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Abstract

Efforts made to understand the formation of potentially important solids with éxtended architectures are presented.
Studies clearly demonstrate the importance of zero-dimensional 4-membered ring monomer snd the one~limensional
edge-shared ladder struetnres in-the building-up process of complex structures of higher dimensionalities. The trans-
formation regetions, cartied out on zeno- and one-dimensional structures, provide insight into the possible pathways
involved in the formation of two- ang MG-dhnnnswnaJ structures. All the stodics described herein have been carried
out on single crystals using X-ray erystablography and in order to lave better understanding, it is lmpbrtant to carry out
in-situ experiments under real-tlme conditions.
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1. Introduction

Materials that possess open architectures are generally defined as those formed with channels,
cavities and voids. The research in the area of novel open-framework materials is very intense
due to their industrial applications in the area of catalysis, sorption and ion-exchange proc-
esses, both actual and potential.! Zeolites® (aluminosilicates and related pure silicates) and
aluminophosphates’ are the best known families exhibiting such properties. During the past
decade, synthesis and structures of large numbers of metal phosphates exhibiting a variety of
structures have been reported,* These metal phosphates incorporate a wide range of elements
(more than 40 up to now) and majority of them possess three-dimensional architectures, in-
creasing the number of potential porous materials.

The open-framework materials' are generally synthesized by hydro/solvothermal (7S
200°C, antogeneous pressure) methods in the presence of organic amines. Despite the richness
of the crystal chemistry of these materials, rational design of the new materials is still not pos-
sible; because of the interplay of several factors such as ligand—donor group geometry, stereo-
chemistry, solvent, coordination preferences, oxidation states of the metal jons, and the nature
of the counterion. One of the approaches for formulating a mechanism for the formation of
such designed solids would be to synthesize many structures in as many systems with several
topologies so as to develop the skill and possibly thumb rules to define the structure—property—
function relationships.

*Text of lecture delivered at the Annual Faculty Mectmg of the Jawaharlal Nehru Centre for Advanced Scientific Re-
search ‘at Bangalore during November 2000.
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gatlons on fluorinated galliumphosphates, Ferey proposed a
matching between the structure-directing agent (amine mo'l?a’cjuié)
species that might be present in solution.” * Recent in-situ NME, sxperinoati.hps shown same
evidence for the Jresence of tetrameric units in solution and appears m be consiswm with the ]
model of Ferey.® Rao and coworkers, on the other hand, have e]nbormd the role of-amitie
phosphates as possible intermediates in the formation of metal.g P -nhl&:ﬂ“ﬁ £PRec-
tion, it is worth notmg that a zero—dlmensmnal 4-membered. m&mmimmmsghm
oopliste with M’mﬁs mdushm

of these advances, there is still a lot of ambiguity that prevails, especmlly on the r01= of amine,
the type and nature of building units responsible for the building up: af theso ﬁmmmgmm
tectures.

GEHEYRE D) s

The isolation of a 4-membered ring monomer and its transformation to a layered zinc phos—
phate prompted Rao and coworkers to propose a aufbau pnnc1ple for the formativh of tpen-
framework structures.™ In this paper, we present a critical accﬁun.t bf ai‘aﬁonai unaél‘swndmg
of the formation of open-framework structures based on the tra re&bﬁons “of lower
dimensional solids, especially the zero- and the one-dimensionsl’ ones. In tbis‘pw "mﬁst of
the discussion will concentrate on the zinc phosphate famﬂy of compbunﬂs

2. Informatien obtained from open-ﬁ'amework tin(IT} phosphm

Though the relanonshlp between the various structures, especmlly the lo.wel;- ' ‘

has been a topic of discussion during the last few years, the first indication that the lower- and
higher-dimensional structures are mutually related was shown in the one-and two-dimensional
structures of the tin(Il) phosphate family of compounds.” Thus, two simple e phosphate
structures, the one-dimensional ladder [CgN,H 3]2[SnPO,), synthesized in. the préosence of di-
ethylethylenediamine (Fig. 1a), and the ‘two-dimensional layer: fCNsH 4J2[BnPOg]; -synthe-
sized in the presenee of DABCO (Fig. 1b), are related. In addition: to having. the same fyame-
work topology, the lattice parameters of these two compounds are also slogely: related:'? Based
on this observation, it has been proposed that the layer structure can be-fortied fiontthe ladder
structure by a mere shiffing of Sn—O-P bonds. A schematic of such o transformption s
presented in Fig. 2. As can be seen from the scheme, every second alternse: 4-merbered ring
in the ladder is broken (Sn—O-P bond forming a new P = O), accompanigd by a.simple rotatien
of the existing P=0 group about a P-O single bond giving rise t¢° 8 Sn—0O-F bond and
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Fig. 1. (a} Structure of the one-dimensional tin phosphate, [CeNH e]2[SnPO.), with the ladder structure formed en-
tirely of edge-shared 4-membered rings (oxygen atoms are not shown). (b) Structure of the tin phosphate,
[C:H 14J2[S1PO,), showing the 4- and B-membered rings‘ wilh_in one layer,

new 4- ey tings found in the layer tin phosphate. This scheme is also consistent
with the douhlmg of Hae Lpaxiy. observed in the layer compound. From: this obgeryation, one
can genera]lze a formalism ifi %hich the n-edge-sharing 4-memibered rings can give rise to a m-
membered ring, to get a ring with m + 2n atoms (m and n represent T atoms; T = §i, Al in zeo-
lites and Sn, P in tin phosphates). This type of generalization dppears to be true for many of the
lower-dimensional solids as exemplified in the study of zinc phosphates.”’

3. Relationsliip hetw?een framework zinc phosphate structures"

The synthesis of a famlly of open-framework zinc phosphates, encompassing the one-, two-
and three-dimensional structures, employing a single amine, has been described recently.’®
These zinc phosphates have been synthesized under hydrothermal conditions in the presence of

FIG. 2. Schematic shows the pc-ss1ble pathway during the
transformationt of the Tadder intd-a layer. Notc that the 4-
membered rings arfe broken p- form the: 8:memibered
rings. The dotted lifies represent the: new 4- and 8- mpem-
bered rings that were formed due & the 3n-O-B bonding
and subsequently the layer (oxygen atoms are not
shown).
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Triethylenetetramine(TETA)
Zn0 +HCl + H3POy + TETA + Hy0
Zn0,N - pillar
w Zno,
PO,
F16. 3. The various zinc phosphate structures formed from a single amine, triethylenetetramine (TETA). Note that the products contain one-, two- and three-dimensional
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a tetramine, triethylenetetramine (FETA) (Fig. 3). A critical examination of the initial compo-
sition of the synthesis mixture révaals the: dependence of the structure of the final product on
the concentrations of the arise ud the:phosphoric acid (Fig. 4). As can be seen from Fig. 4,
the one-dimensional (lﬁdﬂeﬁy%tﬁle ‘two-dimensional (layer) structures are obtained when the
relative concentration of phmpﬁoﬂc -acid is high, with the ratio of concentrations of the acid
and the amine being in the fwiige of 3:1—4:1. This is in contrast to the three-dimensional struc-
tures where the ratio is-in‘the range of 2:1-1:1. The amine molecule binds itself to the metal
centre (acts as a ligand) when the ratio is 1:2 or when the amine concentration is very high; a
low concentration of the metal ions with respect to the amine would also favour such. direct
bonding between the amine and the metal. This generalization also gains strength from the
available literature on open-framework zinc phosphates. Thus, ladder and layer zinc phos-
phates are obtained with ethylenediamine (en),"” 1, 3- d1auuno-2—hydrox pone (DAHP)," 1,
3-diaminopropane (DAP)" and diethylenetriamine (DETA), when the he ratio between the
phosphoric acid to amine is high (3:1-4:1); the ratio is close to 1:1 in the case of three-
dimensional structure. Metal ligation by the amine is found in zinc phosphates with diazabicy-
clo[2, 2, 2Joctane (DABCO),” and DAP? when the relative amine concentration is high (acid :
amine =1:3-1:4), .

It is to be noted that_ tbz ladder and layer zinc phosphates form with ~-HPO, units and the
three-diniensional solids’ With ~PO, units, indicating the different levels of deprotonation of the
phosphoric acid. The deprotonation, removal of hydrogen from the phosphori¢ acid, probably

H3P04 : TETA

1y 1D ladder structure

X
+ 1D ladder (I) + 2D layer

1_: 1 _ 2D layer with twbules +

- 3D structure

1.5 @+ 1
\———-v_ 3D structure

Zn0O + HCI + H;PO,
+ TETA + H,0

3D structure
16-membered channel

3D structure
with ligated amine

Fig. 4. The relations‘hip between the structures of the Zn phosphates and the phosphoric acid-to-amine ratio (see text).
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subtly related to the relative concentration of the amine and the acid. Thus, in the ladder and
layer structares, the acid being in far excess results in a solid with a fully protonated amine but
not a completely deprotonated acid. On the other hand, comparable ratio of acid and the amine
form a solid with predominantly PO, units. The excess amine leading to the complete deproto-
nation of the acid, but not in the protonation of the amine leading to ligation of the amine with
the metal centre. From the above cbservations, it appears that the deprotonation, of the phos-
phoric acid is one of the crucial steps in.the fonnation of open-framework structures.

4. The 4-membered ring and 1ts role in framework structures

From the open-framework structures of the tm(II) and zinc phosphates, it appears that the fun-
damental building unit i a 4-membered ring of the composition [M;P,0,]. While no attempts
have been made to propose ‘building units and their role in the formation of phosphate frame-
works, building units of different varieties have been proposed and studied in detail in the fam-
ily of aluminosilicate zeolites.” In the case of phosphate networks, the formation of open- -
framework structures from a linéar chain involving comer-shared 4-membered rings have been

" FG. 5. Kn) q 4-m  ring zinc. phosphate ‘monomer, [CsNyHsl[Zn(HPO,)(H:PO.),]. Note that the HPO, and

nrclutecmrc has cavmes whem the amme molecules rcsnde Dotted hnes represent the hydmgen bond mtemctmns

ﬁﬁm ¢ Zn centre, (b) Hydrogen-bonded assembly of the monomer and the amine. Thé sheet-like .



OPEN ARCHITECTURES ; 31

postulated.’ It appears, however, that the primary reaction involves the formation of the 4-
membered ring. If, indeed, the 4-membered ring is a basic building unit, then it is of vital im-
portance to isolate sich monomeric 4-membered ring metal phosphate, and to examine its
" transformations into open architectures of higher dimensionality under relatively ‘mild condi-
tions. Tn the light of this, the isolation of a zero-dimensional monomeric 4-nyembered rifig of
the composition, [N(C;HsNH;):][Sn(PO)(HPO,)], in the family. of Hn(IT). phosphates,2* has
been a crucial discovéry. However, it was observed that the reactivity of the tin(II) phosphate
monomer was poor. ' A -

In the family of zinc phosphates, however, a zero-dimensional zinc phosphate monomer of
the formula [CsN2H 15]{Zn(HPO )(H,POy);], has been isolated, and is shown to tragsform into a
layered zinc phosphate, [CsNoH;s)[Zns(H,0)s(HPO,),).!" The structures of both the monomer
and the layer are shown in Figs 5 and 6. The transformation of the monomer into a layer
clearly indicates the pivotal role of the 4-membered ring in the formation of framework phos-
phates. Recently, another zinc phosphate monomer, {CsNgH;, J[Zn(HPO,):(H,PO,)], isolated
from this laboratory, has also been shown to transform under different reaction conditions giv-
ing rise to a variety of structures with varying dimensionality. This observation clearly demon-
strates that the monomer is reactive, and possibly the reactivity arises due to the deprotonation
of the terminal phosphoryl (-OH) group. In Fig. 7, the various structujes obtained from the
monomer are presented. As can be seen, the product phases encompass the eitire spectrum of
structures known in framework solids. Since the one-dimensional phosphate structures possess
4-membered rings connected through their corners or edges forming chains or ladder struc-
tures, it would be worthwhile to investigate the reactivity of such low-dimensional solids as
well. It is to be noted that whilst the ladders form-HPO, groups with pendant, the chains are
devoid of them. In order to investigate the reactivity of the terminal phosphoryl (-OH} groups,
especially in the edge-shared ladders, and its possible role in the formation of higher-

FiG. 6. (a) Strlicturq of a single layer in the monomer-transformed zinc phosphate [CoNaH g)[Zna(H;0)(HPO4] (see
text). (b} Structure of the layered zinc phosphate sowing two layers with the amine molecules. Dotted lines represent
inter-layer hydrogen bond interactions. )
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F1G. 8. The products obtained from the transformations of the one-dimensional zinc phosphate, [C6N4H22]0.5 [Zn(HPO4)2]. Note that the products comptise two- and

three-dimensional structures {see text).

SHANLOALIHDAY NIdO

£€



34 SRINTVASAN NATARAJAN

dimensional structure, it is of vital lmportance to study the deprotonation reactions under suit-
able experimental conditions. -

5. Transformations of the one-dimensional ladders

A careful investigation of the transformations of one-dimensional ladder structures of the zinc
phosphate family had been undertaken in this laboratory during the last year or so, resulting in
a variety of solids with two- and three-dimensional architectures. The formation of higher-
dimensiona} structures from the one-dimensional ladder mdlcates that the ladders are not only
reactive but also are one of the fundamental building units in the hierarchy of structures of
framework solids. The structures that have been obtained duting transformation of the one-
dimensional zinc phosphate [CeN4Hp,los[Zn(HPO,),] have been presented in. Fig. 8. As can-
been seen the product structures are devoid of any terminal -OH groups, indicating the possi-
bfe condensation of the one-dimensional ladders during deprotonation. A caréful examination
of the structures also shows the presence of ladder-like features in the products In Fig. 9, a
possible pathway for the formation of the layer architecture from the ladder, in the presence of
added amine, is presented. A careful examination of the product clearly reveals that the acetate
anions in solution act as a base favouring the deprotonation of the terminal ~OH groups, with
the Zn ions making the bond between the deprotonated terminal PO, groups to form the layer
structure. It is likely that during the transformation reactions, partial hydrolysis of the parent
phase might also occur, resulting in hydrated Zn®* ions in solution, which further react forming
the products. In the light of this it is to be noted that poly-condensation of phosphoric acid oc-
curs through the deprotonation of the terminal ~OH groups.”® The transformation of ladder
structure involves very simple chemical changes such as deprotonation of the phosphoryl
(-OH) group and the subsequent condensation of the resultant phosphate unit. The actual trans-
formation of the one-dimensional ladder seem to involve self-assembly as evidenced from the
presence of ladder-like features in the higher-dimensional structures. Since, such self-assembly
is likely to occur spontaneously, it is not surprising that the low-dimensional structures are
seldom observed during the synthesis of open-framework materials.

6. Conclusions and future directions

‘What we present in this paper is a good hypothesis based on the results o? vam)us expenments
carried out to understand the formation of the exciting class of extendad sohds 'I'he :solauon

Fic. 9. A plausible schemmo for ‘the formahon of the

" layer structure from, the. one-dxmemional ladder, Note
‘that the insertion.of Zn® ions if< between the ladders
facilitates the forindtion of the layer.
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_ of the monomer and eﬁm&mﬂr is a key contribution to this area. The transfor-
mation reactions carried owt gpriate conditions on the monomer and the ladder
helped to understand the f " ; liese solids better. It may be noted that the majority of
- 'bf the 4—membered ring monoméi' or the ladder

the products obmnad

Sriice _o_f’snch a building-up mutme, the unanswered
i m dimng the reaction. Ins clear that partial hy-

Be formitig in solution. With hmdslght and the
pecles that have been isolated and characterized from
this laboratory, such m—.rzté““ r bels ight prove™ valunble Such lmderstandmg might help us
in designing tallor-made sd:d%hﬂhe lahemtory
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