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P SR 50 R N AILBR B R 8l 2 A 0 F B AR T H B HOR  NMR Al BL R F 43 F 7K
FTHE T EAE Loy 78 J1o . B IEIRBE 097 2 28w 00 % L BRI & Al i
R P CT) ) A 1] gt R ) 1) (T, ) o A BB it PFG NMR 845 8940 F A 38R B0 (D) %5, 55 J50 7 8 4db 14 4k
FIGE LGB SRS UIANSC . Horb b TR i (8] BE A5 S £ dh K BE I TP 3R A W BE B K 23 1 19 SR s Bl
A5 B - T 201 Jay i iz Bl A 28 4k -5 1 Bl o5 J5e 0 2465 T2 ol 1) 45 A 722 A 22 T 19 5 2 5 U ] LA o 0 2 1 it B¢
WIS, eAh . A YT BOBE TS AT LASR (56 T 3R & W0 R & b 09 20 1 8l 32 Je oy 1K F B S5 0 B P 4 1
BB RPN B S BRI AT R S BEBOIR S T Z A RIS EZ SR

NMR A 82 0 T 058 2R BERE , Herb 0 AT AZ G 3L 9% 005 C H NMR) AT LA 5E 1 & 19 5E
il BV o R O 2 A 2 6 B A 5 5 FEE A A ) 3 s R R A R 190 05 M T A a5 P A T
T 0 g AR AT LA A3 KT o BE I N K S T AR TR L5 R SR A AR L EAT R SR A BB
5 5 100 AT Bk i B2 9 2 36 9k (PFG NMR) AR 8120 AR LA 935 7K P BF 5 B RS AL, 3 AT LA
o WL R 531 AR B R A 9T P B A R AL RS R R 5T 2K BRI I O 5 . AR SO 4
ok i 2 3 % 1 2 Al (PFG NMRO I8 [ 97 128 B0 Jt B 25 45 HAR S0 X i B8R A 22 Bl 2 B8 v 19
FHREAT A .
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.k o4 Boltzmann # %0, T 245Xl . RN AI R BE . (EREIE S 7 B o0 kL 74 o W 1
INERBERIR % [ Ry R840 T WA RO A 52642 . D BAR A 2500 F 6 3 5 1R B SO0 Y kL
RAT Ik &k JF H B EAR Y BRI SO R R OC R . MR IR BE VR B2 8 32 R 28 B 4 (- 1
SE S TE—E RIS ] RUOBE P R R R TR T 09 2 B Sl BE B L I R B W o B . T AEORBEA
NMR $ AR (1 & & . bk wpdh B 3 i 2e 4k (PFG NMRO FR 244 T & A 97 8 R B #F &5 . PFG NMR
5 R R v SR TC e R XA S TR IR T Il 8 T TR A AR R R I A

2 FoR B EHPFGO M E B # R HEA

2.1 PFG HI8H#HEMEE

Ik A B 5 A AR A FLAE 1950 AR SRR BE L X BT 2 R BRI A Té [ 9% (SE: Spin Echo) £ AR AT LA
THER A B 7 2800 NMR 54 AR 5138 58 . B 1 2 A PN = 7 a8 TR AR PFG (1% 82 78 fik
JEAY Y A EAE A PEG Z 18] (B B A B[] P9 R 2l A8 e AT 0 25 8] 07 B 0 4k 2k 4 & A= HIOH iR
A (O FE 900 FERK M VE R R BiAL % BT v WHES s (b) £ 55 — A~ PFG YE R IR UR 5 - wE Ak % 1 LLAI ST T =
MAFR I £R B ygr BESHNTITAE 2y P TR 3 BT (dephase) 5 (o) 7655 — 4~ PFG 1 FH 45 )5 . fG1k o< &2 LU
q "By RE IR BE AL R . g =21/ 70 (d) 1809 Mk iR G L BE AL R E Y v R R 180 JE 5 (e) 7E5E A4
PFG fEHT Ak 5% 2 DL 5 55 —A> PFG VR HIF A8 8] B9 £ 3 B2 i 2 5 (D 7255 = A PFG 1R H R i » 9 46 &
i MOR R RIE L N y SRS R R (rephase)

90°, 180°

) )
8 g
er Iq-l or
x ¥ p 4 - ¥ - y P y P y

B 1 BAWAHIEIERE PFG B35 ik o )5 51 J PFG WU A E R AT
Figure 1 A typical pulse sequence with two PFG of rectangular shape and the

dephasing and rephasing behaviour of the magnetization

2.2 PFGUEBYHEH
FIA LA B PEG W HCH FVE RAE R 4546 DL i S50k o, mF DL B 04 A5 5 R4 10OR a0 1

W

%
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(O 8 T T 1% % 1 B —FE SR B R B s p (s A RIEALT MR FAZAE A IF[R] AL B 19 7T Bk 5 T
(27, 0)J& PFG NEFERT B AE 5 10 5 .
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4DA
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2
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3
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<AL AR AL TR, AT ARG <AL (A) 5 A RE B 125 BRI N T
AL BT 0 152 BR % 1 /N9 57 .

B EE 0 70 TR R 0 5 5 S0P T TR T 38 2 o1 2 B/ A3 T
HUZ ST LA 45 qnﬂééjcﬁ%w:ﬁwm ST R L A R I 4 T 0 3 00 LA O AR 0
AR y0 BT 7 AR . MU (6) B ANILA 00 BT IR A R £ B BRI R R I

12z, g8) = 1€0, 0) X Ef,exp(—j?—f— (}’gS)zDi(A—%)) (8)

ST o050 0 BA AP BAR B DB s 72 TR A BT i B L 1) B CHC T 7 f) % 1) st R ek 8] T, ol i il
S i AT, AL %L

D,,, (D) (7

F.(20) = frexp(— 2¢/T,.) 9
K8 AR
12z, g8) = 1€0. 0) X ZF,exp[— (7g8)° D, (A—%D (10)
M F RN D R LR B 2 (10) 280 |
12z, g9) = 1€0, 0) [ F(D)exp(— KD)dD (1

LADH K= (rgd* (A—8/3) . F(D)J& D {9 T, M55 . 127, g6) /& F(D) WP hr i e, Rk, 1
(27, g WY S P b i A2 okt 25 1 F (D), BA IR F 3§ 8 R B0 4 97 #0A 77 1 NMR %
(diffusion-ordered NMR spectroscopy, DOSY) 0] LI ¥R A ¥ iP A R 41 20 9 3 8 2R Bk A7 &

AT HEFIE AV A MR E— EEAK X PFG NMR 32565 59 bk vp 510 #8178t . Carr-Purcel
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eI T ABER P T 5 (Spin Echo: SE) LY WU B N, BEAL R BEAE 2y P L2 8 F T,
st T[] P9 52 il 17 5 9, % T T B B 0 A AR R TR R RO — A T ) P gl AR A T 3 A A
5. Tanner f# FH T H# M 9% (STE: Stimulated Echo, WLIE 2) 58 iiRiX — A 8, Johnson %53 1 24 ] 4%
WAL (LED: Longitudinal eddy current delay) FEAR KRAEEE FHISS T 1R 8952 m 20 J5 R AF 2 & I1 &
A9 BPP-STE-LED ik ot 3> 51 W 1t — 25 0] LUKF T A8 & 04 3 fhl 2247 3 2 .

90e x 900 -x 90° x
T

2 PFG-STE fik #h 7%
Figure 2 PFG-STE pulse sequence

3 Jkom B E Gk R (PFG NMR) A £ £ Bk 8 i oF % b oy o f

oy A YT BN KNS 23 1 B SR R AR B A AT 5% I RE BT R BT ASRAE 2 1 s SRS
VA K 5 03 38 SIS A OG0 — S8 My BURIAR 2 M 5, 43 B9 SR A RS L 00 1) A9 A B AR D VAR RS B
TR . Ll P 1 1 8 CR  aT LA 5 201 8] A AR LA T SR AR A A
3.1 REEZEDSHEIFRARMIAFHEL

Z BRI T B BRI S Wy BRBE IS o 31X 2 TR Ol 2 5 1 B M2 19 246 28 Bk X 1 1T 0 3 O AR 3R AR
L S KPR R AR A AR ) M TSR L /N T BRE AR BERS R B E YR L X
Wy PR 52 S L e 0 R A RORI g L [ (A B PR B . IR T R T Y T B SR K T B A 2
AT W2 T8 B =R RS54 . o3 81 % A B s Bk IE T\ T, i 23 1 9 J& 83 3l 1k Jr ok
S, — MR EAH . M4 Bloembergen-Purcell-Pound ¥ it (A #k BPP Hi) * , 58 BE i I 4k 45 44 (1) 2 5 43
TR IR EE T, T, 2/ N TR MK P20 760 T, T, . WIE7E PFG NMR 28, A2k
W45 A 4 22 W5 53 ol T DR st B S BOHAR 5 7 171 352 I ] PN 8 0l DRy 2 A0 A I A 813X — 3B 70 22 W o3
THES . Dai 7 HFFE KB NE 3 FR TR WORES . Agar ZHE 5 T LI Y 19 ML DB AP T 4
T4 BB B2 A R R [ b R A T, 7% 81ms~103ms Z 8] GIE K T 22, . 25 4ms) 4L [i] 5t 75 ) ]
T 78 1s A GER T 7.2 8ms) . 1 PFG-STE 280 . Agar 70 J 75 5 38 AE [0 J ] 20, +o 4
PR3 TR 5 S 0 S s T L2 . 2 Agar 220500 TR SOSURE 19 MIPE 254 I L o 1 BE Bz gl &2 [, Ll
IRf 5] 246 L, AR T [ E] 27, 470 fE PFG-STE 5250 X 28 220 73 55 5 76 01 I 18] P9 8 0 2% L A5 R
T RAR R X L2 TR (55 . dt, T UARYE PFG NMR 58 i R b 1, B Bl i B2 i 22 4k
A T B JE A, 0 T S P BRE I L 3 mT AR Lo 8 28 A A ) W6 — b 2 i A B o e PR E AR T BRI Z
G AL WL T, B R E A 728 A T L I M 3 200 2 B A SR AR

Fy—J7 . A YR BN A AR R T B AT ISR (4 22 20 1 SO0 A 8 IR B T AR A
WEFEH KB AE agar BEEEIERE T BA B BER 1Y agarose 71 H 5y T 9 A0 58 BEABE I 9 2 v L i B AT 2
JBEK Y agarose KA 5 BEIE I agaropectin'* ™ I ] 45 B 75 3 W b s T8 A il A1) 2R B AR (H
ATS LU R S AP AE
3.2 ZHEEBREMILKNA

RE A WITEREAILAY o0 e s I Hh A 11 4 BB bk T 5 T ) 25 4 RO B8 R R AT T BT A ) o2
PRI AR > 7 5 2 M A AR T . RS2 15 BRI 22 18] AN A7 A5 B 23 [8)AH E A T A B I
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35 F "
&ageB StageZ Stagel - A 4
& 37 A A A
E25}) a a a
V\ coolmg coolmg (k S 2 F A A A R
~ 1.5 -
8 A
! A A
Stage4 Stage5 7 heanng 0.5
hea!mg above 95°C 0

% 20 25 30 35 40 45 50 55 60 65 70
_heating Temperature /°C
,-J «© (B)

3 2.3% (wt) agar ¥R A9 52 560 K4

(A FEV A Card) L FE SR FFAE 24°C 119 15h H1H] Ce) R AT B2 (-1 1 RUE 2 M 9" H NMR 335 (&7 41 5

(BB 2R HAFTME (g=0), L. (0O LAY R L D,,... IR E KA B2 A SRS =/AE),

InFRGE R (0 = ATE) s (OARYE NMR 552 56 25 S 95 I 114 76 ¥ H) AU R 18] A8 5] B B 3l 2 08 4 T i s =R
Figure 3 Experimental data of 2. 3% (wt) agar solution
(A) Example of the stacked ' H NMR spectra of the 2. 3% (wt) agar solution during the cooling process (a-d), the 15 h
period during which the sample was maintained at 24°C (e) and the heating process (f-h); (B) Temperature
dependences of (a) the ' H intensities for agar at g=0, I,,.,(0), and (b) the diffusion coefficient for agar,
D, » in the 2. 3% (wt) agar solution during cooling (closed triangles) and heating (open triangles) ;

(C) Schematic depiction of the conformation of agar molecules at different stages during cooling and heating.

TR A RS EESZ A T 2R AR RS SR D S SRR SR o TAEBE P A AT L ]
LA Ti] 32 2R BB MG 1) 24 235 4 1 £ IS,

Petit ZF 5] AT de Gennes 559 6 F i 3 TR R W BAG 5 - 30055 4 1K R 5 B — A B2
AIR/NRUE Sy & B GETH IS L 2310 F rb 9 97 800 25 v JIR R /IVE SE B RE it BE 22 . Petit SRR BEY LAY 70
T U Bt R AE s I o, A 0 T R RE B X SO IRAE B BE A S B 5 — DR b YA A

AR A W AA) . 43 F I AP BOR BTG LAR b B 5 0 on

D/D, = exp(— R, /& 12
Hr D M D, 4350 R/ F AR 803 R S i 4r TR T I B EUR G Ry N TR kR, W
W, AT AT DATE & 43 R & PO A B RNRLR T 25 2 4 KN B 00 4 - BA 43 TR B AR B P 43
Tl BTN RO RS T IERARNGITT MK/ B4 ME 5S35 R T agar Fl agarose
VA VR A JC B Ao R v R AR 0 FL RS IR /N AR A, 5 9 JOTR 28R L o B ISR S Y 190 4 v Bt DS AR B ) ke
SRR o X TR R U 2 B e A A T 4% B) B rh Y 23 7 1Y R AR RS . R A R R 3 T A B
JEARE T TP B B BCIR K 3 7 dendrimer 19 A 7B 45 04 B TR A T i 20 10 I BEDL IR A 254 284k
3.3 ZREBRKPRI S FEY HRYHEKREFY

TR T 2288 R R A RH 43 25 i 01 9% 32 B MR T It A2 4SO 2 WAt A 2 M BT DR BRLPED A B AR T B A
PR itk A Sk B L % b Bl 18 A I o 3k (A IF 9 A8 A5 5 e 5 TRIME 5 Ry 1 R AR AR R AR BT S B R
FH TR R AR 53 B9 20 ) 2% 3 B SR NI 3X — B AR ZORBE S Je Ay A M 4 R 52 e B B0 220 R L
T 00 B 5 L8 22 A R A 3 B AROUL S 4 (L WL 22 2 70 AR R 28 ok v VR T R A5 AL LR BT L T MR e R X
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L & a4 4 4 170
05 A A b A p

¥ 0.4
QO A
Qo3 A 4 A
0.2
0.1
0

£ /nm

20 25 30 35 40 45 S0 55 60 65 70
Temperature/°C

(B)

(A

4 2.3% (wt) agar I (% 0. 1% (wt) dendrimer) Y 52 56 B0 45
(A REH S FAE R 0 TR PP BOR 85 (B) Dyea / Daena,o B IR BEHAT M V8 20 CH & = 0B AUMER (&0 =MTE) .
W32 Dintton / Divbure = exp(— Ry /&) T 5 B N € 1 8 7 76 47 il 1
Figure 4 Experimental data of 2. 3% (wt) agar solution containg 0. 1% (wt) dendrimer
(A) Schematic depiction of probe molecule diffusion in a host polymer matrix; (B) Temperature dependence of
Daend/ Daend.o in the 2. 3% (wt) agar solution during cooling (closed triangles) and heating (open triangles).

The corresponding & values, calculated using Dipios / Dinpure = exp(—Ry /&), are displayed on the right-hand axis

1
09 e}
og L ™® - x x 425
0.7 + 115
06 + ] o] e}
05 + a [ ]
04 A
03 + A
02 &
0.1 +

0 L 1 1 1 1 1 1 1
20 25 30 35 40 45 50 55 60 65

D dend / D dend,0
ury

Temperature/°C

K 5 Agarose 15 S5 56 B s
AN [l 2 H) agarose ¥ AR B i 7 P Dacaa/ Dacoao B BERAFYE 1. 106 (wo GG PR, 2. 106 (wo (M IETTIE)
4.0% (W) (B =B, 2. 1% (wt) agarose ¥ W AY FH LT 2 () o 1T Dispios/ Dinpure = exp(— Ry /O TR HY
AR N & 8 s 74 ik |
Figure 5 Experimental data of Agarose solutions
Temperature dependence of Dy /Dgend,oin the 1. 1% (wt) (open circles), 2. 1% (wt) (closed squares) and 4. 0% (wt)
(open triangles) agarose solutions during cooling. The heating process (crosses) of 2. 1% (wt) agarose was also

displayed. The corresponding & values, calculated using D/D, =exp(—Ry/&), are displayed on the right-hand axis.

AR KA 3 T2 A5 AT R W R WA AT 22 IR ANAF T A I L UL B 235 28 U2 A 2R 7 5 — I 220 IR 28 UL 4 7 1R
IRAERA . DR B2 1 HOR B0 A BE T BN ] B0 A2 A X AR 2R rh R 2 R i 4 i DA TR Y
Ko By o ) R I by T 32 R4S RS A B L SR B2 T R BRI T IO A T R AL o A A T2
YRR 1E] FE B I 10 268 ROSF 20 A B9S2 WP S 4000 1 %R B A — R AL o RE i BE T B M
AN IO FERET 2 T AR 2 IR BE I P B ORI ] AR R LR I
RO R B R 3 T R A A AE R 3 B T A SR S UK P R e At T I TR AE o A 0 H ) it T ] A X
BAHY " C A HEAE CULIET 7) 0 i) 52 BEAE B I BICRH [] P9 6F 23 - B 3 HOCR B A I, I ELRE i aed felt 008
e T B T AR B TR | A O R e A 0 A% A S B 23 DAL fORD B BORD 7 I 1) P AR
ZE I AL BV SEB 2r AE LA K BUL A BRI N ALY BT M IEER . Geoffrey Bodenhausen' ™ 4
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Figure 6 Diffusional diagram of probe molecules in gels

Kl 7 “C BPP STE Jikth)% %1
Figure 7 " C BPP STE pulse sequence
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Applications of Pulse Field Gradient Nuclear Magnetic Resonance
Technology in Polysaccharide Gels

DAI Bona" , WU Jie-li
(Instrumental Analysis Center , Shanghai Jiao Tong University , Shanghai 200240, China)

Abstract: A better understanding of the diffusional behavior of molecules in gels is required for fundamental research
work on polymer gels as well as for practical work such as developments of drug delivery systems and separation membranes
based on gels. The diffusion coefficient (D) obtained by pulse field gradient nuclear magnetic resonance (PFG NMR) is an
effective means to elucidate the dynamics in gel systems. The measurements of D for probe molecules in gels reveal the
mobility of the molecules and provide information about the gel network size. In the first section of this article, the self-
diffusion phenomenon and the self-diffusion coefficient measurement techniques are briefly introduced. In the second
section, we introduced the principle of self-diffusion coefficient measurement by PFG NMR. In the third section, the
applications of PFG NMR technology in polysaccharide gel research are introduced.

Key words: Pulse field gradient nuclear magnetic resonance (PFG NMR); Self-diffusion coefficient (D); Molecular

dynamics; Polysaccharide; Gel; Probe molecule; Network size
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