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Molecular Engineering by Solid-State NMR

—— Structural Analysis and Functional Design of Zeolites, Solid Catalysts
and Inorganic Materials —

Shinichi Nakata *

Abstract
The interface between material science and high resolution solid-state NMR is recently an
area of much activity. A wide variety of novel techniques in multi-nuclear solid-state NMR have
provided attractive possibilities to study the microenvironments, for example, in the mechanistic

studies in catalysis as well as the design of functional materials.

In this review, current

state-of-the-art topics by means of solid-state NMR techniques are selected to illustrate the scope
of applications to the porous catalytic materials, namely, aluminosilicate and metallosilicate
zeolites, layered silicates, mesoporous silicas, for obtaining site and mechanistic information on
short range ordering. In addition, MASNMR applications to aluminas, the ceramic materials

and the inorganic supramolecules are introduced.
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Fig. 1 The precession of the nuclear spin.
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Fig. 2 The elemental technology of high-resolution
solid-state NMR: (a)‘ DD (example of *C), (b) MAS,
(c) CP (example of '*C).
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BEEERHT, B4 FEEE R S EERRRE OYEN
MEEZE DI LS, BB NMR LRIUBETRDS
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MEAROEDIZEA kHz S LIS EDS. £-H
ERRETIIABEIB N T 20 TOREPEYLX
h{, (k%> 7 PEGM (chemical shift anisotropy:
CSA) ICERTBEMDHH kHz IZBLE. Zhs
DODEEBIZLZ2BEDLED D “FE—" T “BxRE
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WWHLT®D @ & b) OFEEZANTHOTES
FREEZX ~ 7 PV HEE 5T B (Fig. 2).
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¥35% (MAS).
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BigE 52 20T, (a) ODHEDOH TIZHERTER
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KAREEA & A (Bcos28 —DIZ L > TEILT %,
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T, B TCBAXINZHEELRCLES 7 VTV
DEFMIE0-=1/3(0u+0ent0s) EIITVED,
DD IEIX{3cos2 (54.7° )—1} L ORI S0
EXNh3. BRETRKERZI L, FHbLLERZN
4y DS [EERE IS U T ¥ (spinning sideband:
SSB) * LTESRWEDIZ, REREE%: CSA DiF
(| onu—o0ss|) IO KELTBHILTHS.
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(b) OMAESHLET, MEF - B TFHEEER (Ho),
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THHTH DD, I=12 O (BC R 2SR ED) FHid
Z ¥ (rare spin) OFAE, BAMAE S UHEENT
WB=H A Y VRN (T) PR<R2.22
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(H) ¥ o Ho #ALTRELZS UTERE
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polarization: CP) (Fig. 2).
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Coald
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Fig.3 '*C-NMR spectra of enclosure compound,
B -quinol / methanol: (i) solution method,

(i) solid method {decoupling without CP and MAS),
(iii) solid method (decoupling with CP and MAS).
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IR S . BRI LT, CP/MAS ZRWRW .
AR MVIE Q) OXDITi WEET e 2%
MASNMR TL<AWSNWBEERNINVZRFIFL,
[SPl(single pulse), [HDI(SP+!'H-decoupling), [CP]
(CP + 1H-decoupling) ® 3EETH 5. hH 3D
DIV ZAZRFDS, et B WX BRITIS UTENWST
5h5.
3.2.2 BEE NMRRIEOH R E LIRS %
A& NMR SIZ D% Ly Lk e LT,
O RRELLLD P W% (rare spin #% : 13C, 295,
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Q@ EEBETHIET 2% (109Ag, 183W, 4749 72 &)
® MUBAHBEEHOKREWE CEBHAY U #% -
27A1’ ZSNa, 71Ga’ 170 7‘;8)
@ EEKE S LD Hp BREWH (H, 19F)
® CSA DKREWEE
BEFOND. QIoH LT, ke 8 ERH AT
ZTr VU wTF T2, BERKESLTEZILTH
BB, @QICLTE, By (BKEE) EA70
— 7L BERBREDG B LS. @ IZ201W T,
EAEONIMEDSBVWER OGS, 2 RO E I
Fi (second-order quadrupolar effect: SOQE) @ #
EWnEE 25, SOQE DHEEICE, Ao —EhEx
(double rotation: DOR)3®, dynamic angle spinning:
DAS 30, %5t - %8 F (multiple-quantum: MQ)
MAS 38 REURBRRFETCHNTI I IR
E->TT O ~ @ OHEIVEETZIDLHS.
@ @ H, YF iZ& b ICRAEELDE EREIS
BRHEINZHTHSD, BRRERLEPKE < H IUE

HHE—

F decoupling Z{£> MAS EUFTiX B DHEET
ERRNT L. ZOEE BHhEEVPENOSEN
WRgkE CSAHEDEDHD MAS 26H3 3%
combined rotation and multiple pulse spectroscopy:
CRAMPS 39 DBERTHD.=FLEL A VERER
FELETEZ 70 b oRBICIZEH#HEE MAS ©
MHTES. H JETI, BRI HET B0y
DTZ0 FRSERET D 1H0FHEAR PO —
5 GREE) IR 2 TRPpBELRS,
3.2.3 F#E{k NMR #iE

BF P T, BOEEZEY S Lo E{E
Aok, HiChkh~bZY 7 VEEBPEVWDT
CRAMPS DERIZIIBADLDH b, B OB EE SR
(15kHz~) MAS TZRY MVOEDREALDATRER
R5GENEN. ZoXNOEEEERIZMZ, (7o
N DSHEEIC B BIHE) Wy H B 2HtATE2 7
O—TRNAIIRT =7 4 )V FIREDN— FDBRBEIZ
R%. X570 —T7PFORIMEE, 01— HKXD
BRI TS50 REFEARY MVOEEM &K
ST ERLBETEDIVZ VEBRKTHD. T,
'H #5Tld Bloch-Siegert > 7 M DEEIZ L 51t
Y7 RMDORV T MIEETILEDH D 0,

4. B NMR QOEASA-~DIEH

DM EM O ECEENMR ORI EATh
TWBOHBEA T4 MIFLTTH2. €474 MC
BLUCE® NMR o8 oh2iElesE s e
Table11® DL ST b, B4 RE L JIEFHEOM
HEDEWEERIEREZ 5 XS, JI Tk, MAS &
METRERFIE R LD, SOIEPICE, A VED
FIBEEHI ¥ LT TRAPDOR (BUB ¥ dephasing)4) %
REDOR /TEDOR 42,2 RcRZ# NMR IZ L 251 F
IR W RRYEH LWERKR NMR o454 b
fE~DOBEADBHKA SN TS,
41 P/ —bEXSAED PSi-MASNMR
41.1 EASA+BHED SinAl)sr & Si/Al Lt

PNV — EX T A bD 2Si-MASNMR
AT PIVTIE, FEHM oSi{LEY 7 ME, HRPWE
DREEE, T2DL Si O Al ITHT 2EMEE
SimAD [n=0~4l¥ Si—O—T &&A (T=Si, AD &
WET 2. 22T SinAD X Si 2HFLE LEELED
OBEFEMNMLUTEALTWS AlDOERERT.

FIWVIJIUDT— b BT A ME, TOMEEICER
THLE, BRO SVAl IDBEEICRL. ZOBER
D SVAl i AHTETRO D T LIFHEL <,
298i-MAS NMR EEDSHE— & v o T E . 2985 g —
7%, (IO ICBHET 2 4 DD TO4 (T=Si, AD D
3% Al OB T 205 SinAD OndskE {3l
SR TERBB I IZITERE (9 5ppm) V7 b
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Table 1 Representative information obtained from high-resolution solid-state NMR on zeolites.

Information

Typical nuclei to be utilized

Measurement condition

Structural site

Framework structure

Ion exchange site

ZQSi, 27AL 31P, 71Ga, (uB’ 51V)‘

23Na, 7Li, 133CS, 63CU, (IOQAg)

ex-situ

Behaviorof SDA” | °C, (*N, F)
Acid properties Bronsted acid sﬂc 'H

Lewis acid site *p, (°N) in-situ
Mechanistic information | Adsorbed species, 13C, H
by catalytic reaction Intermediates

* () . The nuclei in which measurement or analysis are difficult.
** Structure-directing agent to be used during zeolite synthesis as a template.

*** The method using trimethylphosphine (31P) or pyridine (lsN ) as probe molecules.

Si(4Al)

_

[ RS I IS L
—70 —90 “110

Fig. 4 ?Si-MASNMR spectrum (53.7MHz)
and attribution of each peak to Si(nAl) for
faujasite (FAU), X-zeolite (Si/Ai=1.3).

Si(0AD)

(a) before chemicat
treatment (Si/Al=11)

Si(1AD)

Si(0AD)

1

(b) after chemicai
treatment (Si/Al=200)

SiOH(Q%)

||||||||||||||||||||||||||||||||||||||||||||||||

—70 —80 —9() -100 —110 120 130ppm

Fig.5 ?°Si-MASNMR spectra
(53.7MHz) of mordenite.

3. ERELEFOYZ M, Si—O-T#EAICLE>T
EEXNDZDOTEL T4 FERIZ Al 2E0HES, 28
r—2 ® SilnAD) ~NOREIX—FNTIIRW. D& D
BEEASROERZEL A4 T LI SinADDIRER
BRBZILPECERLRTNERS V.

SitnAD) ~DRBHIEMRHIE LT A=Y ¥ T A
F (FAU) @ 2Si-MASNMR X% d)V %R (Fig.
4). 29Si-MASNMR 27 MV Y —7 HELDP S
SinAD) O #HERDBIEHTE, ZREEIIRRA
Lo TELS A FERD SVAl HEHET D
TYDBTED.

4 4
Si/ADnmr = ZAsica / Z0.25n + Asimap
n=0 n=0

(ZZTARARY P VOE—VERETHS. )

412 BAS54/4+D Si—0—T HEEAKRF
a) ENLTFAk

TDLEBIT, Al D Si ~DEMIH 2SI {LFEY 7 MT
w2 1 KOXEEFLROIE—TOHRIENE
KRBT 2. 2WEEREFELTCO Si—-0-THE
IKEDBET 2L i, ZOAHEDBEMITO SinAD
P— 2 DBEELRTZI LIRS,

#z 1L, Fig. 530 IIR§ L DI, SVAl=11 DENT
F4 + (MOR) a AL LT SVAI=200 ETEA
SANERDS Al EREIEZL b DLDI
Si(0AD P—7iih o oBsHao b L5105,
Z2T, beabhD @3(=SIOH) ¥—2i&, K7
VI = ATE LR FRIGEAIC K> SO OH
HEELUE, N FOFUNXRAMIELZHDEEZD
n3. bo Si(0AD) o —7HEHIE 111172 >TW
L, XY@ THIE T 3 LRSS 2:1:1:2
OEELEL O —IEFTIART PV ERD,
MOR D#ESFHICIES Mz 4 DOY A MU (THF
® Loop Configuration: Ti.d LGS 5.
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b) MCM-22 A5 1+

Fig. 6a W ICERETNVEEL L TRAN S
MCM-22 O5e, ZOEEXEHEERKELT Si—0—
T FEDEE (13314° ~1641+4° L HhdpAs
W) &R U7 T JRFD Loop Configuration (% 6 i&
B Tiee) b, 298-MASNMR Z %7 b VD
SinAD) ~DREBIIEMTH B, Fig. 6b 9 |2 SiCly
T—®WBR7NV I =9 LAMELE MCM-22 O
29Si-MASNMR 2R M )VERT. WEABEEY —2 0
FEEIDS Si(0AD, - HIDS Si(1AD OBRAICREXH
%. -110ppm OE—2iF 2 D2DH A1 b5 DRSH
ER-o>TW3. 20 Si(0AD & Si(QAD OHEEDO&
B S (SUADmme i 20 & ROSNB. =1,
ZOHE SinAD ¥—2 OHHMBERR T A —D v
P4 b (FAU) X E B b BEamoaEs SvAl
ICEETZ ¢ 2SHICEPRITNIT RS . &
DESITMCM-22 2 X%, T4 T4 FERICAl 25
ATWTHZDREKEEDNPS Si—0—T (T=Si, AD
EEAKESEELTS.

-

61.9ppm

33

for)

100 20 ) 50 pom

Fig.7 *Al-MASNMR spectra (130MHz):
(A) USY zeolite, (B) HCI treated USY zeolite,

T T

T 'r
90 2100 -110 -120

Fig. 6 (a) Skeletal structure of MCM-22, (b) ©Si-MASNMR

spectrum (79.5MHz) of partially dealuminated MCM-22.

42 ?ZAI-MASNMR
421 A OE{EIREORT
¥4 o4 MIBEST, PV, BIREGETEHY R Y

TH Al DEADREDHEERE-PHERICEBEIRT 2.

2TAI-MASNMR ZH WL, X7 Mo vB—24i
BEDS Al ORSREZBRHTCES. 7V /2 U)
—MEZFZ A FDEHE, 50~60ppm - 4 BAID Al,
Oppm fHiEiC GBI ERD & Bl L) 6 LI Al
CRERTIE—IBENZFIVREINS. -85
THEMEEEEEI B CHE LUEEE,SSB 2R
—JHRErS DTS, AL o TIE 20~
30ppm I SEAID AIIZIRBEI B — U DRI
%.
FIZiE Fig. 79 %, USY €474 b (@ A B
LU 0.01M IRREALEE U 7= ffE B @ 27A1-MASNMR

- 150 ppm

260 E) —2]00 ppm
Fig. 8 #AI-MASNMR spectra (104MHz) of

transparent alumina films from AICl; - 6H,0
treated at various temperatures.

2T MVTHB. 33ppm {(TIEDOE—27ix AlIV)
HLiE AIV) @ EFAl ¥—2Z ¢ LTW3. £
Fig. 8 10 |%, (BIETIERRWD) FEEm,/ V-7
WHETHER U NAEEEZEHZ VISR 90
2TAIFNMR 227 pJUT3H 3. 400°CLLEDBETD
WIET AV) WRBENZE-I7DRATWS.
422 EASAEOKIKEE Y A-MASNMR

R YL RSO UBU) TH D 7AI-MAS
NMR 27 MVvogigid, Sk - st omsEik
FEIZNZ T, YALICBEd BA%POREAEE/ER, b
HVURREE & E L (quadrupolar coupling constant :
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B NMRWCEBELFaF— - 22 Vo7 vy —EhT 4 b, BRRES & ORI OB & 5 — 7

QCC, e2qQ/h) RIEMKIINT A—%(n) ICXEBEXH
5. £LIZ2®D SOQE AL I b ZOHED
BRI EHEBW. SOQE IERECORBOE
HEERIT TREPETERNWI DS L, dikD
DOR, DAS, MQMAS R ¥ DREHLRFEEZRAV DI L
BhHB.

TNV IU— L EXE T A NTIE, FEKFMORE
TEIEODEAPEIL(LBZED S N=b, FHIBEHIHEN
BN\ EHdH 5 (Fig. 9). T DMEMIZERIE TORIZED
BEICLIDEFCIASND. ZOLORERIE, Y7A1
B DKFFOERILZNOEMICEHZEELS
h, 474 MEROEERS L ITEESREERIER
AP AT

Hydrated for 2 days Dehydrated at 673K

59.0ppm
Al(IV)

NaY (Si/Al=2.4)

-1.0
AV

HY (SilAl=2.4)

..........

r T T Ty T T L i
200 100 [ -100 -200 200 100 o -100 -200

ppm

Fig. 9 #AI-MASNMR (70.4MHz) spectral change
in hydration and dehydration of Y-zeolites. * SSB

-5, PIVI )RR T7z—brELFa25—->—T
(AIPO4, SAPO, MeAPQ) Tidk, KHMIZ X HKHAF
PERDO Al RFHIZE2MICEM LT, 6 BEiRER
3 5 2 D TAI-MASNMR D 5 H D25 Tin % 49,
Z DIKFUZfEVY 31IP-MASNMR X R 7 b )V DFRRIZ
Al BFE Y 0BEFREOTY—(bE R LU TIRIAIZ
. Ih5DRRY MVvDZ{tidski - Kk Caw
KTHd RR). TOXIRKSTFOER Al DK
fiiix, 7 v 22V —rE¥A4 >4 FTid NMR &I
EEIN TR,

0O _ 0. _0_._0
B SR e
0000 0g0d o

H QHQO
2% '/O 0
0 —A ~p~
~p— \A}/O\ _0 ,Al\ /P\

4.3 AOIYS—hEFS( O RBIRFOKERHT

FPNVIJ)IVT—bET A FPOBRBICELET D
AlDO—5% Ga, B, Fe R OBBERFTEH L= X
a3 Ur—bEA T4 M, BREEEOMAE L
WO Y LTORENHZ. CTci3Aoryr—
MEXZA4 POFIZDNTIEARS.

Ga OENIREDEAIC 1Ga WL Ga-MAS
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Fig. 10 "'Ga-MASNMR spectra (152.5MHz) of
H-mordenite (Si/Ga=71) atom-planting treated:

(a) after washing with water, (b) after ion exchange
with NH4NO3, (c) MFI-type gallosilicate (Si/Ga=45).
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Fig. 12 %Si-MASNMR spectra (53.7MHz)
of mesoporous silica, MCM-48.
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Fig. 13 NMR spectra of pyridine resins
and the derivatives: (a) **N-CP/MAS (40.5MHz),
(b) *'P-MAS (161.8MHz).
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Fig. 14 in situ "*C-CP/MASNMR spectra (50.1MHz):
The study of MTG reaction over HZSM-5 catalysts.
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Fig. 15 in situ '*C-CP/MASNMR VT spectra (50.1MHz):

The study of decomposion of ethylene oligomer.
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Fig. 17 Conceptual flow scheme of CO, separation and removal process and representative
2Gi-MASNMR (53.7MHz) spectrum of the main compenent of adsorbent, X-zeolite.
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