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How Floppy Modes Give Rise to Adsorption Sites in Zeolites
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The question as to how zeolites are able to hold tightly bound ions is answered. We show that
zeolite frameworks can support whole bands of rigid unit modes (floppy modésyjrmce and hence
show that localized rigid unit modes can form within such frameworks that do not distort the constituent
tetrahedra to any significant degree. It is these local modes that enable cations at certain sites to pull
the framework—uwith virtually zero cost in elastic energy—in such a way that oxygen-cation bonding
distances become exactly optimal for the cation concerned. [S0031-9007(97)03174-8]

PACS numbers: 61.50.Lt, 61.72.Ji, 63.20.Pw, 82.20.Wt

Zeolites are an important class of technological and in- The problem of the possible flexibility of framework
dustrial materials. They have very complicated structuregluminosilicate structures is a common problem within
compared to other silicates (hundreds of atoms per uninineralogy, and arises, for example, when attempting to
cell), and hence some of our understanding of their behawinderstand the origin of displacive phase transitions [3].
ior has remained somewhat qualitative—falfl initiocal-  The main structural feature is the existence of Sédd
culations cannot be performed routinely on zeolites withAlO, tetrahedra that are relatively stiff, which are each
large unit cells. However, we have discovered that soménked to four other tetrahedra through shared oxygen
quite simple ideas allow us to gain a quantitative underatoms, the link being very flexible in the subtended bond
standing of why zeolites have some of the unique properand torsional angles. Thus any low-energy deformation,
ties that they do. In this Letter we focus on the ability of whether a localized distortion around a cation site or
dehydrated zeolites to hold various concentrations of difa periodic distortion associated with a phase transition,
ferent metallic ions which can then in some cases act awill necessarily involve the tetrahedra moving without
catalysts, such as Ni in dehydrated zeolite Y [1,2]. The distortions. We are therefore first faced with the question
question we address is exactly how these ions are held lyf whether framework tetrahedral structures have this
the zeolite framework. Our answer, in brief, is that indi- degree of flexibility. This is not a trivial issue, as we now
vidual cations are able to rearrange the framework in aemonstrate.
displacive fashion and pull framework oxygens around Last century, Maxwell showed that the stability or
themselves. The resulting distorted framework is therflexibility of a structure made up of discrete components
nonperiodic in nature, and it might be thought that such arfsuch as a bridge built from iron girders, or a crystalline
operation would cost a lot of energy since a large distortiorsilicate) is determined by the balance between the number
of the framework would be required. However, this is notof degrees of freedom of the componenits, and the
the case, since it is possible to achieve the necessary distasnstraints introduced when linking these components
tion of the structurevithoutthe SiQ and AlQ, tetrahedra together,C. If C = F the structure has no flexibility,
having to distort, and hence it costs very little energy. Webut if F > C, there areF — C possible low-energy
show in this Letter that this possibility explains why ions modes of deformation. Indeed, if the only nonzero force
sit at the particular sites that they do and not elsewhere. is that associated with the stiffness of the components,

Experiments have shown that™Niions in zeolites with  these latter modes will have zero energy. For a structure
the faujasite framework often sit at sites with a relativelyformed by linking tetrahedra into an infinite framework,
low coordination number [1]. For example, the faujasitethe balance betweeR and C is easy to evaluate. Each
Si1 site involves the ion coordinating with only three tetrahedron hasF = 6. Each linkage involves three
oxygens, but one might have thought that all ions wouldconstraints associated with the y, and z coordinates.
like to find sites with a coordination number of at least six.Since there are two linkages uniquely associated with each
However, the framework is not infinitely flexible—far tetrahedron, we hav€ = F = 6 per tetrahedron. Thus
from it—but from our analysis we can now explain why the general case, called the “generic case” by Thorpe [4],
it is flexible in the specific way needed to bring togetherhas an exact balance between the degrees of freedom
three oxygens around a Ni at the Sy; site. Moreover, and the constraints, so that there will be no flexibility
we explain how the flexibility is such that the Niion  possible. However, we have shown elsewhere [3] that
can draw the oxygens toward it by adjustableamount crystalline aluminosilicates are not covered by the generic
until a perfect coordination distance is achieved, givingcase, because symmetry can make some of the constraints
the strong binding energy of this site. redundant. This then allows the possibility of some
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degree of flexibility. In the study of amorphous systemsevenly spaced ik space, we can use the formalism of
these modes are called “floppy modes,” but in the atypicaWannier functions. With a single RUM band, a localized
case of crystalline structures we have called these “rigi)RUM can be expressed as
unit modes” (abbreviated as RUMs). The point is that
they are not predicted by the generic theory. W) = Nk_l/2 Zexp(iyk)le>, @
The subsequent issue is that of determining the exact k
number of redundant constraints for any symmetric strucwhere |Ry) is the RUM eigenvector describing the dis-
ture. We have solved this problem using a lattice dynamplacements and rotations of the six tetrahedra per unit
ics approach, which allows us to calculate all the zerccell, extended throughout all space with Bloch phase fac-
energy modes associated with any given wave vector dbr exp¢k - 1) in cell . The y, are arbitrary phase
the system [5]. Our work on silicate minerals such adactors, which we can vary in order to localize the
quartz, cristobalite, and feldspars showed that the actiow/annier modg W) as much as possible around the ori-
of symmetry allowed the existence of RUMs for lines gin: These ensure constructive interference for the motion
and planes of wave vectors in reciprocal space. Althouglof the tetrahedra around the origin and destructive inter-
these RUMs can be observed experimentally and give riskerence further away.
to a number of consequences such as the existence ofAn even more localized RUML) can be constructed
phase transitions, they still form an extremely small subby writing
set of the total numbeN of phonons, of ordeN'/? or -1/2
N?/3 for the cases of lines or planes, respectively. The L) = <ZA§> ZAk exp(iyk)|Rk), 2
big surprise, which underpins the results described in this k k
Letter, is that open structures such as sodalite and zewhere the A, are arbitrary (real) amplitude factors.
lite structures can have one or more RUi¥leach wave Unlike the Wannier modes, thd.) modes centered on
vector This means that the number of RUMSs is now of different cells are not orthogonal, but this is of no concern
order N, and the set of RUMs is a significant fraction of when we describe one localized RUM around an isolated
the total number of phonon modes. adsorbed ion. Of course, an infinite number of localized
The existence of RUMs at each wave vector has an immodes can be formed, but they are not arbitrary because
portant implication for the possibility of forming localized their general character is contained in the eigenvectors
deformations of the crystal structure with no long-rangelRx) which are never varied.
correlations. Put another way, it is possible to form lin- Initial values for the exfiyx) and Ax are determined
ear combinations of RUMs with different wave vectors toby projecting |Rx) onto a “kernel” vector|K), which
form localized RUM deformations Our objective in this is an initial approximation of what we think the local
Letter is to quantify this idea, first by developing the com-RUM may look like within the central cell, and is set
putational methods required to construct local RUM dis-equal to zero in all outside unit cells. The chosen vector
tortions, and then to determine the degree of localizatiodk) is therefore perfectly localized. Thus initially =
possible in a number of case examples. [(R(|K)| and expiyy) = A (R |K) (where the quantity
We have looked for RUMs in several structures in-(X|Y) is the complex conjugate dot product - Y). Itis
cluding sodalite, zeolite A, faujasite, and one form ofalso possible to choose an arbitrary kernel and use this as
the zeolite ZSM-5 [6]. Using our lattice dynamics ap- a starting point in a search for other local RUMs.
proach we found that there is one complete band of RUMs For sodalite, one kernel was suggested by the RUM
throughout the Brillouin zone of the idealized high sym-eigenvector|Rx) very neark = 0. This denoted alter-
metry sodalite structure, space graup3m [7]. Fromthe nating rotations of the six tetrahedra in a hexagonal ring
complete band of RUMs one can make a localized wavebout(100) type axes. These rotations bring three oxy-
packet, i.e., a localized RUM, as discussed below. Bygen atoms nearer to the center of the ring and three fur-
imposing this local mode upon a structure and varying itgher away, with some displacement above and below the
amplitude, a ring or cluster of oxygens can be arrangeglane of the ring, respectively. We formed localizéd)
around a metal ion of any radius at certain sites in theand|L) and calculated new values for thg and Ak by
crystal, without costing any elastic energy in the frame-maximizing the total amplitude of the local RUM on a
work. The nature of the local deformation is determinedcentral ring of six tetrahedra. The degree of localization
by the eigenvectors of the RUMs and is therefore not arachieved is shown in Table | where it is shown that local
bitrary. The zeolite A and faujasite frameworks both sup-RUM amplitudes can be concentrated onto small volumes
port four complete bands of RUMs. This gives a greateof real space; if the local RUM were diffuse, then its am-
scope for several localized RUMSs to form, so it is not sur-plitude in cell 0 would equaN; '. For sodalite we give
prising that several binding sites for ions that cost no elastwo alternative local RUMs. One was a purely rotational
tic energy have been discovered in these structures [1]. RUM of exactly the same form as the kernel described
To construct a localized RUM from a set of RUM above, while the other was more general and consisted of
eigenvectors calculated for a regular grid ®f points all components of tetrahedral motion. We note that the
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TABLE I. Degree of locality for some local RUMs in various /N A I
materials. Ny and N, are the numbers df points and RUM Y e N e —
bands used to make the local modes. % cell O is the percentage 7 \ VV "/ \\‘/
of local RUM amplitude that sits on the central cell, % , N
n.n. denotes the average local RUM amplitude on each of 7\‘ JIAANN A & j\
the nearest neighbor cells, and n-n.n. similarly denotes that = — Yo /X
on next-nearest neighbor cells. Sodalite-R refers to a local /2 N \ \V ﬂ?
mode of sodalite in which each tetrahedra was allowed to v\//j, « 7 Y
rotate only about on€l00) axis only. The other sodalite local X/ \ Q >(/
RUM and those for zeolite-A, faujasite, and ZSM-5 involve all ,&\ /A A /N
components of tetrahedral translation and rotation. . A% /A
Local
Description Ny N, RUM %cell0 %n.n. % n-n.n
Sodalite 343 1 |w) 234 4.7 2.8
L) 28.1 5.1 2.7
Sodalite-R 343 1 |wW) 125 5.3 2.3
[L) 16.9 6.5 3.7 ' . . ,
Zeolite A 125 4 |W) 61.9 15 0.4 FIG. 1. Configuration of the sodalite structure with a local
IL) 85 5 17 0.0 deformation about a Ni ion. This was produced by projecting
Faujasite 125 4 |W) 49.4 14 03 a local RUM eigenvector onto the structure as described in the
| : : : text. Alternating rotations of the six tetrahedra in the central
IL) 734 1.4 0.1 ring bring three oxygen atoms closer to a central ion while
ZSM-5 125 8 |W) 30.2 6.4 3.7 three others move further away. Neighboring rings are rather
|L) 37.5 9.6 4.8 less distorted, showing the localization of the deformation. The

three close oxygens sit in a smaller ring a little above the plane
of the hexagon of Si (or Al) atoms. The center of the ring is

more general RUM has a greater degree of Iocalizatior‘[)he”.a strong binding site for a cation such as"Ni The Sy
but the framework distortions that result on the central inding site in faujasite is also of this form.
cell are very similar when the local RUM is applied to
the sodalite structure. Therefore, as expected, it is nobxygens raised slightly above the center of a hexagonal
possible to arrange the tetrahedra in an almost arbitrarying inside the supercage, as found by Dooryleteal.
fashion. The exact form of the distortion is shown in [1]. So again we can now understand how these binding
Fig. 1. To check that the resultant deformations of thesites come into being.
tetrahedra are very small, we relaxed the size and shape We have performed calculations on the high tempera-
of the tetrahedra while maintaining the local RUM dis- ture Pnma form of ZSM-5 [6] using the eight lowest en-
tortion, using a straightforward energy minimization tech- ergy eigenvectors at points knspace. Table | shows that
nique with a force constant model calibrated against othean appreciable degree of localization can be achieved in
silicates. This gave an energy of 0.3 meV for the defor-ZSM-5 and that this implied flexibility may significantly
mations of all the tetrahedra involved in the local RUM lower the energies of transition state complexes during
distortion. This is extremely low and supports our ideachemical reactions. The larger value of the local-RUM
that local distortions within zeolite structures can form amplitude in nearest neighbor cells for ZSM-5 is due to
without significant energy cost associated with deforma-the lower symmetry of the unit cell. With cell lengths
tions of the tetrahedra. that are inequivalent the local RUM amplitude spreads un-
For zeolite A and faujasite, with four bands of RUM evenly over neighboring cells, an effect not noticed with
phonons|Ry, n) instead of the one for sodalite, we have cubic structures.

to add an extra summation over bandin Egs. (1) and To show the nonarbitrary nature of the local RUM
(2). In both cases we have found localized Wannierdeformations, we have attempted to form local RUM
modes|W) and even more localized modfs). Table | deformations at two distinct parts of the framework of the

shows that for the zeolites, modes can be localized ontaeolite UTD-1 [10]; see Fig. 2. We found that one part
single unit cells quite effectively. Modes can be also bewas distinctly more flexible than the other and enabled the
strongly localized onto particular fragments or subunits offormation of a more localized deformation. The RUM
a framework: One does not have to think in terms ofeigenvectors simply did not allow the formation of an
whole units cells. arbitrary local deformation. We therefore predict that the
We have found that a local RUM can bring six oxygensmore flexible part will more likely act as a binding or
around the g site in faujasite, and this explains why catalytic site in this zeolite. This highlights our point that
cations are bound there. This is the site in the hexagonahese sorts of deformations cannot simply be predicted by
prism between two sodalite cages. Another of the mode#spection, but require the methods developed in this paper.
we have found in faujasite gives rise to a distortion of In conclusion, then, we have seen how localized RUMs
the framework about théy; site with three surrounding can cause a group of framework oxygen atoms to cluster
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[9]. This is the case for the cyclotrimerization of acety-
lene into benzene by Rii within zeolite Y and thus a low
energy pathway for the nickel ion to move along between
these two sites will be required. We predict that rigid unit
distortions of the framework will assist this.

It is important to realize that these calculations would
be very difficult at a fullab initio level. To calculate a
full set of frequencies and eigenvectors for a zeolite such
as ZSM-5 at many differerkt points would require many
thousands of hours of supercomputer time. Therefore an
understanding of the contribution to zeolite behavior that
local-RUMs provide remains currently outside the realm
of accurateab initio calculations. Approximatab initio
methods are more feasible, but they lack the simplicity of
insight that our RUM approach gives.
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