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Topology, mathematical quantification, and computer
modeling of tectosilicate framework structures

g Wk (Mitsuo SATO)*

Framework structures of tectosilicates including zeolite, silica and feldspar minerals are reviewed
on the basis of concentric cluster (CCL). The structural characteristics of them can be simply
represented by the points (Si or Al atoms) and the lines connecting between the points.
Starting from a given point, an nth CCL can be graphically defined as a set of all the points
ranging from topological distance O to n, and all the lines responsible for the connection
between them. The topological distance used here means the shortest step numbers responsible
for the connection between two points, not the geometrical distance. As any kind of
tectosilicate frameworks can be completely covered with the CCL by extending its topological
distance from O to n, the topological characteristics of them are realized on a series of these
CCLs. In order to quantify these CCLs, the front nodes are newly defined, and a concept of
the coordination degree sequence (CDS) is introduced. In the CDS, the front nodes are
characterized in terms of their topological valence numbers. The CDS can be effectively
applied to the topological characterization, the classification, and the systematic computer
modeling of tectoslicate frameworks. Some of application examples are shown.

Keywords: Tectosilicate, Framework structure, Topology, Mathematical quantification, Com-
puter modeling, Concentric cluster, Coordination degree sequence
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FEEMANL LI E AL 0 E D M2 OWTIXE RIS
52 ENE, 1997 F, IMA DX A T4 VY TRESIY
F 74 MEIOGACE T 2R R FEER L 2, FEHIIE
B2 AEEIC “Recommended nomenclature for zeolite min-
erals” D% 4 P IVTABIENTWw 3 (D.S. Coombs, 1997;
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work” EIRRTWB 2T T, FONELEBAEHNIIBRTHY
£\, %432 IZA (International Zeolite Association) TZY
HENTVWLHBHOESEY 1 72IBELTWwE 5D EEbh
B0, Bakho, IZACBIAHESY A4 7 7V —2A
T—27 D RaYh VR E D W TREEICHEE SN T
WEDLITTIERV, ¥4 74 N R2HEERT 22D (S,
ADO, TR TESESE 2 1 L Clo W& L ST 5,
PITEIA % T, VTR & PR DRSS 2 TRRn T
TV —LT— 7GRS TENCIE A L RO 4 SR =
RGAY NI =2 L RRE¥ L, Ay N NT—27D RO Yy
VLRI A & S OREER (1), =Xz B I 28
hEbEER (D) KEATWwS, ZAsZ2IEL BT
LZri3E¥ATA4 NRDAZ ST VI AR, BAR, #E
AR ELED, 77 b7 A BEREOMHARGR MR
REHEOMZL, Rt E2ED L ETEETHSL, ZDX
IREHEESEZ, AETRT 7 VABE 7V —LA T —
I REESREED T, EEPHES TR EED T XM
R HULnZ R L 72 v
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MK T 7 b A BREBEOBER T —KIC
ARlTO, ] X, ELTREND IS IE m, q DIEICE DK
DI IRz s,

m=0, q=0: ¥V A 7 )V—7 [TO,]

m>0, q=0: A IFHIN—T, BEAa7nv—7
An[TO,],

m>0, q>0 V=74 v INV—7, ¥LF T4 T —
7 AnlTO,] X,

ERCcCARB7V—L YT OBREMET DD
VLT —=IhFA T, TNAEY, Filk, TAhY
THEEEAL Y, [ ] 7 Vv—av—2BEREMTHY,
T & LTIE Si*t Ofic B3+, Be?r, P5*, AP+, Ge**, Ga®*,
Mg, Fe¥*, Zn*, Ti*t e E b & E b, TH (Al Si) O
ERTNVE A, (Al P) OBER TNV ) VB
¥ TH %, Beryl, Al,[Be,Siz0,;], Cordierite, Mg, [ Al,SisO;]
RERSEEY 7 ABEICED TWEY, HiFED T %
(Be;Sig), BED T % (ALSi;) & LTHET 2 L, fEEN
WIEEL T 7 N ABIEICED D Z L BHRETH D, X I
D H,0 5T, 7V — AT — 29 h I > DB R
BT 7=42ikETH%,

RNz T 7 PP OEEOEE, T:0DEHKIT 1:2
THY, MEAOHSZ 2EO THRFIZLVIEEIN S,
Zoltai (1960) @ sharing coefficient(fs) & 2.0 (T:0=1:2)
THBM, IRV —LT =27 130TLd D2
BT 30ET 0, FIZIE3RTIV—L07— 27 2T
2 phenacite[ Be,SiO, ] D&, PUFHARDIELIL 3D T &
T, Tbb, 2{HD Be T & 1{HOD Si iz L hIFs
M, 5=30 £7%%, —7F, fsEHH 20 LLTOEE, VUEAHE
HOFEEN 1 ERYMT S N, 2085 (OH) ENEAIh

%, IZA TE ZOMEDOREESY 4 7L LT RO 5 AR AR
LTWw32, IMAIRBWTHEREENTWSDIXZDHFD
Chiavennite, Roggianite, Partheite D 3fEDATH %,

Chiavennite Ca,Mn, [ BeySi,05,(OH),] * 8H,O

Cloverite [GagsPys047,(OH),,] * 24RF

Wenkite Be(Ca, Na,), [ Al3Si;,0.5(OH),] * (SO,),*
H,O

Roggianite Ca,[BegAlSizy0,0,(OH)6] « 19H,0,

Partheite Cag[Al4Si,604(0OH),] * 16H,O

L. €F54 FROBESA1T
IZAWCBWTAREINTWEXYAL T4 oGy 14 7
&, THICERE L IRFEIZ S TE / 7T 7 “Atlas of Zeolite
Structure Types” (Bealocher et al., 2001) WZFEEE N T
%o BEHTOHF SHL (2001) 12k 3 &, HEORES 4 7L L
Tix
TABEE 2SNV AR E U TIFEAET S HD
73 &
%  Gmelinite, Heulandite, Mordenite, Natrolite, Stil-
bite, Offretite
TABEB IO VR L THICEET 200
25
5]  Analcime, Cancrinite, Edingtonite, Faujasite,
Laumontite, Sodalite
DV UBIEE OB LU TRES 200 35FH
5l  Weinebeneite ftilid4 C&RkHE
GEF BSHEICEL TW5, ZRSDORFIZET/ 77 70
12 IZA @ Web ¥ A+ (http://www.iza-structure.org) 7»
5HHEGAFHRETH 2, HiEsy 1 73 IUPAC Oin
ﬁ%m;07w77&/bki?@3X$m;Dﬁén
—7, IMA IC X VAR S NIEREIX 83FETH Y, 1
1::v_§7/f X 43FETH B (Coombs, 1997, 1998),

IV. €454 FR7L—LT—0DIEER%E
RO & 512, 7v—247—27FEEIR TO, O THTO
HEREDHTTHHFTILTE 5, Figure 1(a) 1Y =571 +
& OVIE A SRR %, (b) i TR T OEEREFR %
RL72e A T4 VRTABERSIET 27:DICEBAZH
7oAl DEHET Smith (1963) 12X 2 DT, T E TOF
BRI EE S T TV — A Y — 7 ORI E D W IR0
PETH D, ZOHEEUTITRT,
(1) Analcime group: 4 BEE 6 BIROMEAZ LY 2 FE
BT 7V —L7—7,
(2) Natrolite group: [EH OG22 TR E T 5 7
V—AhY—7,
(3) Chabazite group: TN BROBEEHE = FH L
TLIV—LT—7,
(4) Phillipsite group: T4 BED I Z7 > 7 ¥ ¥ 7 b
&R FRE TR 7LV —L V7,
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(a) (b)

Fig. 1. Sodalite cage (a) and its connected line representa-
tion. (b). Open circles show O atoms, while black ones Si
atoms.

(5) Heulandite group: 4 BB & 5 BEROMHAGDLE %
TR LBEEOSEEEZEL 7V —LT —7,

(6) Mordenite group: 5 BEt 4 {f) SRR S I z[EH O
SR EGL TV —LT =7,

(7) Faujasite group: ZHERT — Y RERHEAE L, K
DRERT—VERKT L7V —LT—7,
OGRS DR T AT ERIN TS
bLiH, 7V =AY 3E&TEME INTHELER
LT THR, Faki s 1ZA T IMA THARIFS
TRV, —F, Meier (1968) 1Z¥4 74 7L —A
77— 2 % SBU (Secondary Building Unit) H#i12 X D F %
725V ¥—y a3 bEERE LT, Primary Building
Unit 1& SiO, %7213 AlO, IUHAZ Db DTH L%, 2o
WEARPNSER T % B, &R, #atkodrs, BiF
DT V=17 — 27 " LT 5 OB 7 B/ NEEAR BT % )7
HARIC 8 FLEIRL, SBU LEFK LTz, LrL, 20, #
7V —L V=7 PREINZ IO T SBU EHE b LR
&, 2001 FEHATIE 1I8FHICEL T3, Figure 2 iZ %1
5 %KY, SBUEEHEIZ IZA TBWITEWE 7V —47—
7 OREEEAE L U RIS T & 7228, 1992 41 Loop
Configuration 2387 L { &R L L THffEs N2 L H
%57z, Loop Configuration ORI HIRT 2 X 512, &
HOoDRRH LA Ay bV —2 (1980) Db DTH
%, Smith (1988) IXZDH%EA T A N OEARBNL L LT
268 fHD Structural Subunit ZfER L, TN 5 OHAEDYE
NOBFEDIREDXA 74 ML, RHEOEEZFHEL T
W5, Smith %> Meier & DOFEHEL EI3SEERRY 23 & LT
FFHIiSNEREHDTH LM, HaRso NIl
BEEERIESE N R T TB D 7 Vv — A7 — 7 OFRII RS
T¥»H%, Koningsveld (1992) 1% 5 BERZ2& R0 E
FHE D7z 91 TSU (Tertiary Building Unit) %, Akporiyae
and Price (1989), ¥ X1, Wood and Price (1992) % 3 X
TC7V—AT =7 % 2RICIFEE Ry b7 — 7 i L
L, 20 LT7Vv—2v—7 %F b3 579 P2N (Peri-
odic 2 dimensional Net) O ZFRL TW5H, Wi

LEAIIIRE S, — B iTWvz 20,

V O
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Fig.2. Secondary Building Units (SBU) and their symbols
(Baelocher. Meier, and Olson, 2001).

V. RIS RI—IZLBTL—LT—o DML

T o#EmcB»T TO, WEHIZ 2 CIESAZLEL, 7
V—AT7 =732 T =20 (T:0=1:2) OFXH2iELET
2H0DET 3, INSTV—AT—7 DFEEHR, T4b
H, NRUY—FEHLMCT SOEES I A Y b
7 —2 (Sato and Ogura, 1980; Sato, 1984), & HIZZN%
PER U Zz[Fy 2 7 A % — (Sato, 1987) OBE&ZHEIEL 72,
TV—L7 =273 TRERFERIH (/—F) &, Tho5D
WHERRERTR (v YY) TREIN, 77 7KL 4
EEER=XTAy NV —2 Th s Z & IZBRCR~RTz,
BRICIADS D 4y b7 — 27 ORHER IR T 2 23R A » -
7 —7 OBEEERTH 2, ORBALAY b7 —7 Lid
2w NV =0 BWRT S/ —FZDbD, | X4y b
T —7 L/ — R EZFNICE EETHET 2 40
=N, ZNOEEETH 4RO YV SHERI NS, 0
Re 1 XAy VT —213EA T4 VRODAKST, T
7 b ABEETOERBMNTHY, 7V -2V -7 %X
BT 2 EHEICII R D ER V. L, 2L TEDR
2RBLALA Y N T =27 WL L2y N V=2 BT
%, Zh5DOE% Figure 310 d, | KEEfiry vV —2
(Ist coordination network) 2 IZAREESS, 2 KEALA » b
7 —7 (2nd coordination network) 1Z 1% 4 BEEEHIR
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Oth 1st 2nd 3rd

Fig.3. Oth, Ist, 2nd and 3rd concentric clusters.
(a) analcime, (1) laumontite (f) faujasite

T2, INoBBEIIETHL/ —FEHALTEY, &
512, BHAEDREGBHREHBICORL TWwb, 2k 21, 4
BR% 2EE0HITIE, bl —F 2T 504 T
MIEERIRIIFAEL v —75, 4BER% 3ESLEIT
X, Hul — R2HEFL, &5, 4 BRPMHEAICAZEE
T %, HiE O AR I ANA  (Analcime) & LAU
(Laumontite) 12, #¥& OfEEREIX FAU (Faujasite) 07
V— AT — 7 ZHERTE b, 2RIEN Ay vV —2 LT
X ZOEMICHEINC X 2 SEBRLHEL, 4BBr48
HoA 6T, 4 BEE SBER, SBRE 5 BROMAED
¥ HHHETH 2 5B A o 1ZA B 1992 FF I B
& L CHR L 7z loop configuration % Z 1L & Bifiz % v b
7 — 7 DHRT S BRERW4ERE 1 XAy Y —
JIWCHIERT % 3 BRI OREFRER LD TH S,

EZAT, 2KREALA Y T — 2 BT TIEHIRD ANA
ELAUDTZV—AT7 =2 %FAT 252 LIXTE RV,
HRHTHICIESSWEIIEZITEDLRIREAY b
T — 7 R RET BN DL, DXy NT—TIZIZ4E
B, SEBRICNZ T, 6 8Br 7TEBRNHET 5, 6 S5
HOEARBROEND S Z DR T ANA & LAU O3]
WHREE %, B 13T, 3B 2EBoRbhics/ 770k
RAYHINVTAAY VA (n) ZHVS L, ANA & LAU
Bn=3BnTMbTbdEnz3, bROYALTA R
FUAnZ 1 PHIFUD T2 3 RPN IR R &
HWRRIFEARTIV—LT—ITHIDEI BRIy T —
7 CREWCHWEIRETHY, 7v—L0V—27DRHIIN
SB—HDAY N7 IZEKBHEINTWAEEE L %, $77,
INS—HDAy T — 2 IZHFEEERS 1 HEEE L
IIRI—TH5IEe»SEZIZRLY Z7AF— (Con-

I C(n,3)

_|..
Cn4)  Cno)  C(n2)
C(n+1,0) +

C(n,1) ,

Fig. 4. Topological compatibility between a kernel and
four peripheral CCLs to form a 3rd large CCL.

centric Cluster: CCL) k#5$% L7z (Sato 1987), &£ 2 ATZ
No 77 R5—13 2 RE CIRIILBERERAIZEETH 525, 3
R % & Figure 3 1R L7z & 5 WCEHEIC R, 20D
B dals 2 2 L BNEHC R B, 2 OB [EEET 3 1
DDSFER TN (Sato, 1994),

—f% 12 (n+1) K CCL i3 n X CCL % 8¢ & U THERR
ENDZ ERHEROIEY THBHS, (n+1) K CCL X 51
DRI 7RI —PEENCHAGDINTbDEA D
ZEbHkS, BRI Figure 4 1R T, ZOXIE SEHD
2R CCL &V 1D 3R CCL 4R, H DI, wi, 1
D 3K CCL % SHD 2R CCLICDELIbDTHH
o Hula ke B8 T A Y — (kernel cluster) 13 4 {E D&
7 2 A % — (periheral cluster) &#{5HIEEEBIRICH 5,
BAMREIE, PR YAINVEERTOBREERTH 5,
Thbb, 200K 2ERIGE, MOES®, AEIRM
BT 2 2 e WEVNEREbEN (hD), /2, 7T A
Y —RNZBIT 2 H L HSORBERRSREFS LS (#H) B
Thb, 1212, FAHY 7 A8 —OF ST I K%
KA TR —DFEELO "R HNVT A AY VAW
1 20N TR 4 RICE S, ZOBERKREREE
IR TR T,

C(n+1, 0)=C(n, 0)+C(n, 1)+ C(n, 2)+C(n, 3)+C(n, 4)

ZZTCMm+1,0),Cn,0) 327 F7AY—DFLR 012H
{ (n+1) ReEnRZIAY—%, Cn, p) ZZDFEL%
p=12,341ZBL nRIZFTAY —%RT, DI T 7HER
RO, ZOFED I 7 A5 —DfAEHLE ELTIX
1FEOHLUHEELRWE SICRZ 288, CCL O 3 XITh
EEERET D LSRR EMAGOEWAREIC K 5, ZDRK
& CCL Z#k 3 % 4 BBRHA ORI I H - ¢
W3, CCL D 4 BE% Db O, 72137 IUTimwyid
ERBEVNRZETH 5D, WEHAICHET 5 ZOOHEHE
T VAARECEBERIC A 1200 OBF % & 2 ENEET
b5, % DFER, Figure 4 IR L7z 2 RY I A Y — 1 i3GH
(R) LEH (L) OXNEERICH S 28D 5 A5 —h4
BaEh, ZhoDfAaEbEE2 EOFEICL Y £ THRET
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Fig. 5. Six types of 3rd CCLs formed.

Table 1. Characterization of faujasite series frameworks
in terms of 3rd clusters

LRLR LRRR RRLL RRLR RRRR

CHA +

KFI + +

AFT + +

AEI +

FAU +

EMT + +
GIS
MER
PHI
PAU
GME +

RHO +

+ + + +

+

+

CHA, Chabazite; GIS, Gismondine; KFI, ZK-5;
MER, Merlinoite; AFT, AIPO4-52; PHI, Phillipsite;
AEI, AlPO4-18; PAU, Paulingite; FAU, Faujasite;
GME, Gmelinite; EMT, EMC-2; RHO, Rho.

L, 520N —ANT TR =L T 168D O
AEDEMNHABEL 85, Lo L, 3 XICLERHPIz BT 5374k
EEZ2EET 5 L BRI HAEORIE 9@ 12
fREING, ZORICIEEEFTREI—RT 200D
D, ZhoOEERRNT 2 L, HEAREREAGDLEIR
Figure 510" 9 6 FEICPRE S NS, ZDHT LLRR IF37k
EEDI-H CCL & L TORHIEETH 5, 7, 5k
IZ3XRCCL &L CHiEMEEZR b D13 LLRR ZfRr< 55
WKREESN S, ZD SHIFRD 4 K CCL D7z DEARM
BETH D LT, 2R CCL D7 DRSEEHETYH b 5,4
BRIENIUEZHEE LI ZOFED 2K CCL &R LT3
YA T4 M REFET 5, 2OFIIBEL T/ LT
RERZIEAETH 5 FAU (Faujasite) & EN 2, [A—D
2R CCL 2 5FHEHE I NI HEE R &V 5 EBR T Faujasite
series EIFATHELELZBWIES S, RFEE ZDRREET
MHAEWZXBIT 2 Z L3 L v, UL, 22 TR IR
CCL Z2HH¥E L U THEIT % & Table 1 IZRT & 5 CHS

Oth 1st 2nd 3rd
e
2 a
31 o @
Q /

(16,6,0,0)

bt
/‘F;jw \
o

io oo
-] -

o

(11,7,1,0)

(6,3,0,0) (8,8,0,0)

Fig. 6. Front nodes and their degree sequences.

Open circles show the front nodes, while black ones the
inner nodes.

(a) analcime, (1) laumontite, (f) faujasite.

WCRBIDSERE & 70 2, D +ELEIXERTIOX A 5 A b
iz a Ens FEEYI0 3k CCL 2773, AEI & FAU,
GIS & MER i3 Z DEBETHRBNIEETH D, LV ERX
CCLIZ & WA L% 5,

CCL ¥ LTIZZ Z TR [FfE CCL DA EDLED
EIZ, B8 CCL OAEDLE BRI 2, HAadbED™n]
BEMEIIIE 2 2 8RNI FA—Th 5, ZOHEICE
D BRERIIC TR CCL 2R L 2 h3 5, HRT% 3 AHE O
T M VEBRETIIE, WENHREERET S 2 L b
BETH A,

VL A0V 5RI—I2EB7L—LT—0NEKEL
(Sato, 1987)

B2 FAF—D M RaYHNTA AT R & BRER
WHERT A EWCE D EARTV—L2 T — I THHETE
LZEMB, INH—EBDI T AY —DRHEE s Ra Y s
NTARY VAT LIRS 2 2 & 2T %, HSED
7 IR —DRGIRERD S/ — N2 7a > v —F, Thk
DINEED /) — R BWNE —F &35, NES/ — N DOfEE
F, ThbBFEFM (valence) 1ZETCEIML THBY 4 Th
508, 7ur b/ —FORFMIX 1,2,3,4 DT nTH
b, 7uy b/ —FEREHHEZLICE EDIDIbDET
oy b/ — RREERY (my, my, mg, m,), FND% hKRO
CHANT A RY > AMEIZEEIR U Tz b D 2 BRI RECRY & &
#F3 5%, BIEf% Figure 6 & Table2 IZ7Rd, 70> b/ —
R RECRHNF D my 1ZJE DS 1 D — FHE, m, 13FET
flins2 D/ — VI ERT, £Z5T, ThoRERYE
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Table 2. Coordination degree sequence up to 4th topological distances, corresponding to Figure 6
type code  type material  sequece symbol Topological distance
Ist 2nd 3rd 4th

ANA Analcime T (4,0,0,0) (8,2,0,0) (16,6,0,0) (20,17,2,0)

LAU Laumontite T1 (4,0,0,0) (8,2,0,0) (12,8,0,0) (17,13,3,0)

T2 (4,0,0,0) (8,2,0,0) (11,7,1,0) (16,16,0,0)

T3 (4,0,0,0) (8,2,0,0) (11,7,1,0) (19,13,1,0)

FAU Faujasite T (4,0,0,0) (6,3,0,0) (8,8,0,0) (11,13,1,0)

Table 3. Number of different coordination degree sequences available for the 2nd CCLs
q

p 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 total
12 1 2 4 10 14 19 22 24 25 24 22 19 14 10 7 4 2 1 231
11 1 3 5 8 12 16 19 21 21 20 18 14 10 7 4 2 1 182
10 2 4 7 10 14 17 18 18 17 14 10 7 4 2 1 145
9 3 5 8 12 14 15 15 13 10 7 4 2 1 109
8 4 7 10 12 13 12 10 7 4 2 1 82
7 5 8 10 10 9 7 4 2 1 56
6 7 8 8 7 4 2 1 37
5 6 6 4 2 1 19
4 4 2 1 7
3 1 1
total 3 45 57 68 77 83 8 83 77 68 57 45 34 23 15 9 5 2 1 869

p is the number of front nodes, while q the number of nodes edges added.

/' — F OFFABIRICIEIRD 2 DDEGEDPFAET %o

(a) nX/— NHEE

nxX7ur s/ —NHAOKKERFKE L TIEMIL (in-
dependence), &£ (coalescence), T Y45 (edge sharing)
D3FEOAWHRETH 5, 2O LF7ay b/ —Fh%
THNY. (Bl 1) @ CCL2oHFE LT, /— NOERE
¥ (node coalescence), T Y (edge addition) D
ERZITn R CCL AR THERTEL I LRRT &7z,
no OBAE L Y XECRY m, DN XDOBARK DT
%,

Svm, =M node coalesence
>m, =p edge addition
Svm, =M+2q edge addition

ZZTMIZHFE CCLoe7uy MEFM, pid7a> b
J— P, q 13y VBT H 5, 2o OFERA»
5nXCCLIZBIFS7uy b/ — FREEY %24 TR
HIWCRHEETE 5, 2 ROTEER KRR DWW, Table 3
WZix7ay s/ —F#p Loy 9 qizxt$ 22
no 0 E2RYT, FERE, 2 X CCL I 3 XRERYIDE
3 869 £ 7 %, T 203 DIHIFAIRER 2 RD 7 T A
F—DEI TR, XKERFIREHZ DD DDOMEETTH

%,

(b) nX& (n+1) K/ — FEDOEE%R
NRIITAY—HBELTZD LI (n+1) XRT TR
Y —DIEEEIND, FEIFE LD, n RE (n+1) R TR
Y —ZBIT 570 b — R RERTI ORI IZ R OB R
EHETE D,

4p+2q'=vS (m,+my)

ZZTm, EnXD, my & (n+1) RZTRAY—D7a
b= RRERT %, pldn R TAF—DT70v b/ —
R, 1 (n+1) ROMIIT w VFERT 2ORXED
THAEICEEERERIC b AR RBCRT 2 R & TFE T
LB ENHEETH B, LT ATTable2 I RLIzX D1,
ANA (Analcime) 1213 1 &, LAU (Laumontite) 1213 3 f&,
FAU (Faujasite) 1213 | FEOECAIRBCRYIDTEAET 5 53,
ZNIET7V—AT =7 KT 5/ — F OXFRME & LR
FRWCERT 5, /—N, $kbb, TETFZENEZIZZE
FIRRIC X DB S NIV A b 25D, SR A bR
BB E, FhSHFELT CCL ONFREIZRL D, Bn s
BeRIRERINE T 5, & DEERCIE, A PXFRDY |
THAIFEFED | OBE1E | BORGIREGRY 2, ¥4 b
SFRWE—T b, MR TESIEEIEET 25513963
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2EBOMN RERTN 2 ET %, SHREDOFE W ANA &
FAU 04, TIRTOE® 294 hxbfrid 1 BT, Hn7R
FHEH 1 THS, Lo L, WREDEY LAU O%E, TR
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NUREEEAEIC LTV 308, ZOBIERTIZEEZOFRL
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J— FE0 CHIS T 2 TH %, 1ZA OFEMIRYIED b
WEETF2EOIRARERIND N LY bRa ¥ h)Vick:
HEFRFALTWE I LEHSTH S,

VII. €7 0> FEFfi (Total Front Valence: TFV)
ETL—LT—ODHEE

FORMRERTI»oRE D £ 70y METl M=
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3 Table4d TH S, K4 RETD CCLIZOWTENDD
7oy NEFHEEH L. 2720, MEoEEE, %
DEBTOLUED L DIZA Y b LTz, 2OERRZ+21, D
1% 0 92 2RI BWT, ZOMED/NZDH DS
RKEOVDDONEBMICHTIL 72D DTH D, 1 DD
LV — T — 7 \EB OB RERY % & i & RN &
BT 5L ZDFE FEH LI, BkDH 2 Z &1, 4 BB
LSEBOMGEE L 7 V—A T — 7 13FOEK FE FER
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tobalite) £ THY ) A, 4 ERIZEONSEREZEE
W7 L—AT—2l3alb (albite) » & % FE D EDI
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ERRDOIEETH %,
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AZ =D/ —Fi2i32,3,45 2E0 1, 7ar b/ —NK
WX 6,5 14 £ TRENIT S, 2077 73IEERS T 7
DIz DITFNIHFMTIN £ 2 D, FEEERIZ L2 > THE=
AfTIDA TR TH S, 3 EREEUHERR &, /—
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THE—THY, 2R7 7 AF—DOFIE/ — NFF 2,3,
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57 o W REGRY MR T 21T59ERIZ 1 D L3RS 7
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AT DR TEARFIH T E %, MEOHES LEE
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G 6D 41795~ MY 7 AL, FNSICHINT 575
7 % Figure 8 IZ7~n$, Table31Z/mL7z q=0 (= v Y0
BEERV) ORBERIIGE 34 DERIZDONWT, TDHEE
CED MR INCEKR DT 5 7 OBENL 98 ERET
X2, ZOHEF Q0 (Zy D) ICHIEETE 20,
2 MY 7R X B oo idim CHREEC R B, ZhEE
BL, BHICHWNEZERT 2 HE2% 2., /— NOEK
NI U7z 2 850% | SICEE T 28ETH 525, #2115
2 2EIZSEIL, ZORICTy VRN 2Ny ¥
fHnc#d 3, B4EfFI% Figure 9 10" d, ZhICIhiZ 48
RO ADIHAEDLYE 98 flh o HFEL T, LOFETHRIEN
2y PMET 2R L v, FOFEER, 5 BROMAS DY
DHEST, SERE 4BROMHAEDLY b ETERTE
3o BTHREZ FIT BBz Tuwiwng, IR
i InT+HaThs 9,

2. =ERTIBENTFEE

ETB o713 — FREIOKEBERD A 2R R
ThHY, ZRTZEERICB T 2 EBROE TRV, XD
MEIZ L7228 >C, Ihor T 7hsHEL, =Rk
WEEEET L Thb, ZORODOHEELT, 5T
J1FFEIC L 5T v 7 BMET L7z (Sato and  Uehara,
1996), Z D€ F Y > 7z Si0, & Si(OH), PUHE{A % H
W, AlO, & AI(OH), MUEHRIZ AW h 572, 71355 V IZR
DERT > ¥ ¥ VHDOFNZ X D ERF LTz,

V=VionaT Vangie T Viorsion T Yvan der waais T Veiec

Z ZC Viona 1& Si-O FEEHHEIRE, Vange 1& O-Si-O, Si-
O- Si ZAIEHE, Viorsion 1& Si-0-Si-0 2 ik 72 U iRED,

Vyan der waais V& van der Waals, Ve,eo I3FFEAHAIEM 2 £ D
KTV VTH DS, sTEICHAWIAERZ D/XF X —5 13K
HOBE LB T 208, Y al—ya iZid7ras s A
HyperChem (Hyper Cube, 1996), J35& L Cld—EREIEL
7o MM+ Z Wiz, Soniz s s K7 oy vy Vo 4
JVF —% Figure 10 127", ZTDOHT (a) 1Z-CLO (Clover-
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Table 4. Classification of tectosilicate frameworks in terms of total front valencies
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Table 4. Continued
Code Material Code Material
FER Ferierite CAN Cancrinite
MOR Mordenite LOS Losod
DAC Dachiardite LAU Laumontite
EPI  Epistilbite LTL Linde TypeL
MFI ZSM-5 OFF  Offretite
BIK Bikitite LEV Levyne
sca  scapolite ERI  Erionite
BRE Brewsterite PHI  Phillipsite
STI  Stilbite MER Merlinoite
HEU Heulandite GIS  Gismondine
YUG Yugawaralite PAU Paulingite
MAZ Mazzite GME Gmelinite
qua quartz CHA Chabazite
tri  tridymite RHO Rho
cri  cristobalite LTA Linde Type A
alb  albite FAU Faujasite
coe  coesite NAT Natrolite
ANA  Analcime THO Thomsonite
ABW Li-A EDI Edingtonite
SOD  Sodalite

ite) & LTA (Linde Type A), (¢) & FAU (Faujasite), EMT
(EMC-2), PHI (Phillipsite), CHA (Chabazite) 7% £ ® 2 X
IIRY —THbB, THRNVF—MNEHBIE (b) DIEFEEIR
WEIN TRV, TEEENICZDZ 7AY —1E 3K, 4
RANEDFERBEEHTE VLD LKLY, ZOMHIZOW
TOBRETERIATo T\, Ty arv—yarrl
THTENHERZESEA T2 L bARETH D, PR
T A—=% PM3 E WA FEII#EY Sar—vay
5 bEEUONAHIEEE 2155 2 L KD,

(@)

Fig.7. An example of CCL with the front node degree sequence (6, 3, 0, 0) (a), and its connectie matrix representation (b).
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Smith (1988) DX, Deem and Newsam (1992) d 2 >
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3, BWAREOF LW I L —AT— 2P RINTVLS LI
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7 7z, i, BRI by, Jv—Aav—
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Fig. 8. All the canonical matrix representation for the degree sequence (6, 3, 0, 0) and their corresponding CCL graphs.
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Fig. 9. Systematic derivation of 5-membered rings from a given 4-membered ring.
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Fig. 10. Computer simulated CCLs for the degree sequence (6, 3,0,0). Numerals show potential energies in kcal/mol.
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A1 MEIDESR

YA 74 VEFZVEDOA F4 B4l OJFEF
M5 BRESTIEIRD 7 LV — AT — 2712 & DO s h
TSR AT AEAEE Ch B, 2T V—AT—2 1
F o ZNRT — VORI AR REE T 5, 5%
FEE HOSFERHIE T V—A T — I8 A FF iT &
DEEaND, F v AVIETHAREL, 7 A MEOEES
AJRETH %, BAKMHOBKIZFEE 400C LI TORETHE Z
D, KERSISEHIITH B, 7V —LT—2 1% (OH, F) H
WEDYIishsZEbHb, TS DIEIFIUEATES %
e, BEEUERICHEE S kv,

YA S1 MEHROT-HDRAY

FAI 1

(a) NREYANICE R ZMERO 7 Vv —L V=2 %H
L, #O7Vv—AY— 7 CEBOHEAET S 1 D% 7213
BEOXA T A MM EMSIEE 32, (b) Eb 71—
LT =75 h F A R TFEENCR DS FET 5 EE
RURH RS 2 7R 554, bR o P h VI E—OMEE 7
V—ALTU—2%2bDOXA4 T A N RRIIFE (series) & T 5,

INSDHFAVFREDZTV—LT— 754 L REHE
T2, ZOXDRINER 2 E 721k 2 L Lo, S
BEN, BTV —LT—IHNBFF ICHEIHTK
X5,

FHI 2

(a) PREVHANVEZFE—D I V—2T—7 % bDY¥L T
A NMEYIZBWT, ZEEEIRREDE Y, B LU, HA—FR
HAEER OE O 1T — M AT OFEE IC 43 iR L 7%
Dz, Lrl, HZD7r — A% OEMRIHE - TUL
HINERETHS, (b) 2OLI %7 —A =TT %1
VIAEAAHRL & OBIRD & 5 DR b FEE I NENET
b5,

FAI 3

YA o4 MEMREIX 7V —A T —7 Si: Al R IcHED
WTODOAXFIE N TIE A S vy, #4413 heulandite &
clinoptilolite D¥5ET¥H % , heulandite & heulandite [&EH D
TV—AV—2%bDO¥F 74 NEYIRYIE L EEL,
Si: AlLLIZ 40L& %, clinoptilolite iX[E]— 7 L' —A
V—7 hRuY—%bb, Si: Al 40, BLY, Thld
LoRYIEEEET 5,

K 4

ik, BRI, AL, Z S 23y, Arf
HWTHHI &b, €474 MEEMIEERET 2155
RRRBLE 72 D 2700,

HR 5

BT 57 Vv—LT—I NI T FR2ELEE T4 b
SR BT, FEEEEFHE TRV TV —
LT — 7 NI DACFERE S R T IRT R RGO T
£45%, Bz, chabazite-Ca,

KA 6

() ¥4 74 MEMEOZ RIS D% ORE
P 2RSS 2 AT T, B2 1X, analcime (Ibca),
heulandite-Ca (C2/m), (b) FEFFD v~V IZEEIIZ DREGIZ
“disordered” <° “fully ordered” @ X 5 &EE =AW
b,



