
their sites of action. Often, these anchored 
enzymes only become activated when their 
stimulating second messengers and signals 
become available. Recent data suggest that 
serine phosphorylation, like tyrosine phos- 
phorylation, may directly regulate modular 
protein-protein interactions. Now that the 
intricacy of these interactions is under- 
stood, the challenge ahead is to understand 
both the physiological functions and regu- 
lation of such signaling networks. 
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Large-Cage Zeolite Structures 
with Multidimensional 

12-Ring Channels 
Xianhui Bu, Pingyun Feng, Galen D. Stucky 

Zeolite type structures with large cages interconnected by multidimensional 12-ring 
(rings of 12 tetrahedrally coordinated atoms) channels have been synthesized; more 
than a dozen large-pore materials were created in three different topologies with 
aluminum (or gallium), cobalt (or manganese, magnesium, or zinc), and phosphorus 
at the tetrahedral coordination sites. Tetragonal UCSB-8 has an unusually large cage 
built from 64 tetrahedral atoms and connected by an orthogonal channel system with 
12-ring apertures in two dimensions and 8-ring apertures in the third. Rhombohedra1 
UCSB-I 0 and hexagonal UCSB-6 are structurally related to faujasite and its hexagonal 
polymorph, respectively, and have large cages connected by 12-ring channels in all 
three dimensions, 

Extensive research has led to the synthesis 
of zeolitic materials with previously unseen 
compositions and framework topologies ( 1  ), 
including ultralarge-pore structures VPI-5, 
AlP0,-8, and UTD-1, which have pores 
formed of 18-, 14-, and 14-rings, respective- 

X. Bu and P. Feng are In the Department of Chemistry 
and G. D. Stucky is In the Department of Chem~stry and 
Department of Materals, Unverslty of Cal~forn~a, Santa 
Barbara, CA 931 06, USA, 

ly (2 ) .  A number of structures with 12-ring 
channels (for example, AlP0,-5, MAPSO- 
46, and CoAPO-50) have also been report- 
ed ( 1 ) .  Other open framework structures 
that have large cages or pore sizes include 
JDF-20, cloverite ( 3 ) ,  and unusually low- 
density vanadium phosphate frameworks 
(4). 

Unlike faujasite or its hexagonal poly- 
morph, known materials with a zeolite 
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structure-such as VPI-5, AlP0,-8, UTD- 
1, and most 12-ring structures- have chan- 
nels with the largest pore size in only one 
dimension (1). Some of these structures 
have no other channels intersecting the 

u 

main channel, which can be less desirable 
for commercial applications because of dif- 
fusion limitations. 

Multidimensional 12-ring channel svs- 
terns with large cages are Gghly desirable 
structural features for industrial applica- 
tions. Various ion forms (Na, Ca, and Li) of 
zeolite X have been used as air-se~aration 
adsorbents for g y  production (5). In the 
uetroleum industrv, one of the most widely 
used catalysts for a variety of oil refining 
nrocesses is zeolite Y. Both zeolites X and Y 
have the faujasite type structure. Unfortu- 
nately, structures with large cages connect- 
ed by multidimensional 12-ring channel 
systems are rare ( 1 ) .  Until now, only two 
zeolite structure types (FAU for fa~~jasite 
and EMT for its hexagonal polymorph) 
were known to have large cages connected 
by a three-dimensional (3D) 12-ring chan- 
nel system. Another zeolite structure with a 
3D 12-ring channel system is zeolite beta, 
but it cannot be prepared as a pure poly- 
morph and has no cages (6). 

We previously reported an approach 
that resulted in the synthesis of many new 
small-nore, transition-metal-based zeolite 
structure analogs (7). It is, however, also 
desirable to have a rnethodologv for svn- 

u ,  

thesizing multidimensional large-pore 
structures. A survey of currentlv known 
zeolite structure types suggests that large 
cages and multidimensional channel svs- " 

telns are more co~nmonly found in struc- 
tures with a relativelv high framework , u 

charge density. For example, compared to 
zeolites with a low Si-to-A1 ratio, molec- 
ular sieves with a high Si-to-A1 ratio have 
a stronger tendencv to form structures 
with nonintersecting channels and no 
large cages (8). Similarly in phosphates, 
frameworks with a low charge density, 
such as VPI-5, AlP04-8, AlP04-5, and 
A1P04-3 1, have 1D channels, whereas 
those with a higher framework charge den- 
sity, such as CoAPO-52, MAPSO-46, and 
DAF-1, have small or medium-sized pore 
channels intersecting main channels (9) .  

The focus of this study is the synthesis of 
zeolite structures with large cages intercon- 
nected by multidimensional large-pore 
channels by means of structure direction 
through host-guest charge-density match- 
ing in the highly charged phosphate system. 
When the charge density of the organic 
groups closely approximates that of the in- 
organic framework that is being formed, 
direct structural templating takes place in 
which at least one point group symmetry 
element of the templating molecule deter- 

mines the crystallographlc point group sym- 
metry of the framework (10). The specific 
template-framework species interaction 
used in these studies 1s that between a pri- 
mary or secondarv ammonium cation and 
an oxygen anion coordinated to tetrahe- 
drally coordinated atoms (T atoms) in so- 
lution that translates into the N-He-0 in- 
teraction in the final host-guest condensed - 
framework structure. The charge on the 
inorganic framework is adjusted to the 
organic template charge by restructuring 
the framework assemblv. This alteration 
can be accomplished by (i)  adjusting the 
curvature and charge of the framework - 
surrounding the template through the cre- 
ation of expanded or interrupted cages or, 
(ii) if tetrahedral atoms with different 
charges (for example, A13+ and Cow) are 
made available during the assembly, 
matching framework charge with template 
charge by appropriately changing the 
framework composition. Here we chose 
the second method, letting the charge re- 
quirements of the organic template deter- 
mine the framework com~osition and 
charge. The cobalt aluminophosphate sys- 
tem is attractive because a laree concen- " 
tration of Cow can be incorporated into 
the framework A13+ sites to give structures 

Mg, Mn, or Zn alumino- (or gallo-) phos- 
phate systems with similar framework 
charge densities. Water solvation and hy- 
drolysis reactions with transition elements 
are serious comuetine interactions that 

A " 

can lead to interrupted and nonzeolitic 
frameworks, so that a partially nonaqueous 
media is preferred. 

The generation of configurations with - - 
large cages and pores requires additional 
domain seuaration of the chareed wall from " 

the cage and core contents. They can be 
separated by telnplating with an organic 
rnolecule that has spatially competing hy- 
drophilic and hydrophobic regions. We ini- 
tially used protonated dibutylamine, with 
its relatively large hydrophobic group, as a 
structure-directing agent, which successful- 
ly led to the synthesis of a cobalt al~unino- 
phosphate faujasite analog (7). Primary, 
secondary, and tertiary amines were previ- 
ouslv unknown to be able to direct the 
foriation of the faujasite topology. A more 
effective and col~trolled method of intro- 
ducing spatially competing regions is 
through the use of gemini type molecules 
( 1  1 ) .  In this study, we selected the related 
linear diamines, NH,(CH2),,NH, (n r 7 ) ,  
and polyether diamines with backbones 
that have a smaller affinitv than the a~nine 

with a relatively high framework charge groups for the charged inorganic species 
density (7).  Thus, the framework charge is that ultimately makes up the franlework 
readily varied from -1 to 0 for each MP04  wall (12). These dialnines are flexlble 
unit. The synthesis method developed enough to give by folding relatively high 
from the cobalt aluminophosphate system charge densities at the template-framework 
has been extended to other systems such as interface. The polyether diamines are par- 

Table 1. Summary of crystallographlc data for selected zeol~te analogs and structures synthesized In 
ths study. R(F) = 2 I I F 0  - IF, 1/11 F,, wth Fo > 4.0a(F0); 20,, refers to the maxmum 20 value 
(MoKa radiation) in degrees for reflections used in the structure refinement; M-O is the average bond 
distance for a unique metal atom sites in each structure. Unit cell p angles for monoclinic crystals. 
ACP-PH2, 90.946"; CAP-AE2, 90.087". In the formulas: 0.4 < x < 0.5, 0.3 < y < 0.5; R1 = 

(CH,),CHNH(CH,),NHCH(CH,),; R2= [(NH,(CH?),)],NH; and R3 = 5-am1no-1,3,3-tr1methylcyclohex- 
anemethyamlne. A amlnes are fully protonated In crystal structures. 

Name Structural Space 20,,, Mi@ 
formula group a (A) b (A) c 6) R(F) (deg) (A) 

UCSB-6GaCo 
UCSB-6GaMg 
UCSB-6GaZn 
UCSB-6Co 
UCSB-6Mn 
UCSB-6Mg 
UCSB-6Zn 
UCSB-8Co 
UCSB-8Mn 
UCSB-8Mg 
UCSB-8Zn 
UCSB-1 OGaZn 
UCSB-I OCo 
UCSB-1 OMg 
UCSB-I OZn 
CAP-RHO1 
MnAP-RHO1 
MAP-RHO1 
ACP-PHI2 
CAP-AE12 
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ticularly advantageous in that they are also 
highly soluble, even for large molecular 
weights. 

Overview of the large-pore structures. 
We have synthesized more than a dozen 
new large-pore materials in seven different 
ternary systems, all of which have large 
cages interconnected by multidimensional 
12-ring channels. Together with the zeolite 
rho analogs (Table I), these large-pore 
~hases raise the concentration limits for Mn 
and Mg in zeolite type structures. To our 
knowledge, the replacement of as many as 
50% of the A13+ atom sites in aluminophos- 
phate zeolite type structures with M 2 +  or 
Mn2+ cations is unprecedented (13), and 
there have been no single-crystal structural 
studies of any Mn2+-containing zeolite type 
structures that unambiguously demonstrate 
the incorporation of Mn2+ into the frame- 
work T-atom sites (14). 

Compared to aluminophosphates, it is 
relatively difficult to make gallophosphate 
zeolite tvDe structures. Some success in this 
area has &en through the use of the fluoride 
media (F-) (15). The difference between 
gallophosphates and aluminophosphates in 
their ability to form zeolite type structues 
can be reduced through the incorporation of 
other elements. A few cobalt gallophos- 
phates are already known (1 6). Recently, we 
synthesized over a dozen metal (Zn2+, Co2+, 
and Mg2+) gallophosphates (or arsenates) 
(7, 17), all of which have metal alumino- 
phosphate analogs. Four large-pore metal 
gallophosphates are reported here. Among 
these. the creation of temarv svstems with , , 
large-pore structures, for example, magne- 
sium gallophosphates, is particularly encour- 
aging. These gallophosphates have extended 
zeolite type structures into previously un- 
known compositional domains. 

In all of the large-pore structures report- 
ed here, M3+ (M = A1 or Ga) and M2+ 
(M = Co, Mn, Mg, or Zn) cations are far 
from being evenly distributed among crys- 
tallographically unique metal atom sites ac- 

cording to the average M-0 distance for 
each T-atom site: Some metal sites are rich 
in M2+, whereas others are rich in M3+. 
Metal sites rich in Ga3+, Mg2+, and Mn2+ 
are sometimes five-coordinate; the fifth li- 
gand, which is 2.2 to 2.6 A from the corre- 
sponding metal atom site, is probably a 
water molecule. 

In the following discussion, the struc- 
tures are grouped according to framework 
topology rather than chemical composition. 
The crystallographic data are listed in Table 
1. These materials were made hydrother- 
mally at 180°C with reaction times between 
3 and 5 days. Starting materials included 
[(CH3),CHOI3A1, Ga(N03),-xH20 or 
Ga2(S04)3-xH20, CoC03-xH20, MnCO,, 
Zn(N03)2-6H,0, MgHP04.3H,0, and 
85% H3P04. The product chemical compo- 
sitions derived from the elemental analysis 
are closely correlated with the average M-0 
distances in these structures. As expected, 
M-0 distances for the mixed M2+ and M3+ 
sites are intermediate between those of 
M2+-0 and M3+-0 bonds (7, 18). 
UCSB-6. The UCSB-6 family comprises 

metal (Co, Mn, Mg, or Zn) alumino- (or 
gallo-) phosphates with a framework topol- 
ogy possessing a 3D 12-ring channel system. 
The family also includes various forms of 
crystal structures with different guest spe- 
cies. Crystals are typically hexagonal plates 
(or prisms) with the largest dimension 
around 150 Fm. However, for some analogs, 
such as UCSB-6Co and UCSB-6GaCo, 
much larger crystals (-600 Fm) have been 
grown. UCSB-6 can be made with several 
different amines, including 1,7-diamin- 
oheptane, 1,8-diaminooctane, and 19-dia- 
minononane. Dipropylamine and diisopro- 
pylamine are used as co-solvents in the 
synthesis with 1,8-diaminooctane and 1,9- 
diaminononane, respectively, to enhance 
the solubility of the latter two amines and 
to provide additional control of the pH. 
UCSB-6Mg can also be synthesized using 
1,lO-diaminodecane and dipropylamine. 

Fig. 1. (A) The can cage in UCSB-6 and UCSB-10, (B) the ocn cage in UCSB-8, (C) the capped 
(m)-can-D6R-can unit in UCSB-6, (D) the capped (i)-can-D6R-can unit in UCSB-10, and (E) the capped 
(m)-ocn-D8R-ocn unit in UCSB-8. The larger and darker circles represent cobalt (or aluminum) sites; the 
smaller circles represent phosphorus sites. As in all of the figures, the bridging oxygen atoms are 
omitted. 

The sample of UCSB-6Co prepared from 
1,7-diaminoheptane was pure according to 
optical microscopy, x-ray powder diffrac- 
tion, and elemental analysis. Depending on 
the nature of the metal atoms. UCSB-6 can 
occur as either a major or a minor phase 
when amines longer than 1,7-diaminohep- 
tane are used. 

With about 45% of the A13+ sites re- 
placed by Co2+, UCSB-6Co has the highest 
framework transition-metal concentration 
of any large-pore zeolite type structure. 
Such a high substitution level is evident 
from the average M-0 bond distance and is 
supported by a full elemental analysis. The 
molar ratio of 1 for (A1 + Co)/P indicates 
that there are no extra-framework T-atoms. 
Such a high transition-metal concentration 
could lead to novel catalytic and magnetic 
properties, but it also contributes to the 
lower thermal stability of UCSB-6 as com- 
Dared to A13+-rich molecular sieves. Fur- 
h e r  studies are needed to examine the sta- 
bility of this family of compounds and to 
determine if amines can be removed with- 
out loss of the framework structure. 

A basic structural unit is the cancrinite 
cage [the can cage (Fig. lA)], which exists 
in several zeolite structures, including can- 
crinite, erionite, and offretite. There are 
two ways of joining two cancrinite cages 
with double 6-ring units (D6R): In the so- 
called symmetrical configuration (Fig. lC), 
the two cages are related by a mirror plane, 
whereas in the "nonsymmetrical" configu- 
ration (Fig. ID), they are related by an 
inversion center. We use (m)-can-D6R-can 
to represent the symmetrical configuration 
and (i)-can-D6R-can for the nonsymmetri- 
cal one. 

The members of the UCSB-6 family 
consist of (m)-can-D6R-can units identical 
to that found in the medium-pore wenkite 
structure and the large-pore LTL type struc- 
ture. The cross-linking of (m)-can-D6R-can 
units generates the LTL type structure with 
a 1D 12-ring channel. In UCSB-6, the (m)- 
can-D6R-can unit is symmetrically capped 
with six additional T-atoms at each end to 
form what we call the capped (m)-can- 
D6R-can unit (Fig. 1C). The structure of 
UCSB-6 consists of columns of capped (m)- 
can-D6R-can units cross-linked to others by 
oxygen bridges. The framework can also be 
considered as the hexagonal packing of 
capped (m)-can-D6R-um units (ABAB se- 
quence) with their long axes aligned along 
the hexagonal c axis. 

As a result of these capping T-atoms, the 
12-ring window facing the crystallographic 
c direction is less planar than that in zeolite 
L (Fig. 2, A and C). However, these cap- 
ping T-atoms are responsible for the forma- 
tion of three other planar and circular 12- 
ring windows (free diameter of 8.0 A, based 
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on the structure of VCSB-6Co and an ox- 
ygen radius of 1.35 A) facing the directions 
that are perpendicular to the c axis. 

The 3D 12-ring channel system of 
UCSB-6 is similar to that found in the EMT 
type structure, even though the basic struc- 
tural building units are different. The struc- 
ture of UCSB-6 can be derived from the 
EMT type structure by simply replacing the 
sodalite cage with the one-sided capped can- 
crinite cage. Note that the sodalite cage and 
the one-sided capped cancrinite cage have 
the same number of T-atoms (24 T-atoms), 
and thus, the resulting framework has a 19w 
T-atom density (12.8 T-atoms per 1000 A3 
for UCSB-6GaCo). This density is compa- 
rable to that of the EMT type structure 
(12.9) and is significantly lower than that of 
other large-pore structures containing can- 
crinite cages (for example, 16.7 for can- 
crinite and 16.4 for zeolite L). Also like the 

EMT type structure, UCSB-6 has two differ- 
ent large cages: One is bound with five 12- 
rings, and the other, with three (Fig. 2, A 
and B). The relation between UCSB-6 (can- 
crinite cage) and the EMT type (sodalite 
cage) is evidenced by the similarity in unit 
cell parameters and space groups (for EMC- 
2, an aluminosilicate po2sessing the EMF 
type structure, a = 17.3 4 and c = 28.8 oA; 
for UCSB-6Co, a = 17.7 A and c = 27.3 A). 
The space group of UCSB-6 (P31c) is a 
subgroup of that of EMC-2 (P6,/mmc). This 
relation can be explained by the lack of A1 
and Si ordering in EMC-2 and the lower 
symmetry of the capped cancrinite cage as 
compared with the sodalite cage. 

In UCSB-6 structures, there are two ex- 
tra-framework atomic sites (N atom sites) 
that are as ordered as the framework 0 
atoms. Except for one or two C atoms ad- 
jacent to the N atoms, all other C atoms are 

Fig. 2 (left). The large cages in UCSB-6 bound with (A) five 12-ring windows 
or (B) three 12-ring windows. (C) The 12-ring channels viewed down the c 
axis in UCSB-6. The locations of cages shown in (A) and (B) are marked a and 
b in (C). Fig. 3 (right). (A) The large cage built from 64 T-atoms and 
bound with four 12-ring windows in UCSB-8. (B) The 12-ring channels 
viewed down the a orb axis in UCSB-8. 

highly disordered. The most appropriate 
reason for the strong ordering of N atoms is 
that the terminating NH, groups are held to 
the framework by relatively strong N-H.-0 
hydrogen bonds. Theo shortest N.-0 dis- 
tance, of less than 3 A, supports the pres- 
ence of N-H.-0 hydrogen bonds. The sim- 
ilar N and C atom ordering is also found in 
the UCSB-8 and UCSB-10 structures. The 
formation of N-H.-0 hydrogen bonds is an 
important aspect in the self-assembly of 
these materials. Factors that affect the mak- 
ing of N-H.-0 hydrogen bonds include the 
number of atoms separating two N atoms 
and the number of hydrogen atoms on each 
N atom. 

UCSB-8. Crystals of UCSB-8 are typi- 
cally grown as square plates (sometimes 
with four truncated comers) with a typical 
dimension of about 150 Fm. Structures 
with several divalent metals (Co, Mn, or 
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Mg) have been prepared with 1,9diamin- 
ononane or 1,lOdiaminodecane with 
dipropylamine as co-solvent. Because the 
use of 1,9diaminononane and dipro- 
pylamine in the zinc aluminophosphate sys- 
tem gives UCSB-6Zn, the polyether dia- 
mine route described below has been used 
to synthesize UCSB-8Zn. The UCSB-8 
structures are pseudo-body-centered and 
could be solved in several body-centered 
space groups such as 14/m with R (residual) 
factors below lo%, but metal atom and P 
atom sites could not be distinguished. The 
strict alteration of metal atom and P atom 
sites is obvious when refinements are per- 
formed in space group P4/nnc. 

The UCSB-8 materials consist of an or- 
thogonal channel system with 12-ring aper- 
tures in two dimensions and 8-ring aper- 
tures in the third (Fig. 3B). The 12-ring 
pore size in UCSB-8Co is 7.7 A by 7.5 A, 
slightly smaller than that found in UCSB- 
6Co. These channels intersect at the center 
of a large cage (Figs. 3A and 4) consisting of 
64 T-atoms (four 12-rin a d  two 8-rings . 
The cage measures 20 f b y  20 A by 15 d, 
as measured between oxygen centers using 
positional coordinates of UCSB-8Co. In 
comparison, the supercage in faujasite and 
the a cage in zeolite A have only 48 T- 
atoms, and two cages in the hexagonal fau- 
jasite structure have 60 and 36 T-atoms. 

In addition to double 8-rings (D8R), 
previously known to exist only in merli- 
noite, paulingite, and zeolite rho, UCSB-8 
has a cage consisting of 24 T-atoms. This 
cage, intermediate between the cancrinite 
cage (18 T-atoms) and the paulingite cage 
(32 T-atoms), was first found in the struc- 
ture of MAPO-39 and has been labeled as 
an ocn cage (Fig. 1B) (19). In UCSB-8, two 
ocn cages are symmetrically linked through 

Fig. 4. Cross-sectional view of the 64 T-atom 
cage surrounded by ocn cages and double 8-ring 
units in UCSB-8. 

D8R to give a (m)-ocn-D8R-ocn unit. Eight 
additional T-atoms are then symmetrically 
added to the end 8-rings to give what we 
call a capped (m)-ocn-D8R-ocn unit (Fig. 
1E). .The framework structure consists of 
columns of capped (m)-ocn-D8R-ocn units 
cross-linked to others by oxygen bridges. 
Alternatively, the framework can be con- 
sidered as the body-centered packing of 
capped (m)-ocn-D8R-ocn units with their 
long axes aligned along the c axis. Other 
zeolite structures based on the bodv-cen- 
tered packing of polyhedral units iiclude 
ACP-1, with double 4-ring units, and zeo- 
lite rho, with a cages (7). 

The size of the large cage in UCSB-8 is 
related to its structural building units. In 
UCSB-8, the number of T-atoms of the 
largest cage is equal to the number of T- 
atoms in the capped (m)-ocn-D8R-ocn unit. 
This observation also applies to UCSB-6 
and some other zeolite structural types. For 
example, the supercage of faujasite and the 
a cage of zeolite A have the same number 
of T-atoms as P-D6R-P and P-D4R-P units, 
respectively (P refers to the sodalite cage). 
In the two structures reported here, expan- 
sion of the capped (m)-can-D6R-can unit 
into the capped (m)-ocn-D8R-ocn increases 
the size of the largest cage from 48 T-atoms 
in UCSB-6 to 64 T-atoms in UCSB-8. . 
UCSB-10. In nature, two cancrinite 

cages across the D6R unit can be re- 
lated by either a mirror symmetry 
(perlialite with LTL structure) or an in- 
version center (erionite with ERI struc- 
ture). The synthesis of UCSB-6 with the 
cappPd (m)-can-D6R-can unit suggested 
that a structure with the capped (i)-can- 
D6R-can unit should exist. Such a struc- 
ture has been made and structurally char- 
acterized. Its crystals are typically thick 
hexagonal plates with a maximum dimen- 
sion of 1 mm. The structures are refined in 
space group R3, but some crystals with 
different compositions have primitive unit 
cells, possibly as a result of twinning or 
pseudosymmetry . 

The strategy for the synthesis of UCSB- 
10 is an extension of that used for the syn- 
thesis of UCSB-6 and UCSB-8. As diarnines 
with the hydrophobic carbon backbone get 

longer, they become less soluble under our 
synthesis conditions. Ordered rhombohedra1 
lamella phases with interlayer distances 
ranging from 17 A (one third of the c axis) 
f ~ r  the 1,9diam@ononane phase (a = 16.60 
A, c = 51.56 A) to 20.7 A for the 1,12- 
diaminododecane phase (a = 16.50 A, c = 
62.09 A) become competing products. To 
enhance the solubility, we used polyether- 
based diamines with a more hydrophilic 
backbone. For the synthesis of UCSB-10, 
different polyether mines with a molecular 
weight (or average molecular weight) be- 
tween 170 and 240 are effective. 

Single-crystal structure studies showed 
that UCSB-6 and UCSB-8 m e  structures 
can also be formed when oKly polyether 
diamines are used. For example, whereas 
4,7,10-trioxa-1,13-tridecanediamine or 4,9- 
dioxa- l,l2-dodecanediamine results in the 
formation of UCSB-lOGaZn, either ethyl- 
ene glycol bis(3-aminopropyl) ether or 1,7- 
diaminoheptane leads to the crystallization 
of UCSB-6GaZn; UCSB-8Mn structures 
have been made from either 4.7.10-trioxa- ., , 
1,13-tridecanediamine or ethylene glycol 
bis(3-aminopropyl) ether in addition to 1,9- 
diaminononane. Compared to the alkyldia- 
mine-based synthesis, the polyetherdia- 
mine route has some advantages because 
co-solvents such as di~ro~vlamines are not 
required and some -of' &ese polyether 
amines are relatively inexpensive. 

In UCSB-10, capped (i)-can-D6R-can 
units (Fig. ID) are stacked with an AB- 
CABC sequence. Between two capped (i)- 
can-D6R-can units along the hexagonal c 
axis are two large cages sharing a 12-ring 
window (Fig. 5). This structute results in a 
lone c axis of more than 41 %i. which is 
reiniscent of the body diagonal distance 
in the fauiasite cubic cell (-43 A). The . - ,  
multidimensional channel system perpen- 
dicular to the c axis is similar to that ob- 
served in UCSB-6, with a pore size of 7.6 A 
by 7.4 A in UCSB-1OCo. However, the 
12-ring channel along the c axis follows a 
zigzag path. Thus, cages inside UCSB-I0 
are accessed through a 3D 12-ring channel 
system. 

The relation between UCSB-10 and fau- 
jasite is similar to that between UCSB-6 

Fig. 5. Two large cages sharing a 
common 12-ring window in UCSB- 
10. Each cage is bound with four 
12-rings. 
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and the  EMT type structure. Like the  su- 
percage in faujasite, the  large cage in  
UCSB-10 is hound with four 12-rings tet- 
rahedrally distrtbuted. T h e  structure of 
UCSB-10 can be obtained from the  faujas- 
ite type by replactng the  sodalite cage with 
the  one-sided capped cancrinite cage. Such 
a relation becomes obvious if a rhombohe- 
dral u~nit cell is used to  describe the  cubic 
faujasite structure. For example, the  cubic 
cell of a faujasite analog, CAP-FAU1, can 
he tralnsforined into a rhornhohe$ral cell 
with a = 17.54 ,4 and c = 42.95 A ,  which 
becomes very s imjar  to  :he unit celloof 
UCSB-1OCo (a =. 17.70 A, c = 41.69 A ) .  
A noticeable difference is that fauiasite and 
EhIT stryctures have c axes that are more 
than 1 A longer than those of the  corre- 
sponding UCSB-6 and UCSB-10 structures. 
This difference has allowed the screening of 
a large number of crystals grown under var- 
ious synthesis conditions by determination 
of unit cell narameters onlv. 

Future directions.  hi composttional 
domains achieved in  this studv innnlv that  

L , 

there might exist a large famhy of zeolite 
type structures no t  yet synthesized. Some 
of these unknown phases should be acces- 
sible with use of the  approach developed 
here.  Such work could open new areas 
of research in  the  synthesis of zeolite type 
materials. T h e  availability of large single 
crystals for many related large-pore struc- 
tures containtng different metal cations 
and  protonated alnines provides a n  oppor- 
tunity to  study in  detail t he  coordination 
chernistrv of metal atoms in  the  zeolite 
type framework and the  structure-direct- 
ing effects of amines, which should pro- 
vide gutdance for the  future design of mo- 
lecular sieves. T h e  observed correlation 
between pore geometry and framework 
charge density is supported by the  success- 
ful synthesis of UCSB-6, UCSB-8, and 
UCSB-10 structures with a variety of 
chemical compositions. I t  is suggested'that 
a design strategy tha t  allows the  expansion 
of t h e  cagelike structural subunits can  lead 
to  even larger caees and  a lower framework 

u 

T-atom density. 
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Immune Versus Natural Selection: 
Antibody Aldolases with Enzymic 

Rates But Broader Scope 
Carlos F. Barbas Ill,* Andreas Heine, Guofu Zhong, 

Torsten Hoffmann, Svetlana Gramatikova, Robert Bjornestedt, 
Benjamin List, James Anderson, Enrico A. Stura, Ian A. Wilson,* 

Richard A. Lerner* 

Structural and mechanistic studies show that when the selection criteria of the immune 
system are changed, catalytic antibodies that have the efficiency of natural enzymes 
evolve, but the catalytic antibodies are much more accepting of a wide range of sub- 
strates. The catalytic antibodies were prepared by reactive immunization, a process 
whereby the selection criteria of the immune system are changed from simple binding 
to chemical reactivity. This process yielded aldolase catalytic antibodies that approxi- 
mated the rate acceleration of the natural enzyme used in glycolysis. Unlike the natural 
enzyme, however, the antibody aldolases catalyzed a variety of aldol reactions and 
decarboxylations. The crystal structure of one of these antibodies identified the reactive 
lysine residue that was selected in the immunization process. This lysine is deeply buried 
in a hydrophobic pocket at the base of the binding site, thereby accounting for its 
perturbed pK,. 

T h e  central dilemma in  the  development 
of alternative protein catalysts concerns du- 
plicating the  rate accelerations of natural 
enzymes while increasing their versatility. 
For new enzymes to be optimally useful in 
chemistry, they must be both efficient and 
capable of accepting various substrates. 
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Whereas the  need for efficiency is obvious, 
the  scope problem arises because enzymes 
would he more useful if they could catalyze 
a class of reactions with diverse substrates. 
T o  solve this problem, we have used anti- 
body catalysis. 

T h e  approach is best highlighted by 
comparing the  processes by which evolu- 
t ion and the  immune system develop new 
protein functions. During evolution natural 
selection occurs as a consequence of itn- 
proved function or fitness. In  the  case of 
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