O i T D ILEGRBUIIE 237 X 7=,
LIRoG, 2067 — Y T2, (M - "= F 4 VHlIE, ¥ — 2 DfL%Y 7 Ml - B BRER LD
FEARM 72 AT 1% Bruker #1% Topspin 3.2pl5 T1772 - 7=,



35

22 3L E

1]

[10]

Robert H. Cole. Evaluation of dielectric behavior by time domain spectroscopy. I. Dielec-
tric response by real time analysis. The Journal of Physical Chemistry, 79(14):1459-1469,
jul 1975.

S. Mashimo, R. Nozaki, S. Yagihara, and S. Takeishi. Dielectric relaxation of poly(vinyl
acetate). The Journal of Chemical Physics, 77(12):6259-6262, dec 1982.

Robert H. Cole, Satoru Mashimo, and Paul Winsor. Evaluation of dielectric behavior
by time domain spectroscopy. 3. Precision difference methods. The Journal of Physical
Chemistry, 84(7):786-793, apr 1980.

E. L. Hahn. Spin echoes, 1950.

E O Stejskal and J E Tanner. Spin diffusion measurements: spin echoes in the presence of
a time-dependant field gradient. The Journal of chemical physics, 42(1):288-292, 1965.
Philip W. Kuchel, Guilhem Pages, Kaz Nagashima, Sendhil Velan, Vimalan Vijayaraga-
van, Vijayasarathi Nagarajan, and Kai Hsiang Chuang. Stejskal-tanner equation derived
in full. Concepts in Magnetic Resonance Part A, 40A(5):205-214, sep 2012.

Takashi Iwashita, Tsuyoshi Konuma, Erisa Harada, Shoko Mori, and Kenji Sugase. Use of
glass capillaries to suppress thermal convection in NMR, tubes in diffusion measurements.
Magnetic Resonance in Chemistry, (April):729-733, 2016.

M Holz and H Weingartner. Calibration in accurate spin-echo self-diffusion mea-
surements using 1H and less-common nuclei. Journal of Magnetic Resonance (1969),
92(1):115-125, mar 1991.

Kee-Choo Chung, Hyo-Yeon Yu, and Sang-Doo Ahn. Convection Effects on PGSE-NMR
Self-Diffusion Measurements at Low Temperature: Investigation into Sources of Induced
Convective Flows. Bulletin of the Korean Chemical Society, 32(6):1970-1974, jun 2011.
Manfred Holz, Stefan R. Heil, and Antonio Sacco. Temperature-dependent self-diffusion

coefficients of water and six selected molecular liquids for calibration in accurate 1H NMR



27 ik 36

PFG measurements. Physical Chemistry Chemical Physics, 2(20):4740-4742, 2000.

[11] N Bloembergen and R Pound, V. Radiation Damping in Magnetic Resonance Experi-
ments. Physical Review, 95(1):8-12, 1954.

[12] V V Krishnan and Nagarajan Murali. Radiation damping in modern NMR experiments:
progress and challenges. Progress in nuclear magnetic resonance spectroscopy, 68:41-57,
jan 2013.

[13] W. E. Maas, F. H. Laukien, and D. G. Cory. Suppression of Radiation Damping by Q
Switching during Acquisition, 1995.

[14] a K Khitrin and Alexej Jerschow. Simple suppression of radiation damping. Journal of
magnetic resonance (San Diego, Calif. : 1997), 225:14-6, dec 2012.

[15] Bilgin Zengin, Mehmet Zafer Koylu, Sibel Korunur, and Ali Yilmaz. Elimination of radi-
ation damping effects from the nmr relaxation curves of H20/D20 mixtures containing
protein and ions. Chinese Journal of Physics, 51(4):692-699, 2013.

[16] William S. Price and Markus Walchli. NMR diffusion measurements of strong signals:
the PGSE-Q-switch experiment. Magnetic Resonance in Chemistry, 40(13):S128-S132,
dec 2002.



37

B3E

)Ry — L JKDERICB T B KD FS
A1 FTIIVR

31 Bx

D UREE D FD & S BB I, KFTIvVREORERZERT I RS TWY
%, IOV EEMEIX, RE, BE. BLOHE, BEBEOMMLR Y OFREICKRFE L, E
YIREAZBEVWTIZY) VIEEIMIEE, Wb ) RY —az5ET M VRY — 234 kT
TLELTELHSNTED, ZOEKHEZMR* 2L CTHIET 2 Z 2N TE S720, (LN
IRGEIZBEIZISHE N T WS, VRV —LROBEE, WmEE. 2@, 8 XEEEELRE0H)
P REME IRk, V) VIBRE O, HE, pH R I & o THRE I N, (EDREMDE VDK Z 2R
PEDZLERT, 612, VVIREKEZS 2EETHEZEE 2T ePRoNTE D, HEBOD
A CEINZRRREPR R ES BT 22 Ao nNT WS, £72. V VIEEITW L OO EHOH
KEF - IFHKEZET20T, VUVEEOMES IO INSDRGMEZZERT LI LITE-T
BROR AR T IR TES, TV /NS, URY —Ldkx 2 TIRHI N TS
D, SHROKEBBPFEINTVD, BIEB XCEENTTIIEE K OMEITFOOL TS D 23]
D VHRERE DM IS K e FRE ZEE O FEN A X1 F I 7 AP HRHEE IS 5 s iEA
B0, RELRERD—DL LT, KaEDHFEBNIMD TRWRIEREZ © D720, B H
#aZrhiblFons 4,

Stejskal & 11 12 & > THI TH A & 117z Pulsed Field Gradient(PFG) NMR. T34 LB
LEBRTZZENTES, ZOFHEIEMMR ©7 %0 58cr B0 A pk 18] 720 2z i Ay
HETHD, NMRESVHBONIERETHNIED 520 T ORI ZRET 5 Z LN TE S,
I IR 2 e 3 5 Fik e U T, BIFOEEGLIE (DLS) . X #f. PVEFRREEL 72 £ O FED
Mo TWaH, PEFG-NMR ETIEZ N 5 IZHARIFZEE 22 IE D TR A, 72, BWE SR
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O —MIZHEEZZITIIL, KAFDLI BRIBOH TNI R T ThH->TED FHEHR %
BHITE S, 61T, IBERZBIHT 2B E2EMT TS 2 T AEDOZEMIC X > TEH)
DHIE S N7 HIRILEC Bl iz oW T oz S5 Z e bk s, #EThE, BIRLKIZ/NE 2
DFOIWHBLE T -T2 352 TEMIZET 2E®REGES Z KB,

— 72 NMR HIE TR FDEIE D%\ & Radiation Damping(RD)M 72 & 08Iz &
DIEMERDFXAF I 2% ET S LIZEHL WAL, PFG 25 Z £ TRD OFE2/N ST
5ZEHHKD, TOVSFEEHWSZ T, VU UIRE/KRIZET B EES T ORI
PRSI I T B IENLBUREGE SN T VB A 15161 20 5 o TldKks F ERDHLEE
RIZDOWTIEHDIZEE STV,

AED—DHDHMIZ, VKRY —A5BUBIZE I 2K FOIE#H 28I )2 585
VOB CBIIT 5 Z 2T, VERY =LA &> TH I I N5 KDEIRILEIISR %
BoOsZeThb, B -HOHMITY VIBEOHERIZLZKGTFXAFIZANEDLS
IREE S T ADMEET 5228 TH Y, HERBIEEZED X 512 25°C 75 50°C DA i Tl
EZATH Tz, AEOHWIZY KXY — L Znzild 2 VIEEOEMEOMEEZ KD, £
DHIRIFICHN R B CHBEH TR TH 5 Z BT 2,

3.2 =Bk
321 BV AR

D UgE & LT 41°C [ HEBERE T, % > 412-dipalmitoyl-rac-glycero-3-
phosphocholine (DPPC, Mw=734.1) % fl\»7z, DPPC I* Sigma-Aldrich #£72* 5 i A U,
TN EORREEE$TE e AU, BB UMK (HeET 18.2MQ, Simplicity UV,
Millipore) Z{H L. 3wt% ® DPPC//K3 i ZHE L, 70°C (IZMEAL RNV T v 7 A THRIT
BRI,

+1Z DPPC 2# & €705, T7 A ML—X— (HHY KV — L(:8) 2 W72 LIET
VA — ADREEY T LT, 74 LR —E LT 0.4um & 0.05um DAY H—Kx— h87 ¢
)V & — (Nuclepore, Track-Etch #£) Z{ifH L, EZAATIELLDBSEZNTNDT 4 VA —%
BB S Z LT, B 50nm O—HHLY RY — L KB EFAR L 7=, ZZ TRy
VTN EEHOKTHEIRNT 22 £ T3.0056 0.1wt% OV RY — A /KRG EBIE 7=,
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3.2.2 PFG-NMR E8IE

PFG-NMR ##I5E 1% 400MHz @ NMR(Ascend 400WB, Bruker #) |2 Diff 50 71— 7
(Bruker ) & 'H a4 VEEHT 22 &L Tiike o7z, WEASVAY =7 v 22 LT, PFG
Spin Echo(SE) # ] % v, &K T 1200gauss/cm % THEMRELIGME 2 2L X €5 Z & THIE
T8 o7z, B.3.1 IZPFG-SE ¥ =7 Y A% R9, TIZT, AIZIRERRREL & 13RS BN
M. g IMERBEGRE, m/21%90° 7OVA, 71k 180° VOV ATH b, HLHKRE A 1X 5 725 200ms
DT E, ERHES BN § 13 1ms TREE L7z, 55172 NMR 155 O MRS R K
17 % BUF @ Stejskal-Tanner O B %2 FIWTENT§ % Z & THBURE D 2157=.,

A(g) _ 2
In (A(O)) = —(vg0)*(A —0/3)D (3.1)

T 2T, A(g) \HMERESRE g 12 B 1) 2IEFEE. A0) F—HEOESRETHS, /2. v1E
KEAOBKAERILTH D, & 2 CTIIKER FOMKRERLE 5, —fic, ERDOELD D B
HDINT A =R EIRFRL T B-value & IEX,

AEEELTI8mm DA IAF YT Y —%2MHL, dom BREDOWEIZRE LSBT 72
YU ITNE AN, —DORED - 0 ERHESREEZ 2 TE5 I 8T 128D Ty b 272,
BEEEIE 16 [ & Uiz,

F 7z, BB IIMIEBIEE TH S 41°C 288 K 512 25°C 75 50°C OHiF THIE 2177 -
7zo 33°C 75 45°C ORITIX 1°C XA, TNLIIME 5°C LA THRE 2 2L ERE R TR > 72,
KT DI R 2 R T 5720, F51 72 NMR AXZ7 MLd OH ¥— 212D\ T D A%
7, SEEARE R T U 72,

33 BEREER
3.3.1 YRR

X.3.2 12 3wt% ® DPPC/K iR, Bl 25°C, HLEFH 20ms (2B 1 2 RIERE Rz R T,
Stejskal-Tanner D AH & i7" T 71281 2MEE DLHIRE L 25 Z L0 h 50, K.3.2 1%
W T U2 EafE A R 720, B0 OILHRBCIIM T 2 Z e TE R, £I T,
2 55 DILHERE & A Uy ILHFREL D K E Wi L ANS W & T 2 1 fast (K50, slow Bs>
& U T 217785 72,

.3.2 DM BT D IHEREDE I fast BT 2.152 x 1072 m?/sec. slow 43 T 6.842 x
10712 m? /sec TdH > 7=, fast B DI 25°C 1251 BHKDILEERE 2.299 x 1079 m? /secl!]
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D TIEWMEZ R U722 & S B O HHKICER T 53D e FEZ 505, —/5T slow K
i fast K & 0B SHIRERWMEZRLZZ NS, VRY —A KOG VIREIZ X 0 @B % i
RENKIZERT 2D EFZ N5,

3.3.2 HIFRILER

X.3.3 \ZIRE 3.0 225 0.1wt% DV AR Y — L /K BUROWIE 25°C. HLEHEH 20ms 1251 5
BEERZ R, .3.3 D slow k7 & fast Mo DY DHIZENETNDESDOHIGLEZX ST
EMTEBZen 5, DPPCIREDRA IZ slow B3 DKDED L HIGL TWE Z L hbh b,
NS DFEREMTL2EDER.341T5RT, .34 75 DPPCRBEANNE 725 & fast, slow
M E S DILBRB B KT 2 Z 2 hibh s,

Z ZC. PFG-NMR ¥ T 6 N7 HLEURENT & 2 ILERRIZ B 1 2 AT Ot Tch 5 &
EZBHIENTEDS, fto T, DPPC OREHMIMNT DL ) RY — LR OEEEPHEMNT 5 Z
CIZEoTK-VRY =L, VRY =LV RY — LDELEPMEAEHOBEELEZ . B OHLER
REPPA Lz DEEZ 65ND, B.3.5 ITIRE 3wt% & 1wt% D fast,slow 70 D HLER HK
2R, B O PITHLBUREULIRADMERIZ D 2 25, YV TIVZDE O DIREEIFHLHUREF 12X U
TEELTVWRWEZD, ZZTEALTWAEDIERANTDOIBBERThE EEZ NG, 20D
& 5 7M1 & — I RIBRBAEK 8] 2 IPR, .3.5a 123 T fast A OHLERIERIHAENE X T TR D
BETRLRIEAZR U, ETHBR7Z K 51T fast B S0 EIEH O H HKDEE) 2 SKBEL TV
2H5DrFEZoN, OGS OILERFEMKANEIZ ) RY — LAKBEOEEHEEZ KM L TWE & F
ZoNd, HS2IZ DPPC EENKEWIE D MWEEHE IXHNT2E0LEZ 6N, K.3.5a (T
B2 TN T NOURE OWMEHERE D S IFEHEHE IS 2 WA EIh T e EASND,

BHIRENZ 212, slow BRI 5 DIEE CF — O JREEE 2 R U7z, slow K2 1E Y RV — LK

HE 2 IR S NTKTH D70, T OIRERRAKFMEIZ ) RY — L-V RY — AR OEZEHE %
KL TWwWaEEZ N5,

DM DR DIEMIZATDO &> 2iiE2 T2 THMATIILNTES, £9. ¥
VRY — Dk w2 H 5 IEEEMIC B 5 F M2 7 » 3%, DPPC O%E
0.94g/mll'8) | B IE Snm9), VAR Y — A DKL 50nm TH B Z &h 5, EYRFRIBEEE [ 1%
1wt% T 80.8nm, 3wt% T 50.6nm TH 5 & WBHE o iz, FIIHLHEERE 7 1 PLARR] ¢ & HEER

BRI D IZIFPA N ORRY D 0 |
7 =V6Dt (3.2)

IS TR REICRETE S, 25°C OMUKDOILBURI Dyar % 2.299 x 1072 m? /sec!™ & U,
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Rt 50nm DV R Y — LR F OIEEBUREUL AT @ Stokes-Einstein R SRETE 5,

kpT

Dy, =
tip 6mna

(3.3)

I Tk WERIVY 2 V@R, TIIMAEE, n I ZBEEORME, o FRTOEETH L, Kitkz
25°C 12 BT BAKDKME YL LT ERDSEET 2 L Dy, 12 9.81 x 10712 m2/sec &3k 5z,
Duar & Digp 75 ZNZNOFHIRBIH#EE 16.6pm. 1.08um ¥ REL SNz, ZHh5DfED S
WEBE r/r LEZEL, KVERY =L, VRV —L-VKRY — LHOEEHE %2 ZNTN Ryars
Riip & UT, R Z A U722 X.3.6 [ZR T Ryar (EAMZEOHIE R EIHIZE W T,
Iwt% & 3wt% THRIC BARBMEER U, —H Ty Ryp 10 WEFEEZHEIED R 5 0 5
S, UEY— LKL BAEEE LTVWAKSFTHELEEZL L, .35 D slow KA
DI BRI ITIEEREENRD SN o Z L 2HHTE S, £/, VERY —LBENADIK
DFF EFIZ 5B ORERIIK &L » £+ ITEOVEE psec HTAHE LU TWA 720 PO R DKIZ
SEOHED S KT 2 Z LB, fEo T, slow KAHE Y AV — LK FIZKH L 72 KT
WEsrEz5N5,

333 REKREFMNEEBERS

X.3.7 IZHEERERT Sms, IE 3wt% D U R Y — L /7K 5 8O O R FE DR E RN 2 R T,
slow &7 DR IZIREDHANHE > THA L TWL T Db n5A%, 41°C & 42°C O TR E R
Fyv IDBRDoND, ORI slow 7. 2 F Y IKHKDOHAIZMHERIEE T,, = 41°C &
HIFEIZBE L T o & F A, MEEBIRE TROKFUKAZEIZHA T2 2 EARBRINT WD,
DFERZ R L. 150 NI REREE .3.8 12”9, 22T, M.3.8a (ZIFHKDILHLRE DL
#AEtE 071 2.3.8b 121% Stokes-Einstein R4 & ¥e5E U 7z 50nm OV R Y — Lk 7 O LRI %
HRATRYT,

[4.3.8a 2 5 fast 3 IFMHIEBIRE £ TIIMAK LA U & 5 RBEKREEEZ RT3 2 5,
BETNEEHIXFEL WEB LT AV F -2 oTW0wb eEZ 6N, Z ORI fast BT HL
BHOHMKTHZ & U EOBREFE LR, F-MHEBEEMN ETREKRTFENZALT S
Zeho, VUIBBEDOXAFITAE —EHEMINTWEEEI OGNS,

.3.8b (2 slow plr DILERE DIREARAFIE L . K% 50nm & U T Stokes-Einstein XA 5
KD RV — LA DOHERE R T, HEEBIRELL FIZEWTIE, slow 2 IE Y RY — L L FEFfE
EDEEZ S, £ OHERTNED RKOMEM 2R U7, — AT, MHIEBIEREZEZ 5 & SB7RHE
MR %R L, VRY — DR T OIBRBE E F 572 B HAE R Uz, —f#kiz, ) VIRE
IMHEBREZBEZ 2 LMEMENE L., BEARS PRI eFoNT WS, o T, slow ik
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5 D ABIRIR BRI O ZACIIE DRV EM U722 L ICE DB ERIINTVEIEDLEEZS
N, ZOREERPS DB slow BAHZBIZKFIL 72KIZER L TWS 0 e fEGfMIT o nsd, HIZE X
. KOBEZBIIT 2 Z & CREKRORBIZET 2BHRIPGEONDI L EA. ZORRIMDY
VIRE R MR IZ B IGHTRETH B IR T E B,

34 F&®H

PFG-NMR EHIEIZ & D VRV — A /KB B W TE T DK T DILBHR DRSO &
Nz, fast 5. slow B @D 2 55 & AGE UMRNT 217 5 T & CHRBGR. EE. IRERENE % R
WO BN TER, B ZZEE 5 2 & THIRILEERSIZ DWW TN U 725558, fast
A FAK-D RY — AR DELE, slow RME Y RY —L-Y RV — LABOERIZEELTWE Z &
MRINZ, 51T, K KOS D 50nm Ok DILEGRE D FHIE % fast,slow K5 & EL#E
TAHILT, ZNTNDRMIEEBHK, VRV —LDORFEIZKMUZKFMKTH S Z & HRI N,
slow 7313V VIEE OHIZBIRE L CRERMMEZ R LI e o, REEOREZ & KkL
TWbEEZONS, EDKENSKN T2 TO—T LT 5 & CHRREMOEIN 2R % R
DFBIENTE,
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Figure 3.1 Pulsed Field Gradient Spin Echo sequence.
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B-value (yg6)’(4-8/3) /s m™

Figure 3.2 The example of bi-exponential analysis for 3 wt% liposome/water dispersion at 25 °C.
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Figure 3.3 DPPC concentration dependence of decay curve.
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Figure 3.4 DPPC concentration dependence of the fast (circle) and slow (triangle)
diffusion coefficients, respectively. Error bar indicates standard error of the fitting pro-
cedure.
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Lg) 0.015 F A lwt% D, |]
g L
& 0.010 |- .
A I
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0000 b—to— 1. .
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DiffusionTime A /x10° s

Figure 3.5 Diffusion time dependences of (a) fast and (b) slow diffusion coefficients for
3 wt% and 1 wt%. Error bar indicates standard error of the fitting procedure.
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Figure 3.7 The temperature dependence of decay curve for 3 wt%

Figure 3.6 The numerical calculation of liposome-water and liposome-liposome collision

liposome/water
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Diffusion Coefficient D /x10° m*s™

Figure 3.8 Temperature dependence of the diffusion coefficient for (a) fast com-
ponent(circle), pure water(box), (b) slow component(triangle), and liposome parti-
cle(diamond) derived from Stokes-Einstein relation for 3 wt% liposome/water dispersion
at diffusion time 5 ms. Error bar indicates standard error of the fitting procedure.
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41 %2

HAXR 7 V7 #ECERIICBINTWA 7 LIRO & & UTHE (Soybean curd) 23815 1
T3, 4E, FEIEFCKEETS 2 OMEIEH. S A BRER S CKEETEAI NS &
S0, WOMIEIZDBAB L VWO WESH 5 M2, EHIMATKROMEE LT, T2 NE
L. BEFIE LCTHILT 23227 AREMAI LT LT HIIZ S &\ o = FIEAH S T
%, BRENZ &1, SGEIEZORELMEIIL > TEORMEEZZRRIZZ(LI L Z XMoo NT
W5, it LT, s B gEsiEg W KEaAECEE DY 2eth 0, B
MEEDTVERGIMERTEL I DS, HEEEHTIVDETILELTENTWDEEZS
N5, BEEESTIZEVWTIR, BB Uz 2 MENKEhTWwa T, il xT
e LT, e 689 2l 10 i & 57 2 2F ¥ — 3%, %78 (Scanning
Electron Microscope, SEM) % $£ 4 s L — ¥ — B8 (Confocal Laser Scanning Microscopy,
CLSM) iZ & 2 Wik g £ a5 M4 Zn s Of%eh 5. TSIV OREE PG L
DETFNEHBREDP>TETBY, GHEAITIEETD SBE YA 210 A — FVFLED /N
HOZFDFIZKPFELELTVWE L W I AR SNT WS BB, —HT, HFomEE, i,
Rl 72 ¥ 0 M) & RO 1) B E Tk & U ORI A LTS (Nuclear Magnetic Resonance, NMR)
P BN V6 (Dielectric Spectroscopy, DS), #4426 (FT-IR). P = @rE 5o 6] 72 2
HSTWAH, FHIKDEEERNE L S 72 XA F 327 2T WG AR DT80 ggriL
HFIZB T 2 KOEFEE X F 2 IZH S hTuin,

ZDMD IV ABRIZ, SO 80-90% 13KIZ & > THEEE T W5 9, 2Dk, KkoED
KD FD5F LRV TOMEAEFIZREHME R Wo 2 EE T VOYINMEIC KR ERFELE X 5L
FHMTED, LHLLAEDNS, KD TEAF I 27 ADRMEREIIMD TR <, #l 213K 7o
WX TR 5B KEREE SR Y N7 — 27 OERHEBEREDRERMIIRY IMEETH S
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72, T OB IRk 2 RN D B, EgEEE R pEnk B itk TEE KSR
ZEBMICTET 2 & Vo MERBICTRINT VAR, 25 \Wo HHIE TG 7 IV I3 X
NTLESIZLEDHY, KPFRAFITAZDEDERZADZLIETER,

TV HHPSIEREBIZKDFRAFT IV ARRIDUEFENBELINTEY, 22

TRONZHEIZTENRICHIZB BRI DI EAYFTE 5, £ 2T, AW CIIMERMES A B
(Pulsed Field Gradient, PFG)-NMR & & #EfE k2 T 5 2 & T, Ky 7 OUHE, [l L
1 F IV AZBNT B Z & aiddhiz,

PFG % 7= NMR HIEEAff 13k 2 2 2B CRIH T Twad, NMR JIEIZHEWT PFG IZ
2V RADHIHEBER G L, BRARINVAY =V AIZARENTWS, PFG 2 Ay T a—
AR T 2 & TH FHREREB O P IS U 745 R 0B 9~ 5 AR A Stejskal 512 & > TH
EENTWS P, —5T, EIRERED T ILRBAN 3R AL S # 4 7% (Magnetic Resonance
Imaging, MRI) & UL CTHHAINTE Y, 5 HTRERMREZB WTHERAIRAREDIZR > TV
%, AZETIE. PFG & HW 2 FHREGREGNE 247\ B0H I U R E ORRIBIC S 1 5 G
TIVHDKYFEAF I 7 Z BRI,

HE D HIRED T DRI S E — A >+ DEFBR % 561250 F OV 2 B 2 JE Tk
Thb, Bz, MHz 25 GHz BMOBEDEHEIZR Y < —/KIEH, &EEKER 2, 28R
i [24.25] 70 k2 KB BB RTHE I N T WA, Li 50 NMR ERIBRHEE < & 28585 17 2
5L EEHIZIIRES I TCEMBEORRLEHFELRDOAPFAET DL INT WS, HEME
MERWIED S/NNEd %2 B HIZEET 2 BHK, ZAKKBEREICFEETSK, ZLUTEAEKE
WZHLD P E EB 2 IR S N7245EGKTH 5, FEDLETIIFEEGAKIE MH 2828 W THHlE
NBZENTFHENEH RO GEIZLROA ALV EELED, TNS5DIAYDEAF I TR
Lo TKDEAFIVANBEVREINTLUES FEVDH S, £ I TAAETIIRIZEBHAKIZEH
T25ZeT, GETVIVORME KD FXAF I 7 ZADEEMIZOVWTHSMIZLTWL, #BED
AT X AUE 25°C I2B 1) BKDOFBENIEHL 827 vaM Bl ch sz ehionTws, &
DFEMIFEIZ KD T 2 KEREE XY VT =25, KO FOEELZ L O AR Z D KT @
FMORHEREITH LS Z WMo NT WS, ORI~ LAKROMEIZE W THRICEET
HY, KDFOPSEIZLZKEEOYWHEORKHOITR P, 75272V OME2EAL 47k
S TRERR T FAHH S T\ B B

AWZETIL, @EBIROFEE D EEE PFG-NMR #2032 2 & TEBE A OCEIH DKL T
DElls - WHEX A F I 7 A2BRTEI L 2HNET S, 612, TN 5 OFER 2 I T
5 ETRIZH STV DKM E OYIEE L IR U, Fi- 2 VErHiiFiE e UTRET 5,
72, TNTHOWUEFEIIKRE S EDBLARRH - ERSEZ RO TS50V 72RWICE T 55
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FRAF I ABMMPED LS5 A =2 OB & UTHNEPMEEL., KT OEMEIEIC
B9 oA Z2ED D,

42 B
421 YV TIFEE

ARWFZE TR 72 S8 7V IEEEE 2 N2 72 5 %.% 80°C TMES 5 Z & Tl L /-, BEH &
UCHifb~ 27 %27 i (Wako 1st Grade, Wako Pure Chemical Industries, Osaka, Japan) %
W, ZOREIZ 0.4 wt% 25 0.7 wt% & U7z, IR 10 43, 30 43, 60 4. 120 4> DT
AL E Tz, MBGERZRZ 2d &, BHICEDEHEUMBAZI Wb L HlEEEIZ Y
FU7ze BTN E LT HEORLZZBDEZHEL. —HIRHKROEA (72 A< EHEE 99).
£ —HIFKRGEX VI NIET AV L — b (Soy protein isolate, SPI) Z@#liAKIZEFZIE/ZEDT
Hb, BEOWREEX5,79wt% & U7z, SPI & LT Fujipro F(Fuji Oil Co., Ltd. Osaka, Japan)
% H\7z, Fujipro F Okl 11S Glycinin 21%. 7S Glycinin 41 %, fio VY REH 38%. £ L
T15% BEDHAF A THB, SPI ZHMAKIZHMTEALDE, 100° T 3 2HMEAT 25 Z & T
BIEFS R, TS OFBTFER Cheng 50 B iz wTiibhiz, £/, ThEhO
B2 VO INERER, BEEFIERE, SPI SRR ¥ DR IZE 4.1 128D 7,

A HIERE DR L UT dbml DA 7TIVEIZGHZ 3ml FEE AN, SE7 V2R 7=,
IR P X 2 R 2 HRBR OS2I T D720, MERTOBRE TR X 2 ah R B
Brnrz, F7z. TOALBRICHEEAK L 72K T OV ORHEZ KL 227z, JIE ERTICELD Rz,
NMR I OREHEIZIZZ S AF ¥ ¥ 5 ) — 2, [AROMMEGEIE THEL 7,

422 PFG-NMR %

PFG-NMR #ll€ 12 1% 400MHz NMR(Ascend 400WB, Bruker, Germany) & Diff-50 71— 7'
(Bruker, Germany) %\, HIEMRE X 25 +£0.1°C & U7z, JIES—7 > 2 & LT Stimulated
Echo % B2 (i U 7=, [EAREIGHME 2 WIEZHE U, ®AT 600gauss/cm £ TELEES
ECHEZRIT R -7z, B4.11Z Stimulated Echo HED/SVAY =7 v A% ,RY, ZIZT, AlFHL
HXRERE), O (MRS EDINRE R, g IJMERMEIZTRETH O m/2 1% 90° 7SOV A 2K, FREREH A
(& 20ms, MERHEG VKM 6 1% Ims & U7z, 55N 72l %2 LT O Stejskal-Tanner O =X
(221 gk U, EBURE D 2 P0E L 7=,

In < Alg) > = —(vg0)%(A — §/3)D. (4.1)
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H
W

22T Alg) MEREERIE ¢ ITB 1B Y I FVIE. A(go) 1 1 AMEHOME ST BT BV S F
IVIREE, v IIEEA OEAEEELRTH D, —KiZ. R4.1 DAELD D DHNDIST A —X EHRFRL
T B-value &ITX,

BRI EIS 1R 1 3AK & REHE SR & LT 25°C 128 1) B HREUREDY 2.299 x 10~ 9m? /secl?3] & 72
5 & ITRIE LTz, 3tz ik 272 B35 8mm BD 25 2% ¥ ¥ 5 ) — 2 W THE A
dem 12725 K 5kl 2 ANz, ZORMITEWTIRAREIZH 100ul TH -7z, KEeLZEIZETHA
Bl NMR HIE TSR WO BKABEESTLES 2o nTEh, ZhEikd 57z
HILEEFED Q iz dH AT FIF S B0 Z » ol 217- 72,

423 FBEDNE

IKDRA F 37 2% BT 5720 GHz BOEE S ENE 21778 0 72, WEEE L 25 £0.5°C
& U7z, AMEBEHEL LT Mty N7 —27F 5145 (Vector Network Analyzer, VNA)
W, KEEEIE & U T Time Domain Reflectometry(TDR) #%& H\\W 7z,

Agilent 8 VNA(N5230C, Agilent Technologies, CA., US) {Z High Performance Probe
(8570E, Agilent Technologies, CA., US) & Ecal 2= b (N4693, Agilent Technologies, CA.,
US) & AT 100MHz 5 50GHz O Tl %177 > 7z, High Performance Probe % i &
UCTH Y IV EEEM S, BEMIE T VXY TV T — 70V CH U fz, BRIE & ARSI Dl
fEIzik, OPEN, SHORT &FHEEURI L U CTENE N air, 7KER, HKZ ML 7=,

TDR E#lE Tl Tektronix 4O F VX4 Vv r A u A a3 =T s EA 0K 12ps DX
JLH — (DSA8300 and 80E10 TDR module, Tektronix, OR., US) Z A\, FEiiL 2.2mm %,
B 0em DIV Yy Rr—TVE(Vk, T4 77 by AEBT Ik 2 EETV, TFO
A o it 217 - 72,

L+ {(efo)/iw(yd)es (W)I}e fa (4.2)

Ei(w) 1 + {Uw(’yd)ez(wn/(cfs)}p s ’

(Y
(Y
o)

Vs (w)—Vy(w)

P R AMN
fi(zi) = z;cot(z), (4.3)
aw) = (wdfo) e,

THY, i(w) & e (w) RARRE L BERNOMEFERTH S, Tk, j IREBAR. ¢ 13
e, W AR,y BRI L OERE. d EXVETHB, Vo(w) & Vi(w) ik
KHIFRE & BN O KIHEY (Ro (). Ry(t) DT 75 ALMTH 5, MHRE & LT HILH
18.2MQ - cm DK (Millipore, Simplicity UV) & dimethyl sulfoxide (DMSO) % i\ 7z, X
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HRESE DS & e U, 4 [ TDR I 123 1 2 HE B B 8081% 100MHz 75 65GHz & R
Hohi,

ZNENOREIZ G VRENICEMZ BEEEMIE 5 2 L Cliibhiz, £zA—F koW
T, VNAJET3[E, TDRIET 8 A, HEfilX ¢ 2o %2232 2 L TREREZFEHLT S Z
ET. TNVREDOAE MR D &5 2 L OHRARWT VA SHEK U 727K 81T K 2 %08 % B
L7z,

VNA, TDR 75135 N /- EEFER ¢ (w) DEE ¢ LB ¢’ %2 LT D Cole-Cole = 8] ¢
i 5 Z & THERAANT A=K EZPREL 72,

Ae opc
* A o 4.4
€ (w) € ]6 600 + 1 + (jw’r)ﬁ ] EOW I ( )

ZZ T €oo BNFHBOFER, opo IFEMBLSEENED. 6 FEEOFEE, Ae TEAITH
. TR, 2 LT B IMBEHIEAM AT A—X (0<3<1) THB, Ae. 7. BD 3 DD
NTA—RIIFHEBEABIEZ BT 228 LTEETH Y, 7 IZEEEB QR MR, Ae X
WG T-E— A > MDD 2D TOBERE. B I XFBHIE — 27 2 JAFCIEEICT 585 A —
RTHO R XA FIVADOARE—WrzThTnkT, ZIT, fMAKZBIELIF1TH, 7
VRRAMATIE L EV/NSIWEZFD, TNTNOHEIZDNWT, L3 D2DNATA—-X%H
EDH—=T T4 TF4 TV TMNIT2TIZEORE LT,

43 HFEREER
431 IEERIREK

M 4.2 ZGH L EED TH-NMR %2/5RF, {bF> 7 ME—HEOHEIEDHTIZ TMS % W TKIE
L. KT OH B0k & 72 ¥ — 248 dppm (BTl S iz, K4.2bI10RT &5, 55
DT MLIZAE S T OH EUAD KRG 72 AEL HRDOE =27 13/NE | @RISR o7z, —IZKS
NTWB E51Z, TIVIEREURNDOMEERE 72 &3 n T EE 2 HIR I 5720, NMR T fEAIRRE A
WAT 2 B, NMR =2 O Th [EIC X O BES NS0, ERLD LS ¥ — 27 DR
BD SNz, AFRTRHAKSTORAF IZ AZOWTHIT 2720, OHEDOEY — 212250 T
D H—E DM 21778 o 7=,

4.3 12 PFG-NMR HlI%E 12 813 B {558 L A(g)/A(g) OWEEBFLE S WBL 5 7 TRT.
K41 H5bh b &S0, KMOMEE IFIBHAEE D &~ %, Hong 5 0 IAEOHEICE
WTHBETOKDFPEROIER D 2 RHDZ L 2R LD, ShE S N7z kSR ITHE — 0 DI
EERLULTWAD, ZOW|E LI LR, 20k, Hong 5 OHERSEIOJEH L b 1%
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BN RRENME, 63MHz DRV F by FNMRIZE > TiFbNEZZ EARREZE X 5N 5,
NMR DB REREDPMED 5 72O KGR VNI HRD Y T F N ERDY T F V% FEET E 8ir o7z
72 D% KN DIHBRBIESNDEEEZSNED, TNSIBKDE A F I 2 A% EME KM

LTWBEIE AR, Li & M 3G ok 7o Ty BRI 2ms FRETH 5 2 & 2k
LTE D, SEOHPETHW LB 20ms TIXAEE 7K L HEHKZ 28 U TEEBUR D D HLEBER
BE/RD ZEIFHRWEEZ SN, ZNIFEROMIRE ® —T 5,

Stejskal-Tanner 2 & 2 f##fi 7 515 6 NIHLHURE D 23K 4.1, ROEEFIRE & OBIFR% X
4.4 \ZHED Tz, X 4.4 D S HEBERBUI B EFRE D BN > THAD L TWL Z o n 5,

Onodera & O G857 )V D EEE IR EZA0IZ AL S WEEZA0IZBE S 2 8 BB & 28580
5. BEEFIEEOIE TV OMMEEE KONt T s e dbhroTwd, UL, 2O
EFIREREME XD 5 TR L, TP EEEFIRE I 5 & 2 & TOMM & 13T
WIS E 2 b £ 512D, T OMMIXEIE T VO EEFIEE % 246 X 72 512 HIE OFE R H
LELFEING, Thbb, BRERIEEZZHE U THEW L OBEREZHANS L H LM ETIE
BRI 2R T, TNABRIEBAMER 2 R T & D2 B, ARTED 515 S N HEBUREK S Fkk
DHEAZRTZENTREINEA, K 4.4 1TRT &5 IS HEMABAMER LD FRD Shikh o7z
. AL DB T IR & X i W he ) D EEEFIR AR EAZAL T 5 /i & 0 & #OFEIS
EBMOHFoTWBEEDbNS,

GG 7V R DK S3 F DIEEARBUEA K D IR EBUTE WMEZ R U2 Z e n 6, ZIbdd HEK
CHET R EDEEZ NS, ZI T, HFIROZEMAYT — V% r=V6DA L UTERT S L
9 10pm 720, ZHIEEBES VR O/NMNEIOK E X IZIEHET 5 15, X 51z, BEHIEE & 0BG
5 HBIMREE 35 £-0.73 (p < 0.01) &2 b, AEAADHEASRD Shiz, Zhsd Ok
S HEEERER DA 1F, BEEFIEE OB L O E 2 K 0 i< $5 2 & T/NEDFEY
MR REIN|MD L. TG L KD T & OEEHENEA I L IZLoTRIERBI I Nz E
AoNbd,

— /T, RIFERARIZGE TV OBEMEGIIZ BRI OB INZ > THA L, fML TH LA
31, AR & SEEURB ORI HEIZZRD S ah 5 7 (p < 0.05), o T, AR THES Nz
& 5 IR HEEAR I DR N IR B E FIIRE 1K AT U 72 7 L OIS E D A —MEIZ & > TORMRFT S
EEZoND,

432 FEEM

BONEDPSBONT-FEREFHMOT 2 FERIREL DI TUTOETHE, —DHITHE
CEEREOBBGEEVIC IOy U7 Cole-Cole KA 775 L% ZeThbh H143]
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FEFE DU IS U 2HEIA RO 5N b, 5 —DHIFRMBREOBEZE L., HEFEERD
JHBURAT N % I BN —RIEE TR 2 22 Th 5 M, AMETIIBED TIEZR
U7,

X 4.5 12 VNA HI5E 2 543 5 N7z INERFE 10 43, BEEHITEE 0.4wt% (281 3 B8 7 LV OFE
AR Z RS, 2o DRERIZ= DD Cole-Cole [ Z WS Z L THTT 5 LN TE T,
Kz, 20GHz (HEORERIEEHKIZHET 2 Z b o T d W9,

5 — 5 OEMERE L 1GHz MR B I Nz, HSMZEHEKE ZHOKRSTH S L&
A5, KEZYAZIZE o CHEBZ KIS NAEEKIZHRT 220 EZ2 505, Miura 5
RANLERGEE D Gk W TS Eo R 2 HIE L. 20GHz 2022, 1GHz %5 10MHz 12
O EDODBHINREINZAD 5NDB Z 8 %2R Tz, WA T XU, (KB ORERERR I3FE S K
BHULIZEWEZAE DI 20 TS VHEEITH S L S, AFETHRAROBIREITX 575
5, ¥, BRELSGEMDSITZAHDOA A DOXAF IV ARZKT S, UL, AKFEDOH
NI VD EEKEA F IV ARBHTH I TH DD, AETIZEEKIZDOWTDAHER
35, TDR » 645 0= FEmEMRE R 27700, BonzkEE%2K 4.1 128D 7,

X 4.6 12 VNA JIED 515 5 N FBRNRL r. AEEMEEEOMA 5 X —& B, BHRED
REEFRERAEZ R U2, £72. MARKBOZMIMIEE RS 7oy NCRUZ, V77V VA%
AW EBR T2 TR 572l 5T, 3% BREDOT I —N=2Ho5nd, ZhFEEr Ve
BMD A O AR —RMEIZHR T e FE A 6N 5,

MRS &, FBERMEER 7 IXMEARFIZ I EOMBEZ S (r=0.90, p < 0.01), BEFIEE
IR LR W e Db h oz, WX NSRRI ORI KD T O EBIE 2 KT X2 e
ZZ 5035, Kohyama & DA IT & VI INER R O BE AL S8 7 )V O W ik 7 % Fe 80 2 88 hn
IHDZLINTWAIEDS, BB 7 IR T 7L OBEMIG /% KL T W3,

— /T, BR8N A — & B ITRBHIRR & 1330002, BEEHIEE ORI > TR L (r
= -0.69, p < 0.05). MNEAFFFIZIZMHBE %2R E 22 o7 (r = 0.17, p < 0.1), Levy 5 D& 5
48] HEAREEIIZ B B0 A Y ORI B DA Z B 5T ZeMHMSNT WS, UL, 14
KB B T2 B OB, AV Y L% 3wt MAE LTS 0.3FETH D, S OHE
ICBITAMEAE IZRAE S, M4.6 5D S LI, BEFIEED 0.6% RETH->TH 5 1F
0.96 7°5 0.97 FTHAL T3, K> T, AW TE SN B DWAMEIE Levy 512 & > TH
HINZHDOLITR LRI RFEFFDOEVWZ 5,

— T, TS OB THEE & FIR X 12K FOBHIFENIZBE AL, B I3MAT 5 2 & 23
SNTW5, B OFWMAIHFHOBEIC X W KEME Ry N7 =D HLE NI LIckF &R
INB, TOEDBREKIKEGUHA BZRZTHENICED SN W "20-K1F 3727 21T
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Ehad, RIZETRO SNz L D% f DA D GG IV OMRINGE > F DA —MIZ & > TKA
FEXNZDIZEL AT — XA FIZATEBEDTHEEEZ OGNS, B DM & 7 IVEE
DAY V& DX ITEEDOWE &5 PG L 12,

£ —DDOFEEMNT A —RIIFEENBRE Ae THH, ROEBHKEZEEKWRT 5, L
MU, .4.6 55 Ae & EEFIERE 2 MZEE & ORISIZFRD S h o7z, WIZE ZE, Bk
BIIBHT UL GBIV OREEX/KS OB AR R K3 2 o1 Tldiew,

4.3.3 HERBIERMT

PFG-NMR 7 & BB RO BMIR EIS I K E < B> TH 0., §i#H % 20ms FEE, %41 10
75 100ps FRETH 5, ZORRICBHIFHEIEPR LS R TH > THHON//NT A —RITITHEE
NRDSNBIGENDH 0 Pl AL TH 2D & > MR 2 T FEOMH 2 A 5, AR
Wil & U C E KR & IR 0BG %2 M 4.7 12, B L HBURBOMNGEM A8 1T RT, £/, %
NENOMEEFK AL IZHD T,

HHKE X 25°C 128 1) BHUKDOREHMTRE 73.228 ok oko oz, £9. M4AT IR
THADOTE Y bOMEAERTAS L, HHAKEOWMD, T74bb SPLIEEDRINILE > THLEK
FREUI R E WAL T WD, SPI DIENNIHA S 2RI ORMEZ B3 728, T ORGSR IXERE L %

o —HT, ST INVEIZOWTRBRIZEEEL TA S &, HHEKE 2 IBBRBOBIZIZIRE 2
BEIIZRO sz, 22T, M4.70EEDTa Yy MIEBEKED 100% (2 TRV EZ R
LTWd, ZHUEABESLHIE TS W CEMZ RPN Bl & B 72 BITKDHEAK LT U £\, il
JADKTHZINTUE oI L ITRRTEEFZ6ND, TIVOREK (23 L A) IdEEflE
B E W CHEDCHEDOREN BN TH O, HERU TR ZTOLENH D, fE-> T,
Inoso7ay MIEBEIVO#EER KL TWS & IEE 2R\ 72O LU F O S IXE D B <
HD LT 5, MRS IR EMEIRD & 5 1ITIRERE L B KRB OHBIREE kD5 L GHT
0.99. BT IV T018 TH-o72720, HMIZHHKEZ KT 5721 TIEHEE T LV ORGER Zh
ERBEU 72K T RAF IV RAEZREOTEZLIETERVWI b hb,

2. B IR OH B OBGREX.A8 IZTRT, LBEFLEOHBKEL DI IZR LD, ©
A, GIEDOESL SICHPMERMHMELRDSND, £/, FEBANEN 7 L IEBHREE OMERS H
LA, BRI VIZE W THBEIERD S h o 7z, AR 7 I3 EBREUC AR Tl
THRWRMISIZB T 2K TOREES 2 KM L TWab 720, mEICHE RO oozl
EZoND, THDL, HHRBASEWCKREZ 7 — )L (K\WZEE 27— V) (281 5K T 0K
DNIfE % KL TW5— /T, aFERAR I ORI O /N 2 ZEM A7 —I)VicB 1T 2 [T
K78 2 KL TWBd Z DRI NG, — AT, SITRKMEING KD LAKZEHEEGRY bT—
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DAY —MIZINE D KREREMAT -V E2FOZLBRESNTEY W8 Zofars i n
X B DKL TWBZER AT — )VIZH-—DKG T2\ D & D IFKD T HEEEE £ - 72 MG R DK
XITHB MW, LasoT, BANMTBEMATT—ViZr DENLDLENIKREL, ZD7-
DR L BHENEL e EX 5N 5,

.48 12 RS EMEBARTITA L TEX VOB 2 KL TH 0, HEGREIE T Eh-0.87
£-0.95 THH., WHICHEAENRD -7z, ZOMBEPTOERERKA2ITRT, ZOZDEFEFNTE
NEZDEFEER->2HEEZRLTWSEEZX SN, TATIE SPIAEKKE LT~ 2 ooz
EBRMESNTED, EET VTR T IV OMMEEDE(LZ KL TWs, 2O X512, 4HR
ETNE VST LI BRRLBLRDERTH-TD -1/D RAT 7T LT 2175 2 LB T
L ETNFNZRABEDEDONDL e Dbh oz, 51T, SEIES Nk RIT 7z B
. EFBMEEN 2 T X AR X<HIET B, DL R TFIREIEROAR ST, il
DAHPTIVICEHEHATRETH 5 LIt TE 5,

44 FEOD

FHEH L PFG-NMR %2 H#HIZ WS Z & T, GE7 IV E G0 KS T 0EliE & if
)2 B RIS B W TEBII U 72, BEMARR » LFERAFEMIMANT A —X B iEZEN
ZAINBER & FEE IR R U T2 L. SR OREWTIE ) & MRS O R — 1A KT 5
ZEWbhrot, KO TOMMEIBRE D 13 B IHGT 2 LS BEMZR LI 05, TILD
WG Z KL CWd EEZO6N5, TNTNOMEE 5-1/D L UTEEL- 24, HAL
SIS CRRZMHBEBRENRO o, TNZTN-0.87, -0.95 Th-o72, INODFERNS, FESH
& PFG-NMR &2 HWTKDF XA F I ARSI 2T, KOFOImEE - M EE) % R
D T oITRT VO EM YRR A EE R REO T 2 ENTE VWAL, FAKOTF
FEIZMD TV BT IVIZBISHAEETH O, Fiz i fiFike U THiffcE 5,
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Table 4.1 The three dielectric relaxation parameters, the dielectric relaxation time 7,
the dielectric relaxation time broadening parameter 3, the dielectric strength Ae, and

the diffusion coefficient D and the sample condition, the SPI concentration, coagulant

concentration ¢, and heating time t, obtained by the series of experiments.

SPI (wt%) ¢ (wt%) t (min.) 7 (ps) B Ae D (m?/sec)

Soymilk? 5 - - 7.93  1.000 721 2.08x107°
7 - - 9.33 0910 589 2.00x107°

9 - - 1.02  0.882 51.1 1.92x107°

Tofu Gel® 7 0.5 30 921 0.913 63.0 1.87x107?
7 0.6 30 10.12  0.895 61.4 1.82x107°

7 0.7 30 840 0.926 64.8 1.91x107°

9 0.5 30 11.26 0911 63.5 1.93x107°

9 0.6 10 9.67  0.907 66.3 1.88x107°

9 0.6 30 10.36  0.949 719 1.81x107°

9 0.6 60 8.44 0983 733 1.78x107°

9 0.6 120 924 0.884 60.1 1.88x107?

9 0.7 30 9.27 0.911 629 1.79x107?

Tofu GelP - 0.4 10 8.26 0.974 63.3 2.06x107°
- 0.4 30 839 0.974 63.1 1.99x107°

- 0.4 60 852 0.982 64.1 2.01x107?

- 0.5 10 813  0.966 65.9 1.99x107°

- 0.5 30 845 0974 63.3 1.99x107°

- 0.5 60 852 0.961 62.0 2.00x107°

- 0.6 10 820 0.962 64.9 1.96x107°

- 0.6 30 8.45 0968 62,9 1.96x107°

- 0.6 60 852 0.968 62.0 1.99x107°

& Made from a SPI dissolved in ultrapure water and measured by TDR.

b Made from commercial soymilk consisting of a 9% soy protein component and measured by

VNA.

Table 4.2 Linear regression analysis of the correlation between the dielectric relaxation
broadening parameter S and the inverse of the diffusion coefficient 1/D.

Slope Intercept  R? Pearson’s r
Soymilk  -2.88x107°? 2.37 0.81 -0.95
Tofu Gel -1.45x107% 1.70 0.74 -0.87
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Figure 4.1 Schematic chart of the stimulated echo sequence.
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Figure 4.2 'H-NMR spectra for (a) soymilk and (b) tofu gel at 25 °C. The large peak
near 4 ppm is attributed to water protons. Other smaller peaks are attributed to 11S,
7S glycinin and lipids.
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Figure 4.3 Attenuation curve of the signal intensity obtained from the PFG-NMR mea-
surement for soymilk and several coagulant concentrations, (open triangle) 0.4 wt%,
(open square) 0.5 wt%, and (open circle) 0.6 wt%, of tofu gels heated for 10 min.
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Figure 4.4 The relationship between the coagulant concentration and the diffusion
coefficient of water molecules in (open diamond) pure water, (x) soymilk, and tofu gels
with heating times of (open circle) 10 min, (open triangle) 30 min, and (open square)
60 min.
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Figure 4.5 Fitting curve example for the Cole-Cole equation for a tofu gel with a 0.4
wt% coagulant concentration and 10 min of heating time. The dashed, and dotted lines
indicate the first process, and the second process, respectively. The direct current (DC)
component that only appeared in lower figure, was depicted by chain line. The solid

line indicates the sum of these components.
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Figure 4.6 Dielectric relaxation parameters obtained via the curve fitting procedure for
tofu gels with heating times of (open circle) 10 min, (open triangle) 30 min, and (open

square) 60 min. The error bars shows the standard error for multiple measurements.
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Figure 4.7 The relationship between the diffusion coefficient and the free water con-
tent for (x) soymilk and tofu gels with coagulant concentrations of (triangle) 0.4 wt%,
(square) 0.5 wt%, (diamond) 0.6 wt%, and (circle) 0.7 wt%. The open and closed
symbols indicate the commercial soymilk samples and those prepared using dissolved
SPI, respectively. The solid and dashed lines indicate the regression analyses for the
soymilk and tofu gels, respectively. The error bars show the standard error for multiple

measurements.
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Figure 4.8 The 1/D - 3 plot for (x) soymilk and tofu gels with coagulant concentrations
of (triangle) 0.4 wt%, (square) 0.5 wt%, (diamond) 0.6 wt%, and (circle) 0.7 wt%. The
open and closed symbols indicate gels made from commercial soymilk and dissolved SPI,
respectively. The solid and dashed lines indicate the regression analyses for the soymilk
and tofu gels, respectively. The error bars show the standard error for multiple times

measurements.



64

22 3L E

[1] Anna H Wu, Regina G Ziegler, Pamela L Horn-Ross, AM Nomura, Dee W West, Lau-
rence N Kolonel, Jeanne F Rosenthal, Robert N Hoover, and Malcolm C Pike. Tofu and
risk of breast cancer in asian-americans. Cancer Epidemiology and Prevention Biomark-
ers, 5(11):901-906, 1996.

[2] Mark J. Messina, Victoria Persky, Kenneth D. R. Setchell, and Stephen Barnes. Soy
intake and cancer risk: A review of the in vitro and in vivo data. Nutrition and Cancer,
21(2):113-131, 1994.

[3] Kaoru Kohyama, Yoh Sano, and Etsushiro Doi. Rheological characteristics and gela-
tion mechanism of tofu (soybean curd). Journal of Agricultural and Food Chemistry,
43(7):1808-1812, 1995.

[4] Molamma P Prabhakaran, Conrad O Perera, and Suresh Valiyaveettil. Effect of different
coagulants on the isoflavone levels and physical properties of prepared firm tofu. Food
Chemistry, 99(3):492-499, 2006.

[5] Kaoru Kohyama, Michiyo Murata, Fumito Tani, Yoh Sano, and Etsushiro Doi. Effects
of protein composition on gelation of mixtures containing soybean 7s and 11s globulins.
Bioscience, biotechnology, and biochemistry, 59(2):240-245, 1995.

[6] Yonggiang Cheng, Naoto Shimizu, and Toshinori Kimura. The viscoelastic properties of
soybean curd (tofu) as affected by soymilk concentration and type of coagulant. Inter-
national journal of food science € technology, 40(4):385-390, 2005.

[7] K Nishinari, Y Fang, S Guo, and GO Phillips. Soy proteins: a review on composition,
aggregation and emulsification. Food Hydrocolloids, 39:301-318, 2014.

[8] Ying-Chia Huang and Meng-I Kuo. Rheological characteristics and gelation of tofu made
from ultra-high-pressure homogenized soymilk. Journal of Texture Studies, 46(5):335—
344, 2015.

[9] MICHIKO FUCHIGAMI and AI Teramoto. Structural and textural changes in kinu-tofu



27 ik 65

[10]

[11]

[12]

[14]

[15]

18]

[19]

[20]

due to high-pressure-freezing. Journal of Food Science, 62(4):828-837, 1997.

Feng-Jui Kuo, Cheng-Chang Lien, Yu-Ya Huang, and Ching-Hua Ting. Use of ultrasound
for measuring tofu texture. Engineering in Agriculture, Environment and Food, 4(3):83—
89, 2011.

V Urbonaite, HHJ De Jongh, E Van Der Linden, and L Pouvreau. Water holding of soy
protein gels is set by coarseness, modulated by calcium binding, rather than gel stiffness.
Food hydrocolloids, 46:103-111, 2015.

Yuzuru Onodera, ONO Tomotada, and Katsuhiko Nakasato. Homogeneity and mi-
crostructure of tofu depends on 11s/7s globulin ratio in soymilk and coagulant concen-
tration. Food science and technology research, 15(3):265-274, 2009.

Guadalupe Préstamo, M Lesmes, Laura Otero, and G Arroyo. Soybean vegetable pro-
tein (tofu) preserved with high pressure. Journal of Agricultural and Food Chemistry,
48(7):2943-2947, 2000.

JM DeMan, L DeMan, and S1 Gupta. Texture and microstructure of soybean curd (tofu)
as affected by different coagulants. Food Structure, 5(1):11, 1986.

Xingyun Peng, Chengang Ren, and Shuntang Guo. Particle formation and gelation of
soymilk: Effect of heat. Trends in Food Science & Technology, 54:138-147, 2016.

Takao Nagano, Takeshi Akasaka, and Katsuyoshi Nishinari. Study on the heat-induced
conformational changes of S-conglycinin by ftir and cd analysis. Food Hydrocolloids,
9(2):83-89, 1995.

Teng Li, Xin Rui, Wei Li, Xiaohong Chen, Mei Jiang, and Mingsheng Dong. Water
distribution in tofu and application of t 2 relaxation measurements in determination of
tofu?fs water-holding capacity. Journal of agricultural and food chemistry, 62(34):8594—
8601, 2014.

Teng Li, Xin Rui, Kun Wang, Mei Jiang, Xiaohong Chen, Wei Li, and Mingsheng Dong.
Study of the dynamic states of water and effects of high-pressure homogenization on
water distribution in tofu by using low-field nuclear magnetic resonance. Innovative
Food Science & Emerging Technologies, 30:61-68, 2015.

HL Wang, EW Swain, WF Kwolek, and WR Fehr. Effect of soybean varieties on the
yield and quality of tofu. Cereal Chem, 60(3):245-248, 1983.

TD Cai and KC Chang. Dry tofu characteristics affected by soymilk solid content and
coagulation time. Journal of food quality, 20(5):391-402, 1997.



27 ik 66

[21]

[22]

[25]

[30]

Chuan-He Tang, Ling Chen, and Edward Allen Foegeding. Mechanical and water-holding
properties and microstructures of soy protein isolate emulsion gels induced by cacl2,
glucono-d-lactone (gdl), and transglutaminase: Influence of thermal treatments before
and /or after emulsification. Journal of agricultural and food chemistry, 59(8):4071-4077,
2011.

Edward O Stejskal and John E Tanner. Spin diffusion measurements: spin echoes in the
presence of a time-dependent field gradient. The journal of chemical physics, 42(1):288—
292, 1965.

Naoki Shinyashiki, Wataru Yamamoto, Ayame Yokoyama, Takeo Yoshinari, Shin Yagi-
hara, Rio Kita, KL Ngai, and Simone Capaccioli. Glass transitions in aqueous solutions
of protein (bovine serum albumin). The Journal of Physical Chemistry B, 113(43):14448—
14456, 2009.

N Miura, S Yagihara, and S Mashimo. Microwave dielectric properties of solid and liquid
foods investigated by time-domain reflectometry. Journal of food science, 68(4):1396—
1403, 2003.

Y Maruyama, Y Numamoto, H Saito, R Kita, N Shinyashiki, S Yagihara, and
M Fukuzaki. Complementary analyses of fractal and dynamic water structures in
protein—water mixtures and cheeses. Colloids and Surfaces A: Physicochemical and En-
gineering Aspects, 440:42-48, 2014.

Fumiya Abe, Akihiro Nishi, Hironobu Saito, Megumi Asano, Seiei Watanabe, Rio Kita,
Naoki Shinyashiki, Shin Yagihara, Minoru Fukuzaki, and Seiichi Sudo. Dielectric study
on hierarchical water structures restricted in cement and wood materials. Measurement
Science and Technology, 28(4):044008, 2017.

Satoru Mashimo, Shinichi Kuwabara, Shin Yagihara, and Keniti Higasi. Dielectric relax-
ation time and structure of bound water in biological materials. J. Phys. Chem.;(United
States), 91(25), 1987.

Udo Kaatze. Complex permittivity of water as a function of frequency and temperature.
Journal of Chemical and Engineering Data, 34(4):371-374, 1989.

Shin Yagihara, Mikio Oyama, Akio Inoue, Megumi Asano, Seiichi Sudo, and Naoki
Shinyashiki. Dielectric relaxation measurement and analysis of restricted water structure
in rice kernels. Measurement Science and Technology, 18(4):983, 2007.

Yaroslav E Ryabov, Yuri Feldman, Naoki Shinyashiki, and Shin Yagihara. The symmetric



27 ik 67

31]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

broadening of the water relaxation peak in polymer—water mixtures and its relationship
to the hydrophilic and hydrophobic properties of polymers. The Journal of chemical
physics, 116(19):8610-8615, 2002.

Yonggiang CHENG, Naoto SHIMIZU, and Toshinori KIMURA. Rheological properties
of mgcl2-coagulated tofu and conditions for hard tofu production in china. JOURNAL
of the JAPANESE SOCIETY of AGRICULTURAL MACHINERY, 66(3):98-104, 2004.
John E Tanner. Use of the stimulated echo in nmr diffusion studies. The Journal of
Chemical Physics, 52(5):2523-2526, 1970.

Manfred Holz, Stefan R Heil, and Antonio Sacco. Temperature-dependent self-diffusion
coefficients of water and six selected molecular liquids for calibration in accurate 1h nmr
pfg measurements. Physical Chemistry Chemical Physics, 2(20):4740-4742, 2000.
Kee-Choo Chung, Hyo-Yeon Yu, and Sangdoo Ahn. Convection effects on pgse-nmr
self-diffusion measurements at low temperature: investigation into sources of induced
convective flows. Bull. Korean Chem. Soc, 32(6):1970-1974, 2011.

Takashi Iwashita, Tsuyoshi Konuma, Erisa Harada, Shoko Mori, and Kenji Sugase. Use of
glass capillaries to suppress thermal convection in nmr tubes in diffusion measurements.
Magnetic Resonance in Chemistry, 54(9):729-733, 2016.

William S Price and Markus Walchli. Nmr diffusion measurements of strong signals: the
pgse-g-switch experiment. Magnetic Resonance in Chemistry, 40(13):5128-S132, 2002.
Robert H Cole, Satoru Mashimo, and Paul Winsor IV. Evaluation of dielectric behavior
by time domain spectroscopy. 3. precision difference methods. The Journal of Physical
Chemistry, 84(7):786-793, 1980.

Kenneth S Cole and Robert H Cole. Dispersion and absorption in dielectrics i. alternating
current characteristics. The Journal of chemical physics, 9(4):341-351, 1941.

Charles P Slichter. Principles of magnetic resonance, volume 1. Springer Science &
Business Media, 2013.

Young Shick Hong and Cherl Ho Lee. Self-diffusion coefficient of water in tofu determined
by pulsed field gradient nuclear magnetic resonance. Journal of agricultural and food
chemistry, 54(1):219-223, 2006.

Jean-Louis Damez, Sylvie Clerjon, Said Abouelkaram, and Jacques Lepetit. Dielectric
behavior of beef meat in the 1-1500khz range: Simulation with the fricke/cole—cole

model. Meat Science, 77(4):512-519, 2007.



27 ik 68

[42]

[43]

[44]

[47]

[48]

[49]

Kota Watanabe, Yoshinori Taka, and Osamu Fujiwara. Cole-cole measurement of dis-
persion properties for quality evaluation of red wine. Measurement Science Review,
9(5):113-116, 2009.

Stuart O Nelson and Samir Trabelsi. Dielectric spectroscopy of wheat from 10 mhz to
1.8 ghz. Measurement Science and Technology, 17(8):2294, 2006.

Constantino Grosse. A program for the fitting of debye, cole—cole, cole-davidson, and
havriliak—negami dispersions to dielectric data. Journal of colloid and interface science,
419:102-106, 2014.

Udo Kaatze. Reference liquids for the calibration of dielectric sensors and measurement
instruments. Measurement Science and Technology, 18(4):967, 2007.

Evgeniya Levy, Alexander Puzenko, Udo Kaatze, Paul Ben Ishai, and Yuri Feldman.
Dielectric spectra broadening as the signature of dipole-matrix interaction. ii. water in
ionic solutions. The Journal of chemical physics, 136(11):114503, 2012.

Ernst-Joachim Donth. The glass transition: relaxation dynamics in liquids and disordered
materials, volume 48. Springer Science & Business Media, 2013.

N Shinyashiki, D Imoto, and S Yagihara. Broadband dielectric study of dynamics of
polymer and solvent in poly (vinyl pyrrolidone)/normal alcohol mixtures. The Journal
of Physical Chemistry B, 111(9):2181-2187, 2007.

Shin Yagihara, Megumi Asano, Masanori Kosuge, Sousuke Tsubotani, Daizo Imoto, and
Naoki Shinyashiki. Dynamical behavior of unfreezable molecules restricted in a frozen

matrix. Journal of non-crystalline solids, 351(33):2629-2634, 2005.



69

B5E

Bk < MBS FRED D F O /WS A
T XU AR

5.1 BH&:

AE D HiE (Dielectric Spectroscopy; DS) &, TN E TOEH K% 100 FH. ARG DL
AIICBWTEERGE 2R LT Ez U, dlrEELe L. A T7Eh¥ Yy Iab—vay,
NMR, 7 & O BARMEE B2 B 1 B MO REFEIC AR, FESLIEO RS BE 2R IE T 08
HRHIRDORIA T TH 5, ZORED S, FESNEFZEERRP, R v — F 7 AEBMEREK
7 X OWEOMEIZ AV Sh T\ 2,

— iz, W KD RS TR OFERA BRI E MHz 2*5 THz O CTHHIE n
%, DTMHRRICET BB NEOMRIIREL Z 207 e —FitbiTohd, —Hix. &
B IED LIS 2 F D IT R L. I8AWIRESIZE T 20 FEBOZEMAC T T AR E D
WEZBWT 2L Vo2 FETH D, 5 —HEFEICERIGEVEEDREICEWT, GHz 225
THz 382 B 5 @ ARIEGEE S EZFHWEZFIETH D, HIRAEBREDHRLEZZEL TV
5O TR,

HoAEBERITHE (5 AR) ODWZIZEWTEAR —~lio 7 )L I —)LizBEWTIE, K
WAl 5 Debye #FE & o R (HEERER) O =D DEBABRENIED 5015 B4, —fiz, Debye
W7 VI =V DKEEESY N =TI X > TR I NS BH THEEDORENTH D L
EZH6NTVWS, ZOBDTREENRED XS DI DOWTIRRZIZHEMDA . Transient
Chain Model(TCM)B! % 3 &)L 6] 72 ¥ D€ FILHHEE - RSN T WS, Debye #fEDE 5 —
DORHE LT, ZOBRIZFEBENNIETOABHIINDG Z L0 IFo5N 5, £ LT, Debye it
DAl 7 )V 32— LK TEHE N2 I2H-b ST, R, =ik DLl 7 V3 —)L Tl
BRI NRNO2IE L DI o TWRY, Pawlus 5 M IZ—li7Va— L2 ETEI LT i
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LA 9 2T Debye @EVHRT 52 L 2R U7z, ZHiE, @ECXOKEHEEGLRY b7 —
IHEE N, BHTREDOEN & B— N T OMABEI IR RozdZeBEZ 5N 5,

o BFEITREERHER (Differential Scanning Calorimetry; DSC) 7% & T Bl = 1 2 #Hi&
FEAIE A URIEZ R OBIERETH 2 L EZX 5N TE D, o WFEOEMIKEREA 100 225 1000 Bz
BT BIRENBPED SBSNH T AEBREIC BT e ohTws Bl x5
o TR ORI RE AT R i BEAR AR (3B AREL iR M L. Kerr IR EDOFIRIZ K D MEFER L
—HT 5L e ALOEHEIIBVT., FEMNETESNL o BRIZIEITEZ RTZ 2
MontTnsg M) x5z, KRNI EWTIX o @21k Johari-Goldstain(JG) MBI HHEST 5 &
Wo AR RO Z 2 RIS T WS Bl A RIIE TR T AEBIRE & 0 B ED I E VIR
IBIBRETHZ720, JGBRRIZOWTIEHFET 2 HENL W,

o JBFED & 5 7RIERFME % RO REALEFLIE Havriliak-Negami(HN) 2t 1)

Ae
* g - - < .
€ =€ = ot oy <@L o1
WZEoTRSRHE O oNS, 2T BEZBEER, ¢ IFEXR ¢/ FEBEEKL, 1T

HIZB W BHER, Ac IBHIEE, 7 %%%ﬁ%ﬁ\%bfjuﬁﬁﬁﬁﬁ%é.é6m
KD o & BIFIENF B OHFMEDBERIGH M NRTA -2 THE, HNRiFan 1 DL &
Cole-Cole(CC) & 12 iz—F L. B 7% 1 DI Cole-Davidson(CD) =% 13 iz —%¢ %, Kz, o
B M 1 DL Debye Uz —3 L. Sk U7z Debye ##£1% Debye X CTHRED 1T 61 5,

77T AROMEE TR, GRBISICE T 2FEMGENE» S —ffioT7va—nics
WT 3 DOMBABREAFIET 5 Z AMESINTVWS 41T s DBANCIZ o B D & 5
7280 — W R IERR I IAFAE U 72 0y, RJE A D@ FE X Debye i@f2 & —309 5, LA L. o @FEIZH
g DHEFNTIEAFRDO —DDFEMTIE R <, MR ZODFEMOERGLEL L THTEINE Z
EHE,

AR TIE—liD 7V 3 =)V ORI E W T & DR E TV % W72 #2477 572, £
7. AW TIEZNENOENER 2 (KH KM A S Debye @2, o @, [BRLIERI &I
5,

fERHE 7SV A (Pulsed Field Gradient; PFG) I& NMR JIEEIZH W TY A I A )L DFHEEX,
MM O, NMRICEB 1 A—Y Y2 (MRI) % R4 2R TRASNTWS, /-, BE
ROETNTNDH THERBOEWICEHT 52 LT, TNTNDOHFICHKT EART ML
/Y#E$ % FE & LT (Diffusion Ordered SpectroscopY; DOSY) A5 T3, 1z 5 &I,
DOSY #EzBYNZHWS Z & T TR ZIREST 5 Z & W TE 5, PFG 2R H U - HLHfR
¥ DM Stejskal & Tanner (2 & DR X 18] FRERSH KA D HEEUREASIRE S iz, B
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B, PFG Ofk% RIGHEDS TR S N, BUE TSR EIEAZ & 19 & & okkx W8 o vt i
ZRIHT TNV S,
7 DI HEFRER & Bl ER 2 R D1 5 & U T, Stokes-Einstein(SE) &,

kT
"= i D ! (5.2)
& Debye-Stokes-Einstein(DSE) =,
8mnR3
T= T (5.3)

NENZTNHOSNT WD, 2T, DIFMEIRTBGRE. kg TRy v V@B T I3MRE, n
IRAEDOREME, T IZBEEMR, T LT R, & R, X - MEEDOERERT, 22T, HEE
FIRFE 7 130 T EB) OMBIREIZOTIR U THE O, FHINS 2253 7 OB BRI 1357 7 O B R L
R OWHEER DN TES, SE XN& DSE Rz $ Ba s RKENH 2 Z L RIS
TWB A 2022 K% T ld Fujara & 23 X Mazzal?Y S 0@ETHW SNz & 5 BRIz #
U7

—fiz, SE RIFAHDERIZB VT, DEEOFAIZIERE & SOk 2 8P 5 L
TE<{HVWONTWVWS, LnL, ZOXPEDREDORE X DOHHES NI FICETHHATE
5O L Do TR, £72, DSE RFFEEMGM L 5 FOKE X OBKRE LR T
B0, A5 AEBERIT LSRR TIBEATE W Y, #525812 DSE X&#MAT 572
O, 7% HBHEHTHEL T fractional-DSE ADFI SN TH D, ERIZH I ARTHHAINTWS
(25:26] UL, B8 R, OEERWICE T 2HEEIF 0 Tldkw,

INFETIZT, SE A% DSE Rk~ BRI CTHAINTE /20, 2R3 0 TRIZHh7 5161
BRGEIE IR T TRy, REFETIRAES YL L PFG-NMR &2 W3 Z e T, —
fili, —ffi, =ffi7 L a—i, =FL>FY)a—Lxt) Tv— (EGO), W 20OEKFE, T LT
IKD BRI & ML BRI & e U 7z, 72, TNk 2 k2 55 L. SE R
& DSE REH Wi 2175 2 2HRE 5, 51T, Ry & R, &t & [fid” L)
EUTEHRL. TN ThOp TREZREOT-, £/, TNS5DH R, /R IZDWTH L 72,

5.2 =B’
52.1 BV IR

AR THW AR 2R 5.1 IHED 2, TNEFNORLILERIZRL, BA L ZHE0RHIR ] 7242
AT ZOXEMH L, HWY 2 PV —fi, —fi, =fi7ra—nr, =FL 7Y a—
WA I —, IERERE GV (BEEEEE UC) oI ng,
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52.2 EEERMAE

FENIERE LA Y E— XY 2T F 514 (IA, Agilent, 4204A, 40Hz-100MHz), | ¥ ¥ —
RYAZFYTLTF 54— (IMA, Agilent, E4991A, IMHz-3GHz). <2 kb iy b7 —2
7 F 7 4% (VNA, Agilent Technologies, N5230C, 100MHz-50GHz) ® 3 D DR EZEHEG L T
HAWa Z & Tfiteo 7z, — ORI OMIEIZ X Time Domain Refrectometry  (TDR) %%
W THHDREIZE D, 2T 40Hz 25 50GHz 12 2 J& FEAHEIC B 2 WE 2177 -
7zo E7z. WEREIX 2540.5 °C & U7,

IA & IMA ORIEIZIE open(ZE5i). short, load(50 Q) @ 3 D&MH U, (ZiEHREK & B -
YNV NEEDMEEFTR 572, VNA 121 open(Z24). short (ZKER) % FH\C BH O ] il 4
MO IE &7 572, load DD D LB HEREIE LToZ7ua R AzHW, #BEICREST N

PAEEMANS A =& P o RIER T > 72, 55 NBEREMMIIRIE Levenberg-Marquardt
W% 1281 & (R U CRAT L 72,

5.2.3 PFG-NMR 8IZE

—i#HD PFG-NMR #lIiE 1213 701 b > O ILIGE EE 400MHz @ NMR(Bruker, 400WB) & Diff
50 71— 7 (Bruker) %\ 7z, TN ZFHOEHIAMPZRETHIE T, TMS &\ o 72{b%¥
V7 MRIEBHEIXMEHAE S, WERICHRRELZ 217572, BB L LT, diizilflss-o
(291 8mm EDEME &2 7z, /LAY —7 v A2 & LT Stimulated Echol??) & —4 > 2%
W, HERMESGTRE g 7 10 205 2300gauss/cm £ TELIE 2 Z & THIEZ TR -7z, 6Tz
1E 590 DI % Stejskal-Tanner 2 (18]

= —exp((798)*(A — §/3)D), (5.4)

I(go)
ERHWTHNT U, 22T, v IXEKEERL, 6 IXERES EINRM. A TIEdEHE, 2L T
1(9)/I(go) & & BERESRE g L —HEHO T 0y FDEBWELTSH 2, WS SV AD
F—=N—=2a— NREDHELZFOT 20, YA VIR OMBHES SV A2 Wz, £7-, {#
R EIINER 6 & BRERRERT A X2 N Z 0 1ms & 20ms (IZEE U 7z, MERHEES TR E O F 1F [ HE
&L THlKZE FV, 25 °C I B 1 B IRBR A STk 112,209 x 1079 12 —30F % & 5 IR
SR % RE U 7z,
TN NOYPE TIFERNES HRE % 64 B T2 5 2 & T, BEBEZGZ, RARMERHE
LRI N ROILBREITIR U THRE L7z, HIZIE, 7V vu—LD &5 2O s WYE Tl
70— T OEAERESETRE TH S 2300gauss/cm F TEHML, 1-7 X 7 =)D & 5 KK MEY)
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B CURMERHE S R T O F KA 1% 300gauss/cm & U7z, WL D OFEHIEE D NMR ¥ —72 %
FFD728, TNTNH 2T UL BERRICKIR 2 (b U /e, BRI 2540.1 °C & L7z,

53 MRCEEE
53.1 HEEMIRART

BI.5. 1 IZ—fli 7 VI — v Dfile LT 1-7 & 7 — )LV OFEEFEMEIRZ RS, 300MHz fHEIZKE
IRAEFIERE, 20GHz (L IC/N X RARFRFEN Z N ENRD 5N D, SEBFIEOEREIEMO TN
<L 72 ERHMEAR RO DM IFEREZET 5, HRTEREZLSIT, —~fli7ra—ro
fRATE TN & U TR Z = 2E 5 Tk B2 & Zofe 35 7k 1 235 Ed 5.

R 1% THz £ CORPEBIKICO -2 ETH 5720, 5 E ORI E TI3mE @A oM
EEEITAZIETERN, ZIT, ZOMFETLNTIEAR ) =), T& ) =), 1-TaxX ) —
IV D SHRE 16 23 S SEFIRFR 7 & ARFITERIE Ae 2 AR D . T O 2 MM & U TIN5
EE W 21T o7z, TNETNOEMNT A — RO FHAEIZ i 7L 3 — )LD R EE % 25
EUTREFAOIMFMEL UTIRE LTz, K522 7 & Ae DFHIEKRERT,

IS DOFHIMEZTTIZLU T, Debye RO =DENREGOE TN U 7-AERZ2M.5.1 DFEMRTRT,
B ST, b @AM O B R IGARE O B EBUR T8I T E Rz, PREIZEE L7z,
ZD7 BERIZBT 5 M s X TR\, — AT, Debye i@ & o MR 14 A O BLHIE
KBTI AN—TETWE, ETOliD T IV 3= DWTRBKDIMREN %217 > 7= K5 R %
X.5.2127may hU7z,

Debye 2 & Cole-Davidson R =D O @F2 % Fi\\ 7 il T 1L FHEE XA . BRI S
Debye J&EfE % FHENZMET U, 202 H - 725 DIZDWT Cole-Davidson 2T o J@&FE % T L 7z,
I o DRERB FERRIZH.5.2 1R, IFAEDMATA =R 0 l3BLZ 035504 THo,
ZOBAEBRREIERNHTH 5720, UTOR B8 2 HWCHBERELED Y — 2L U T ORI
Tpeak Zal BT DREND 5,

T

o0 (o)

, (5.5)

Tpeak =

Tl

ZZTalk BiddA51 &8T5,
—fli 7V 3 =)V L [ERRIZ, KTEHEEDOEMEFELED 55, Barthel 51k 25 °ClZHBIF 5
IKDAKE I DFEFI % 8.32ps L HMEL T W2 M, oW THIFE A LR UMENERE S

T\ [16:32.34 72 Hansen 5132 OFEMIE Debye #@ETH B 2R L2 M, —HT, &
JEMI D o FEFITIE 1.02ps 75 0.169ps £ TORZZEAME S THp 14163234 —p5
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ZNZENDEFEIL DD Debye ADEREGHLE L LTSN TVWAETIE—EHLTWS, Kl
FTIFHME XN TV BEAME 1.02psM & 5/Mi 0.169ps!t6) 2 A L. U T ORI T 5.
—fli 7V 3 =)V KB DEARI T o R e b b B—OFEFAERROAPEBIS Nz, =
fii. =Afi 7 )L 2 — )Lk Cole-Davidson T, EGO (% Havriliak-Negami AT &k < Glik 925 Z & A3
T&E 7z, F7z. FARFEFEMWBAGENZ DWW TIESUiEZ A L7z, CD X& HN ArsBF 50
7o AR NI RE.5 Z FHWTHIEL, R.5.1 ICHED 7z, PARRIIR ICH S W WER D | o IEFE DRERIIRE
B Tpear ICHHIEL 2B D & U TS 5.

5.3.2 PFG-NMR f&#f

M.5.3121-7 X%/ =)D 'HNMR ARZ b EzhFn—2lkEs25RT, MPORSIEZ
NENOERERIIFIELTWDS, —HOHEIFAY =V 7270 F, BME %2 AW 720— K1
72 NMR HIGEIZHAR S & ¥ — 27 O fgae L XFMEIXS 5, LU, IEEGREOITIZ I EhEn
DY — VR ERA LD, DREOHEIT RN EARE D,

M.5.3 DE¥—2 1,2, RO 5 ZZFNTNDEEL T N7zhY, 3,4 DX S IZHEELREERE D
FEA—DOE =2 UL, TNFhOY— 27 HEOMEEE DR ERZM 5.4 12RT,
FRREA 54 ZHWET UAERTH 2, 2o O » SRR Y —2 T it/ o
7=, RBIZZOMREE LML, OB ORI E Uz, BIZIE 1-T7 2 7 — )L OHEEERE
1% 1.4340.01x107 1 m?/s 2720, ¥—=2@OEEIE 1% LRIl z 507z,

5.3.3 D-n O

—HEDHED 5155 N HLEURE D LR n OB ER 5.5 1TRT, TUENDEE BE X
BRIEER.5.1 1IZHED 72, IRARGRE & KPR X IZ S I W 72308 C 3 #00 & 4 712 2 MR A W E % 7R
L7z,

FRWERIE SE R & 2 BN RIEDFERTH Y, M~ DT 4 v T4 VI IRFTA=XT
BB Ry 131.90x10719m &Rd SNz, ZOFERIE. MEVE L KRB OBEGRL S TREIZ L 5T
—BNREBRTHATE S Z L 2RTH, FRIZEZTNTNOHEED FIERLZHFREKEX
EROO, KRR AT TV —CTHERNTITEALT R e ER o720, K55 EIFDO =D
DOHIKFECYIHN AR 2 RE L TW5E, 0E2DF, DT O D EIRE DO DITIIK S 37,
LTCH— D-n OBRELTHHTE 22 ThH D, 372200k, Kilk & ILEGRE O BRI A3
KRELHEBROTVBDIZHE DD ST, MEDMEDPNIE LR TH D, RIFFEICE T 5 HLEGREK
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Figure 5.1 The dielectric constant ¢ and the dielectric loss ¢’ for 1-Butanol. Red,
green, and blue plots were obtained from VNA, IMA, and TA, respectively. The black
solid line shows the best fitted lines by three superposition of the Debye equation. The
red, green, and blue solid lines separately show each process, Debye-process, a-process,
and [B-process in order from low frequency side, respectively.
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carbon

Figure 5.2 Predicted lines and the fitted values of mono-alcohols. The literature

(16] of methanol, ethanol, 1-propanol are plotted as an open, circle, diamond,

values
and triangle, symbols. The predicted lines were obtained from literature values and
power law with carbon number as a variable. A closed green, red, gray plots were fitted
values of the present study by superposition of three Debye equations. Each circle, dia-
mond, and triangle plot represents the Debye-process, the a-process, and the B-process

(see text), respectively. Half-filled symbols are fitted by Cole-Davidson equation.
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Figure 5.3 A 'H-NMR spectrum for the 1-butanol and its peak assignment, without
chemical shift standard and deuterated solvents. The calibration of chemical shift is

performed beforehand of the measurement.
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Figure 5.4 The attenuation curve of the PFG-NMR measurement for the 1-butanol.
The blue, yellow, green, red plots correspond to the peak assignment number of Fig. 5.3
as shown as legend. The integrated intensity is normalized by the blue plots values.
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Figure 5.5 The relationship between the viscosity, 1, and the translational diffusion
coefficient, D. The viscosity values are cited from literatures (see Table. 5.1). The
diffusion coefficient of water is reported by Holz et al.3Y that used as a referenced
sample for the series of the PFG-NMR measurements. The red line represents best
fitted values by Stokes-Einstein equation with R; as 1.90 x 10~ '° m.
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Figure 5.6 The relationship between the dielectric relaxation time, 7, and the trans-
lational diffusion coefficient, D. Each circle, diamond, and triangle plot represents the
Debye-process, the a-process, and the [S-process (see text). The closed symbols are
obtained by the three Debye equation fitting. The half-filled symbols are fitted by Cole-
Davidson equation, and its dielectric relaxation time is corrected by Eq. 5.5. The yellow,
green, red, plots represent tri-, di-, mono-alcohols, respectively. The purple, gray, blue
plots represent ethylene glycol oligomers, non hydrogen bonded liquids, and water, re-
spectively. The red, green, blue are obtained by the Eq. 5.6 with R; as 1.90 x 10~ *°m,
and R,/R; as 1, 2/3, 1/3, respectively. The black line is depicted by power law by the
exponent as -1/3 that is not follow the Eq. 5.6.
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Figure 5.7 The relationship between the rotational effective radius R, and translational
effective radius R:. The yellow, green, red, plots represent tri-, di-, mono-alcohols, re-
spectively. The purple, gray, blue plots represent ethylene glycol oligomers, non hydro-
gen bonded liquids, and water, respectively. The red, green, blue are represent linear
relation with slope as 1.00, 0.78, and 0.44, respectively.
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