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BRI LA B B AN R R 450 k4 & Bk 180 Ay o AL X Y (] 1) ZSM-5,
Modernite F1 Beta ¥ £7 & 55 I LR, Wb 542 b SiO, PO s, i ALO, 1Y
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TEA7 AL TR A A0 R S i A b B 2
PRAYEHEAL . W A0 LB b b WA A K 2 1
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Fig. 1 Structure of zeolite X (or Y) and the posi- E@ﬁ%ﬁl?&@{dg*j**éﬁ*@%ﬁ/i% X %ﬂ'éﬁ%
Rtk s SRmXE F ORI 0k A s, A B
KRR &5, T &Rk a2 800 M
At s A i PR R FRUR /INTIT TG 32 fi FH SR W 07 S99 o BB FH 0 T 4 O TR M L 23 B A BT A
RATH . HR . X LG 1 0 KN 5 R 5 i E L, T St AL B JE 5 i (43
BA 28 F27) HAH2E 1, UL AT S FRAE W A7 A AR AR XE 4 B SR AL JRF 5 BRI A
o H R B T B PR TR /INT AR A M DA A . A 3 I A 2 A 1
MR FRAT R AT S v TE X A0 AT ZRAE I 45 1 AR — A B R . T R B T
HLAREY Si/ALRINLE . BRYEDLZE K . /N o F b A 1 AN T 25 4 45 S i R A R 1R B
I T B B 45 K AL 7 0. AR A i iR o AR R — R B A JR S A AR R A B R A
BRI 3 A A 5 A i R 4 B LR T BE. & S ST EEMISS &, e T S 45
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X 2= MZEWTE . T EA AL FAAFERT SR IEL T80, St L PR 7 9
R RHAR S . W BB X IS TR R Y STROALE . Gl AL BRI . AR 25 5 X )
A= 5-F0 6-FE A7 g AL, PRt AT LAAR Oy i b S £ B SR RTE RS AL R
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¥ DU AR 55 A% S B R S B R T A i Y R AE B T DL O JR 7 19 R EB8 45 W MR
ST T O [ AR T G R BN S A F Y b A g5 A A AR T RS, SR, B4
K, XHHRIFERZ , K2 S5arR M H, 2 Si f7Al B LR . X F24
AR 3 A mm A 55 1, 7O M B F AR (~0.037%), FIL" O & IR AT 5%

tions of the four crystallographically distinct oxygen

sites
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Yo R ZHONG LT 7 2 AT R R S R, AMUGER R4, FHREGEN SR TIEERFER
IS B2, O R AZ, WA T O JE 7 AR A AR AR IR R (3~ 7
MHz), &%, ZMANFRMGESHEES FEMEUNEE P SEEHNEL. 8
3. MO MIMETRLL v Z928-5.774X10° s ' T1, HAXERIN, T8 REE . r PR,
HAER LR R mS TR AT O WF5E. S8, B T AR AR 9 R/ 5 4R 431 5
J L BT O AR A5 A fi DU AR A 1) B ALV A & P
2.2.1 "OWMRAELEEE

BT HARFRERAL, TP A O G 3L IR b 58 8 S e SRR A Al O s 4. fEiX —
5 T A S 3R TAE A9 A Oldfield 2 AN 1L 1986 4F, flfi143E T #1457 O & &1k 4 1
PIFR DT 3. — R EARAE T G B P O O H AR H O, il g X @A Al A1 s 2h
AR TO BEEMI A NaY fil NaA, “RAEKMEZGTHO 548 H.O 56
HEATRI R ACH L BT O WY& 4. A& M AP AL J2 /T AR UET O B 5 p A fE i A B 48 B
FEAS O fr, (HEERTEREMNTO EER HO R0, H A A X4 830 A FE 5 E 1T &
B AGHETT. JaE DIFAL RS T BB AE S (H KBRS 2S B X b A 10 B 43
IR, 5 ANERAE M IR O 7] BB & A7 i B b PR 2 9 i . Stebbins 88 A AT 41 0F 58
T RARHEWE A7 (Stilbite) 5/K#4T O 8403 J12%%, KI5 Si-O-Si M, Si-O-Al 355
) O JRFAc i R fildn, 197 CF, 2t 80 /NiHS H, 'O By B, #E 36 A 43
M4 60 % Si-O-AL F1 30 %0/ Si-O-Si i O JFEF 528 T8, 5 —2870 &4 5770
SRRSO, JEMAE ST T 51 AN X — T Bl A — SR ORI S R R R E
WAE F BT A R0 FIiAE M e &, Barxd a0 & £ R L2
AR N, 7E 95~450 Calid 5 H, O /KA R 1 s F e 550~750 C R 570,
SN AFEN 20 I ST A AL, I AR R S A B R S Rl I R AR
kA R BT O A7 AR TR 28 A8 4. HAAR I FR0IEAh Jy vk o AR ) 3 S B0k TR 2 W A
TE K G T 1o T A0 OB T 8 A X R M dn o
2.2.2 HHaHEwmgEREREEREAR

YO E I=5/2 M. FESNIEE G, R Zeeman 1 Y. AT JF 09 4% B JiE fg
AR R T m(n—=—1, (—I+1),-, (I—1), DK 2I+1=6 MAER IF H g &
ZAME e (& 22>, ™A T OCHRAHSRBESL . 25 th R ILIR A5 5 19 5 DNERIE, 1]
BIXE T 1O MR i g v, Hoh - 1/21/2 BREEFR A o0 BREE 1w 0K a0
~5/20=3/2, = 3/20-1/2 ZRRIEHFR N D EBKIE. PUHAZT O By e far BRI X FR 4> A
FEA HL DU A Q. B 5 A% JE L G L 3 86 (Electric Field Gradient, EFG) = 4 PO /E
s X — M EAE S m MG, BN REILRE 5 7 A m. Horp EFG /U F5 RS
(Principal Axis System, PAS) i —/> B Xf sk &1 3 DX MALER V.., V, M Vo FEKIR
UV Z IV A=V, [ BV [ H IV Vel =00, Bk, Wik E-E R HX 34
XFFICERE S 2 i, DU A WA (CO MAX RS EL 9 KR : Co=eQV./h(h 23
MITEHE D, 9=V, =V, /V.. Co FmRMAERI KN pdEHEN 0 2] 1, 547500 FR
PEARSE . FIANI 0 BHAR el i 4 FR A gk . Co Ay AT DL S0 R0 42 B4, i F170
() DU AR AE T — 3 /N T 4% 5 400635 1 Zeeman A AET . B AT DL DU VE FIAVE N Zee-
man 1V GCHE AL B DUAR A F A9 — B e (— B DU ARV D B 45 Bir 5 19 102 BR AT 8 A A
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(RS IE HF (Bcos®0— 1) . i A H A 52 58 = d5c % FH 19 B8 #f1 Jié #% (Magic Angle Spinning
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AHFHTO) s — i AR AE IS A REER AL 8 15 B . T E S A B R —— Z B AR AR
Rk R, IR, BFA BT EBE (& 200, X —F - E MY E 2, G5 3T 5K

25 [B) 1] JC 2 19 25 1) [ P AS 610 9 — 30T, 55 2 (B U] A 5¢ Y IE B T (3cos® 0 — 1) [ — I
VLB IE HF (35c0s'0—30cos” 0+ 3 BY—I0. R IL . B A FE T B9 H 0 BRAT B X A9 3 £kt
SV, WA — @R IEMLIE (1 Co My P, WAl DLAKRIEHER X 2 A~ 50.
35c0s'0—30cos’0-+3=0 M 0=70.12°F1 0=30. 55°, LAl A1, 76 MAS &0 F, —
B Il A AR T ke 1Y) 3 2 9 Ak L RE FR 43 1T AS e 52 42 TH B
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-1/2 —Y vty
-3/2 _A- """
o | D2 BT Vo +2v,’ TR
VSN A
................... — e "
ZeemanfE — 2% U #AE A — A
(a) (b) (e}
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Fig. 2 Schematic representation of the energy levels of 17O showing the splitting
due to (a) Zeeman interaction and perturbed by (b) first and (¢) second order

quadrupole interaction. vq is the first-order quadrupolar splitting

AT BE B PR AE G i £k G T A 4R T A B BER T O S — 2 DY AR A i
B, B 1980 FAC LIk & BT — R % Jy % B S & X JiE ¥ (Double Rotation,
DOR)™ #1 . 7 DOR SZ5 b, A5 FE /N 76 RN H 5 2 8 30. 55785 1 K%
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FAEXT SN RS fl 54, TATTE R . X A AR EE 43 I (35c0s' —30cos” 0+ 3) Fll (3cos” 0
— DI 0, M THER FEALRON. X 5 2 HT S a7 5 Y — 4 55 56t n] DA AR B i A B R
O RGBT ELTTR . S5 LA 28 HACH By 5t . T HE 2 48 K DOR #£3% .
ARMEHE). AL, B TAMEREE ¥ HARIR K, F AR, Rk d R 2 kHz, Hitt
ok 24 5 ES. 5 DOR K LI ie A 3h & f E % (Dynamic Angle Spinning,
DAS) 33l — 2 S92 50 50 Ao AR e 1 e Ay A o S B R v i S R B I A
AR AR BE e e T R B DU AR AR P SE Ay (H X Rl O iR R TRk
FE A DOR —#f, H 24 R WA B2 0. Frydman Fl Harwood 7E 1995 4F 42
) 2 57 B A i % (Mutiple-Quantum MAS, MQMAS) I & —Ff a] DL 53 MAS #5
S SR S B R DUARAZ A T 1 L BR T D BRAEAS 52— B DU AR AR S, s R R
P A% ) 25 B 22 4 BRAE (AN - 3/23/2, it FHOWAZF 0 (& 2b). X L i1
BRAEAE AR AE I Z B 4 S s BT 2 2800 5 o BRAE (R ) 25 L. (HAF S5 A . Bt
MQMAS 255 (ko P50 an sl 3w, 76 ¢ F oz, BFTEDHL, B2 H e 20 0l 7 = & 7 Fl R i 1
16 R N AP s N R S = P P (51 A I i AL =N L pVE 9 = gt R L S I AT e
) Fy — 4852 Z B DU AE I a4k . 75 20 20 B R 135 2 (& 3b). MQMAS J&jd o ¢
WK 22 5 1 R BR i A T S B i 0 PR R DR AL L AR AIR . SR IR Gan £ 2000 4F 4 H
T B AEBKRITFE ff e (Satellite-Transition MAS, STMAS) i )71, {HRECH) & T 2 RiT
A BRIES . STMAS 3 R FH 35 380 114 JE A 108 5 7R Sk A5 30 - 4 i 2 0 38 DU A0 A% A% i ik
WL JF H RSO T MQMAS, AN i SR T ARG 6 19 B8 A 38 DL ST R R i
. HET, bBaRdrsdr. W EZ&ETEZ A E MQMAS. 1 MQMAS 1) 7 5 7] L
AR 2 e HORR R4 T, i o 2o % A e BE 94 A 1Y Rotor Assisted Population
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Fig. 3 (a) Pulse sequence for a multiple (triple) quantum MAS experiment. The nuclear spins evolve under triple and
single quantum coherences during ¢; and ¢;, respectively. (b) Schematic representation of the two-dimensional

MQMAS spectrum. Higher resolution can be achieved in isotropic dimension (F)
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2.3 "ORHMERARBELEM DL O

1980 AR, Oldfield 2 A" O it Lk 6 R E s T 0Fo8 T8 AL X, Y Al
ZSM-5 TE NI Z Rl A1, BT O [ R AZ B 0 PR 0F 58 WM 25, 3 R FH B0 ik o i 25
(Static) 8 MAS 2/, M H O BRE. Toig &M AP 7774 . Si-O-Si f1 Si-O-Al {5 5 &8
Sy DR AR P B4 58 A 2800 T B A E — RS . AR AT AT D S B DU AR A TR S [ AT
R JF ok s I FEE AU A1 B0 60 B R R S 8000 X2 2 FhERss Co 1)
WK BiE M Co>5 MHz MiJ5 & Co #90 3~4 MHz. M 5, #&1EH Si-O-Si
M SEO-ALAES X405 A B . T3 3k % g 37 10 45 58 30 B0 di dE AT Bl A 3 30 Co KT
MARIH B B Co {8, BAMAR Co EINKF MAS 4 TR Co . XARF AR
ok B AL LR 4% 1n] M (Chemical Shift Anisotropy, CSA) X% £k 7 1k i 5 19 T 3.
BN CSA ZEAR A MAS 4 F ARl /b. %t F i AR 254 b @ F AR O 2 A Si-O-
Si(Ek Si-O-AD {55, B FIS&a PR g, BTk X .

1980 AR AR F 1990 4E48 %), Bl DOR F1 DAS £ AR B9 I 7O A% G AR 15 19 2 ¢
A TARKFREE G . FIAn DAS SE5 R 58 44 T £ & (Coesite) H1 5 iR [A Y Si-
O-Si &, 1 1995 4 MQMAS (4 1, i bR 1 MAS #3k 5 68 7515 & o HF %
7O G, 58X 4 Si-O-Si fil Si-O-Al B2 R MESR , H U {a] 43 FF S AR 45 4 A [ Y
O SLIEAR K PR, 22 BB 5 02 76 A 4T 7 B Si/ A= 1 19 43 ¥ Ui Fl 4 ik 43 - b
Je . i H A Lowenstein BN, HAFTE Si-O-Al &4 FHEMAS Al HA Si-0-Si %
B XX e A MBESE . AR B T — LB RS DX A AN [ UL Y R A BRI O B AL

U] X 25 AT O 1 e R AT 0 11 I Jag S ik TR 5 v ) — A ME L. B SE . AT DA TRT R R
Tk 3 W P A O 5 B R A T RE BT R, ean . FEWE AT A R A 3 AN O fin. AHREE
B OC1) = O2) + O)=1:1:2, LA NaA B, 78 MQMAS 3 & [ Al D) B %
o OCH A OO BAEH OGN E BEATIAJE . SR M AN AL 2 AR X 06 588 1 19 )i Jze
A, RIAE SRR A LML B R G T O B34k 2 8 (diso, Co F1 ) Fil O
JF R R S5 AL T 1, WF R AT K 9 2290, Farnan 58 AAE R O B0 30 9= F 90 Ak 3%
BN O BIZSHIT A T 2K R Co Wl Si-O-Si g 38 i sy s 11 WAIR . B Si-O-
Si B A IR N 2 SR B T O A A S R — 25T R X Rl S K
55, Co M 5.1 MHz 8401 %) 5.6 MHz, X} R Si-O-Si N 13734 /i %] 167°, ifif Bull 45
R 45 SR 5 7R BB 47 (Ferrierite) Hf Cq 2 5.6 MHz fil 5.4 MHz 19 2 4~ O 43 5% )i F
165°F1 16771 Si-O-Si g, HIL, Haifkii Co M Si-O-Si & 1 B AT 8K e LA 58 5L
X U 1) U1 )

Freude 2 A il DOR il MQMAS, Xf Si/Al=1 [ 5 Na, KLSX, NaLSX fll NaA
HEAT 7RG L AR, WA O (9 00 A K 9 B SEO-ALEfl ¢ K/ B B2 568K,
JEILLE 8 By AL, AATTAR 45 AS W) 7K R A5 S2 30 504 . 38 T 0 =-10. 658/°+134
M 0o =—0. 718/°+143. 7 4 X 2 DAEF T 1) 0w A SI-O-AL 8 A 1 1K R
Bull #1 Dupree 58 A7EH MQMAS(# 5) %54 DAS 1 DOR £ 07 it kA Y 1
Ferrierite if, N3 it HF F1% B2 o BE X 00 AT T SR B0200 Abfi] e 18050 2 be %o
Sio TR RN LIRSS R X O 5 5 AT IHE. SR AL X O 1y 4% % 2 ik
ZROFARETE R Y ) B, e ZMATT R A7 Ferrierite (1 10 4~ O 47 H 35 40 0 1715
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J& . T EH A RS Freude 88 A2 B R IF A —2. Bull % NI X SR T 6,
HRARR AL Ny 2, FRFEP R B S5 F IR, Lt . PRt R AR R . o, 22 531

g 3.6, {BEES Si-O-Si HARE 1.2°, FFRL, 6., AT BEZ E] O ShEES 2. 3 IR T 1 5Y
MM AT Si-O-SiCAD 8/ 58 O-SICAD S IF B A7 17 FRL 0 6 &

55

501

451

o« 40

354

30

NaA

159.5°

25 T T T T T
125° 130° 135° 140° 145° 150°

Si-O-Al bond angle ¢

155°

160°

165°

B4 70 6 SEO-ALRE & B0 RIEL SERBUR AT Iy e . AR I 40 3 2 BT 02 1 6 5

(8io=—0.71¢/°+ 143. ) (SCHk[18])

Fig. 4 Correlation of 7O 8, with the Si-O-Al bond angle ¢. The squares represent the experimental

data while the best fit is given by the straight line. (Reproduced from Ref [18])
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Ty ] -
I3} Pelative C,
2 \ Peak # Intensity % | /MHz 7
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B
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A
70 T T T T T Pelative €,
Peak # - Oy c 7
50 25 0 -25 -50 Intensity /MHz
é 3 100 | 407 {532 010
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Anisotropic dimension
Pelative C,
Peak # Intensity Te | muz | 7
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70 35 0 -35-70

o

B 5 41 Ferrierite (9170 MQMAS JE & (72, TEYN 1] 5 53 B R — 4E v] L4y IF 5 A~
DA 3k 4 i 06 1) A% o L 4R S B0 LA D LIRS (CSaikC20 D

Fig. 5 17O MQMAS spectrum of siliceous zeolite Ferrierite (left) and the slices and

simulations of different oxygen sites (right). (Reproduced from Ref [20])
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W RSN . PR, DL RS H A T A R B B R A Y S A A
M. P, BT O MBI R 280 B 5 X ey 2N R A S AT RE IR R,
Freude #il Stebbins 43 W 58 T BH & F A2 48 % @b A LSXW fiih 1 AV R O 6 B9 5
Wi, AT R B, BB TR, SiFO-ALE O 9 s Bk k. M Rb' 1 TP B 244
AL, AH AR B AT R[] 7O S M 224 2070, e Ah . AKX O 8 M M AR B & . 7E
HE 1B FR B A LSX o, TCRW A 1 0w M & Kl 47 /Ny AT Grey 25 A%
TOKFTCK A CaA 1170 MQMAS JEE 1T T IER. &H 2 MASEFREafm a1
e TR a AR, H—2 OMASHE T4 G, 4 CaA iy O, XH¥ka
H &K e, CaA o OCD 5 LBt By K i S EAE & RITE UK RTIE O A 5% & 4=
R 224 (B 6 Cady (b)), 1738 i XA 4k TRAPDOR (TRAnsfer of Population in
DOuble Resonance) 3256 lF 55 %843 Na 38 # ) Ca, Na, A, F) ' O-* Na 2 [8] B9 15 A% -5 %

.

(b)

w
<

Isotropic dimension

Isotropic dimension
o)
00 00 ~1ON ON i W (%)
N O OB OB O LB O W W

150 100 50 0 -50-100 150 100 50 0 -50-100
2 s
Anisotropic dimension Anisotropic dimension

<«—— Control

*Na irradiation
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K6 EK@MIEAK D HA CaA 70 MQMAS ik El. AT LLFE S O A & i B AR W2, (o TKilka
Ca;Na; A {17 0/%Na TRAPDOR % [, 3 B A ZE I AR O K5 Na 454, RZWZES Na 25619 O, %% 5%
TESE T 22 i (9 04 1 09 I (CSCik[27 1)
Fig. 6 170 MQMAS spectra of (a) hydrated and (b) dehydrated zeolite A. The shift of the resonance corresponding
to O(1) upon dehydration is significant. (¢) 170/2*Na TRAPDOR NMR spectra of dehydrated zeolite Ca;Na; A. The

resonances without change in intensity correspond to the oxygen sites far away {rom sodium. otherwise correspond to

oxygen atoms bound to sodium. The results confirm the spectral assignments. (Reproduced from Ref [27])
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PER AESE T OO 28 A BT AFFTE Na (&l 60). b3k 25 5 E k528 A b ™ O {5
WA EEL . X BRERKIET O 6w BEATIE R JE B o & 2%, (H Bl O Bag It
PRATE ST Y A1 5T 4 DR A 2R RE AS 4 T 2 U8 A [R5 R N 30T O B REIEIR S B VR T
e LA O 35 B o T i 3 2 e R B (5 B

% 4b, Stebbins 2 A A W T
MQMAS 528 75 T 88 W o 47 ep L 31 7 5
ALFO-AL BF 85 bl O™, B 5y Hb TE W]
Lowenstein # DU 7£ 3 A 38 52 4 % 1) < 10
(7). JF Filad E RO MQMAS 52 &8
Yo, W KGR U £TRE B 40 ALO-AL B
fO BERY 3%, X HLAFO-AL B 2
BN, XX — R RS AR S ]
A . x5
2.4 O %EEHEIR R E# S Brensted 401
B AR ER O

M H Si-O-Si Fil Si-O-Al 385 H i1

O. 5 Bronsted [ {3 B £ 4 i 19 O (Si- 20 30 40

F, (Isotropic) dimension/d,

OH-AD Xf T W Bk F0 f fb 26 28 2 & 1 K
MIVEF . (H3X 2 O J7 7B wE LR 15 5
Fb A HE B R I, DA 1980 4F AR 1 %) 2003
AEZ TR E). VEFH M Grey %A
TEANHAE5E T O W B i Jh PR ok, & B

B 7 R AHTO MQMAS K (14. 1 T
ALO-AlL, Si-O-ALFI Si-O-Si 15 5 4k 56 42 X 43 IT 2k Gk
[19D

Fig. 7 7O MQMAS spectrum of stilbite at 14.1 T

The signals from Al-O-Al, Si-O-Al and Si-O-Si are re-

solved. (Reproduced from Ref [19])

FEM AT HY /9 50 ik o 0917 O A% w6 38 P 3%
o 7EARFE SIFO-Si I Si-O-AL 55 (1 14
A XA B A — N E 1. 2 )E . it H—>"" O 28 Xk fk (Cross Polariza-
tion, CP) 1" O-'H REDOR (Rotational Echo DOuble Resonance) 525, #HHME 5 H
2SRRI O, B X — (5 S #52% 5 Bronsted R AR OB 8). LA L
S TRAPDOR 5255 iy 25 SRARUESS . ZALE M) O ) Co>6 MHz, 458 M5 & i8N
A, KAURZGES R LA BIERZHE N Co K KFEGE L KIS M4
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Fig.8 (a) YO-'H REDOR (14.1 T) and (b) single-pulse and CP (17. 6 T) NMR spectra of zeolite HY. The differ-
ence spectrum in REDOR and CP experiment confirm the low {requency shoulder peak corresponds to the oxygen atoms

directly bound Bronsted acid sites. Asterisks denote spinning sidebands. (Reproduced from Ref [25])
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Fig.9 'H-0O HETCOR NMR spectrum of zeolite HY obtained at 17. 6 T with slices and simulations of the 7O di-

mension corresponding to the Bronsted acid site in the supercage and sodalite cage, respectively. (Reproduced from Ref

[24D
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Fig. 10 (b) Experimental ' H—>!7O-'H CP-REDOR NMR spectra of zeolite HY as a function of the shift of the first
dephasing pulse (time, ¢) at 17. 6 T and (a, ¢) simulations performed with dipolar coupling constants corresponding to
O-H distances of 0. 098 and 0. 101 nm, respectively. (d) pulse sequence of the 'H—1"O-' H CP-REDOR experiment.
The obtained O-H distance in zeolite HY is 0. 098~0. 101 nm. (Reproduced from Ref [247])
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170 Solid-state NMR Studies of Zeolites: A Review

PENG Lu-ming* , GUO Xue-feng, DING Wei-ping
(Key Laboratory of Mesoscopic Chemistry of Ministry of Education,

School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, China)

Abstract: Oxygen atoms are major constituents of zeolites, whose arrangements in the
framework play very important roles in determining the adsorptive and catalytic proper-
ties of the catalysts. In the past years, 7O solid-state NMR spectroscopy has become a
powerful tool to study the short-range order of the oxygen atoms in the framework of
the zeolites. The studies using this technique have resulted in many insights into how
the local structures of oxygen atoms are related to the properties of the catalysts. This
review introduces significant advances in the 7O NMR studies of the zeolites during the

last 20 years. A brief introduction to " O solid-state NMR spectroscopy is also included.

Key words: NMR, solid-state, zeolite, molecular sieve, 'O
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