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We present an embedded cluster approach for modeling interactions in zeolites and an application of this
model to the study of Nkland NH* adsorption in chabazite. This model utilizes the SCREEP (surface
charge representation of the electrostatic embedding potential) formalism to include an accurate description
of the Madelung potential in quantum mechanical calculations. The model is validated by comparison with
previous cluster, embedded cluster, and periodic calculations on this system. The importance of including the
Madelung potential and geometry relaxation in zeolite calculations is addressed. After considering the effects
of electron correlation, basis set superposition error, and the zero-point energy, the model yields a heat of
adsorption of—170 kJ/mol for NH* in chabazite, in good agreement with experimental TPD data.

Introduction such as in periodic Hartred-ock (HF) or density functional
theory (DFT) and to model the entire infinite zeolite quantum
mechanically. Interactions with the probe molecule would then
correspond to the high loading case. This approach, however,
LA . L . faces different limitations. The most serious one is that the unit
activity is primarily due to the high acidity of zeolite Brgnsted . .

cells of zeolites are often too large to be computationally

sites, which bridge hydroxyl groups neighboring aluminum tractable. This fact makes only small basis sets feasible and

substitution sites. Because of this importance, numerous studieﬁimitS the applicability of these methods to zeolites with ver
have investigated the interactions of these acidic sites with a > app y . . Very
small unit cells, such as chabazite which has 36 atoms/unit cell;

wide range of probe basés?® Experimentally, these interactions | ) . . ; -
g P P y industrially important zeolites (e.g., zeolite Y, which has

are generally probed with microcalorimetry, temperature- . -
programmed desorptidif.and IR and NMR spectroscopi&st2 approximately 576 atoms/unit cell) would be extremely costly,
i y if even feasible with current computer technology.

theoretically, they are modeled mainly by small quantum clusters
interacting with the probe molecules in what is referred to as  To overcome the computational limitations of periodic
the cluster approach313-15 methods, while accounting for the crystal effects of the zeolite,
In the cluster approach, the zeolite is represented by a smalltwo general embedding schemes have been developed: “elec-
neutral cluster containing the Bransted acid site. Hydrogens aretronic” and “mechanical.” The most rigorous treatment of the
used to cap unsaturated bonds. Then the cluster is treated likeelectronic embedding scheme includes quantum mechanical
isolated gas-phase molecules, and the properties available ireffects, electrostatic Coulombic and exchange contributions
standard ab initio packages can be calculated (energetics'between the cluster and the crystal environment. This is done
geometry minimizations, frequencies, and NMR shifts). The by utilizing Green function techniques to “embed” the cluster
results are reasonable for some cases, however, their accuracywave function, of the defect site or site of interest, in the
is limited by the following factors: (1) if no constraints are environment of the unperturbed crystal's wave funcfidilost
placed on the boundary atoms of the cluster, the cluster is electronic embedding schemes, however, focus only on includ-
unrealistically flexible; (2) if the geometry is allowed to relax, ing the electrostatic interactions of the remaining zeolite in the
the presence of the terminating hydrogens can lead to theFock matrix of a quantum mechanical cluster, effectively
formation of artificial hydrogen bonds on the cluster’'s boundary; “embedding” the cluster in the external classical electrostatic
(3) no contributions from the extended zeolite are included, potential. Several methods have been developed for representing
eliminating the ability to model the effects of various Si/Al ratios  this electrostatic potential including: (1) embedding the cluster
or countercations, as well as the ability to model steric effects in a finite set of lattice point chargé$where formal charges,
due to the zeolite structure. half-formal charges, or charges derived from population analyses
One way to overcome the mentioned limitations in the cluster of cluster calculations are used; adding the Madelung potential
model would be to make use of periodic boundary conditions of the zeolite to the Fock matrix of the cluster as a series of
multipole expression® and embedding the cluster in a finite
* Corresponding author e-mail: Truong@chemistry.utah.edu. set of point charges, which are derived to represent the
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Zeolites play an increasingly important role as catalytic
materials in petroleum refining, synfuel production, and petro-
chemical production. It is well accepted that their catalytic
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Figure 1. Embedded cluster model for studying adsorption in zeolites.

Madelung potential® Alternatively, mechanical embedding and describe the computational details common to all subsequent
procedures represent the crystal environment as an analyticakections. In the “Results” section we address four important
force field and the defect site is treated as a quantum mechanicalssues. First, we investigate the accuracy of our representation
cluster. Here the electrostatic potential of the crystal environment of the Madelung potential, by comparing the potential for our
is not included in the Fock matrix of the cluster, thus it does embedded cluster, the bare cluster, and periodic calculations.
not polarize the cluster’'s wave function directly but rather affects Second, we attempt to validate our model for the study of
the cluster's geometry and subsequently the cluster’s wave adsorbate/zeolite interactions by reproducing potential energy
function. Perhaps the most widely known of these mechanical sections for head-on adsorption of Blehd NH;+ at a chabazite
embedding procedures is the IMOMM formalism introduced Brgnsted site, for comparison with previously reported embed-
by Maseras and Morokuntd.Recently, Bfadle and Sauer  ded, periodic, and bare cluster resdft$®24Third, we address
applied their mechanical embedding scheme to the study gf NH the importance of the choice of environmental embedding
adsorption in faujasite and achieved a promising prediction for charges by repeating these potential energy section calculations
the heat of formation of Nkt in faujasite?! which may cause using three different sets of environmental embedding charges.
some debate over the importance of including electrostatic Last, we look at the importance of structural relaxation by
contributions in the Fock matrix for embedded cluster calcula- optimizing our embedded cluster. In the “Discussion” section
tions. we compare our optimized results with previous embedded and
Recently our lab has proposed a methodology for accurately experimental resultg®and assess our method’s ability to model
representing the Madelung potential in ab initio calculations. this and similar systems.
This embedded cluster methodology has been applied success-
fully to various metal oxide systeni$?*and here itis ourgoal  pethodology
to demonstrate its applicability to the study of zeolites. For this
purpose we investigated the chabazitegNdystem, which is Embedded Cluster Model.Our embedded cluster has three
becoming the standard test case for embedded cluster modelayers (see Figure 1). At the center of our model is a quantum
development in zeolites. In the “Methodology” section, we mechanical cluster, “cut” from the zeolite framework, around
present the general formulation of our embedded cluster modelthe site of interest. Due to the partial covalent nature of zeolites,
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hydrogens are used to terminate the cluster’s dangling bonds, TABLE 1: Environmental Embedding Charges (au)

to saturate electronic spins, while localizing electronic density aiomtype STO-3G charges  6-21G charges  formal charges
in bonds rather than atomic sites. The other two outer layers in

this model combine to describe the electrostatic Madelung Al 32211 (1).';12 ;_‘88
potential of the zeolite framework. The middle layer is a set of Si 1.42 2.03 4.00
partial atomic charges located at the zeolite atomic sites. This 0] -0.71 —-1.015 —-2.00

layer attempts to represent the local electrostatic interactions ) ] ]
around the site of interest. These charge values can be obtaine@0int charges) that satisfy the matrix equatiohq = V. Here
from periodic population analyses for similar systems, popula- the vectorV contains values oy at pointsr; on the surface
tion analyses for the corresponding bare cluster, or the fraction S: @1dA is the M x M nonsingular matrix with matrix elements
or whole formal charges. The importance of the choice of these

charges will be examined later in this work. A=

Due to the poor convergence properties of the Madelung

potential, the explicit point charges in the middle layer, alone, wherer, is the center of each surface element with a&ea

are not able to accurately reproduqe the crystal potential, so We  Computational Details. Here we present the computational
add a set of surface charges, making up the outermost layer ingetails that are common to all subsequent sections in this paper;
our model. These surface charges are determined by the surfac@eaijs relating only to specific sections will be described therein.

charge representation of the electrostatic embedding potentialcpapazite's geometry was fixed to the structure resulting from
(SCREEP) method, which is described in more detail below. It energy minimization within the shell model, using the

allows replacement of the remainder of the Madelung potential parameters of Schder282°with an Si/Al ratio of 3. We used

with_ a small numl_oer of surface charges, with a resulting tne same SAl,013H1» quantum cluster as Greatbanks e4l.,

deviation of approximately 0.2 kJ/mol, from the true Madelung \ynere dangling bonds were saturated by H with bond lengths

potential. Consequently, the main source of error in our model 4¢ 1 0o A and the OH groups were directed along the broken

is located at the boundary between the quantum cluster and thgygnds. This cluster includes half of the 8-ring channel of

explicit point charges. chabazite. The values used for the embedding point charges are
The difficulty in this region is the strong interaction between found in Table 1 and were derived from periodic calculations

the explicit point charges and the “artificial” saturating hydro- on chabazite using the STO-3G basis®etperiodic calculation

gens of the cluster. This interaction is particularly strong with on sodalite using the 6-21G basis sétand the formal values

the first shell of explicit point charges (the set of point charges of the ions. Note that throughout the paper we define the

nearest to the quantum clustén our case the Si and Al charges  adsorption energy as

next to the terminating hydrogens) since they are often less than

one angstrom away from these hydrogens. Various schemes E adsorption)™ Echabaziter NHy) — E chabazite)™ E(NH3)

have been developed for minimizing these “boundary effects”

in previous embedded cluster models: (1) adjust the value of Binding energy is defined as the negative value of the adsorption

this first shell of explicit point charges such that when combined energy, i.e., bound molecules will have positive binding energies

with the charges of the artificial hydrogens, the Madelung and negative adsorption energies. The embedded cluster calcula-

potential at a point in the center of the cluster is reproddéed; tions were performed using our locally modified version of the

(2) fit a series of charges around the quantum cluster so that,G92/DFT progran¥? In this implementation of our embedding

combined with the cluster, they reproduce the Madelung scheme we find only an additional-2% computational

potential calculated at thousands of grid sites around the cluster,overhead compared to the corresponding bare cluster calcula-

subsequently the boundary effect is minimized implicitly with tions.

this fit to the embedding potenti&ly(3) the Madelung potential

is applied only to the central part of the quantum cludter; Results

and (4) adjust the position of this first shell of charges o  accuracy of the Electrostatic Potential.First, we want to
minimize the boundary errdf.In this study we accounted for  ayamine the accuracy of our model's representation of the
these effects by simply removing this first shell of explicit point Madelung potential in the QM region. In our chabazite model
charges and distributing their charge among the second shellye ysed 199 surface charges and 1541 explicit point charges
of explicit point charges (here, the second shell corresponds tog achieve an RMS error of 0.3 kJ/mol in our representation of
the three O charges neighboring each Al and Si charge in theihe Madelung potential; however, this is only a measure of the
first shell). The effects of this approximation will be examined grror arising from approximating the surface charge dengjty (
below. as a set of discrete point charges. The error due to our simple
Although the formulation of the SCREEP surface has been treatment of boundary effects, i.e., simply removing the point
previously described in full detadf,for a complete description  charges nearest to the capped hydrogens and dividing their
of our model we will give a brief overview of it here. First we charge among the next shell of point charges, is expected to be
draw a closed surfac such that all cluster atoms are in the larger, so here we attempt to quantify this error. To get a better
interior of the surface. Then, based on a well-known theorem feel for the performance of our embedded cluster model,
from electrostatics, no matter what the external charge distribu- comparison with the cluster model is also provided.
tion outside ofS is, the electrostatic potential insid&can be We focused these analyses on three different contributions
rigorously replaced with some surface charge densiocated to the crystal potential. First, we examine the contribution due
on S. In practice the Ewald summation method is used to only to the boundary charges/atoms, between the quantum
calculate the Madelung potential at points®and then subtract  cluster and the surrounding crystal environment (just the
the contribution from the explicit point charges to yielg; terminating hydrogens in the cluster case). Second, since our
for these points. For computational reasons the boundary elementreatment of boundary effects is static, it is important to examine
method is employed to discreti&and represent as a set of variations in these effects due to changes in the electronic

fori = jandA; = 1.07.,/47/S

Ir; — j|
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structure of the system, i.e. how the electron density in the
terminating hydrogens changes upon adsorption, and how these
changes effect the potential inside the cluster region. Last, since
the cluster method has no embedding environment, it is
important to look at how well this method reproduces the
Madelung potential in the cluster region.

To investigate the magnitude of deviations due to our
treatment of boundary effects we used the potentdalshe
Bronsted sitésince this is the most important region governing
the adsorption process), due solely to the first shell of neighbor-
ing point charges, as reference values. We used charges derived
from a Mulliken population analysis of a periodic HF/STO-3G
calculation to generate these reference potentials. For our
embedding scheme we arrived at these potential values by
including contributions from the cap hydrogens (derived from
Mulliken analyses of an embedded cluster calculation), as well
as the charges added to the second shell of point charges, to
see how well the sum of these contributions reproduced the
potential due to the removed point charges. In the cluster case
only the Mulliken charges of the cap hydrogens contribute to
these potentials. In this comparison we find that our treatment
of boundary effects results in an average deviation of 7.2% in
the potential at the Bragnsted site, while the cluster method’s
cap hydrogens yield an average deviation of 85% from that of
the perfect crystal. Note that the cluster method’s large deviation,
here, does not indicate a poor representation of chabazite’'s
potential in the cluster region, but instead just the inability of
the terminating hydrogens to reproduce the electrostatics of the

neighboring Al and Si sites which are not included in the cluster. Figure 2. Quantum mechanical 4T (four tetrahedral sites) cluster and
. NH," adsorbate.
Because our treatment of these boundary effects is made a

priori, 1t cannot respono_l to changes_ in the glectron densny of our model with other embedded cluster models, periodic results,
the terminal hydrogens in the formation of different adsorption

. . nd bare cluster results, we performed the same potential ener
complexes. To analyze the importance of this issue we repeatecl"j‘l ! P P 9

these analyses for the case of Nthdsorption in chabazite, as scans as done in previous calculations on this sy3tefiv

an exam ?le In this case the Mullikgn opulations o;‘ the Specifically, we used the Hartre€ock level of theory and
-xampye. Pop STO-3G basis set to examine the head-on interaction of NH

terminating hydrogens decreased by approximately 0.007 au,

resulting in an average change of the potential at the Bryznstedand NF" with the neutral and anionic forms of the acidic
site b ga roximatelg 0.5% gfor our er:nbedded cluster. This chabazite, respectively. NHand NH" were fixed at their

Y appr y .97 1€ . - .~ experimental geometrigg3* and the structure of the anionic
analysis indicates that this issue is negligible, especially

considering that these results are for formation of an ion pair chabazite was not allowed to relax during the protonation
which would create large changes in the electronic structure of process. The potential energy scans were generated by varying

"~ X . PR :
the system. the Ni;—Os distance with NHand NH;* principal axes directed

) - along the @—Hjo bond (see Figure 2).
To gain a better feel for the ability of the cluster method to Figure 3 displays the potential energy curves forNifd

reproduce chabazite’s potential, we also compared the MadelungNH4+ adsorption, calculated by different embedded cluster
potential, or the finite electrostatic potential in the case of the ,54els (ie., the present model and those from Pisani and
bare cluster, at chabazite lattice sites within the quantum C|U5terBirkenheuer’-,6 Teunissen et al8 and Greatbanks et &) as
region. We compared the potentials generated by a perfectyye|| a5 the periodic H¥® and bare cluster methods. All
chabazite crystal, our embedded cluster method, and the bargmpedded cluster methods predict thatsNihds to the acidic

cluster results. In the perfect crystal case, @he Madel_ung potentialgite more tightly than the bare cluster results (ranging from 2
was calculated using the Ewald summation technique and they 3/mol for Teunissen et al.’s method to 25 kJ/mol for EM-

same Mulliken charges as those used above. For this series °f3ED93). Our embedding scheme lies between these extremes
calculatiqns our .embedding procedure, on average, reproduce%nd stabilizes the adsorption of Ny about 18 kJ/mol over
a potential within 7.4% of the crystal Madelung potential, he pare cluster results and by approximately 12 kd/mol over
whereas the bare cluster results deviate by an average of 19%,¢ periodic result. From this figure it is apparent that our
These results are particularly encouraging since here we weremethod compares well with the other embedding procedures,
primarily concerned with verifying the practicality of the as well as periodic HF, in its representation of the neutral pair
SCREEP representation for adsorbate studies in zeolites, anctcomplex in chabazite.
thus did not devote the effort to implementing a more rigorous  Regarding the adsorption of NH on the anionic site of
treatment of boundary effects, yet we still were able to reproduce deprotonated chabazite, it has been stated previously that the
the Madelung potential reasonably well. Currently we are STO-3G basis set is inadequate to properly model the ion pair
working on a rigorous treatment to reduce this error from structure (NH* adsorbed on deprotonated zeole)nd, as will
boundary effects, which will be described in a forthcoming be demonstrated later, the optimized ion pair structure differs
paper. significantly from the head-on adsorption modeled here, so it
Comparison to Other Models.To compare the accuracy of is apparent that this is not an ideal model for the adsorption of
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Figure 3. Calculated adsorption energy profiles, using various methods, for head-on adsorptionafdNNH,* in chabazite. The-axis corresponds
to the Niu—Os bond length in A (see Figure 2 for labels).

NH4*. This model should, however, be satisfactory as a meansmodels represent a single adsorbate interacting with a chabazite
of comparison to previous calculations on this system. BecauseBrgnsted acid site, corresponding to the low-loading case; thus,
of these deficiencies, these potential energy curves yield positivewe recommend using one of those models as a reference instead.
adsorption energy values (i.e., NHis not bound) so here Of the previously proposed embedded cluster models, the
“NH 4t adsorption” refers only to the minima on these potential models of both Teunissen et al. and Greatbanks et al. include
energy curves, and does not imply chemical binding. Again we only the electrostatic contributions of the crystal environment,
find that the periodic results and all embedding schemes predictwhereas, Pisani and Birkenheuer's EMBED results include the
NH," to be “bound” more tightly than the bare cluster method’s electrostatics, as well as quantum contributions from the crystal
predicted adsorption energy of 127 kJ/mol. Teunissen et al.'senvironment, so we propose that they may provide the best
method and the periodic results both yield adsorption energiesreference values for this comparison. In both thesMkid NH;*
approximately 5 kJ/mol lower than that predicted by the bare adsorption processes, the periodic method yields lower binding
cluster method, while Greatbanks et al. predict an,sNH energies than the EMBED method, which agrees with experi-
adsorption energy nearly 16 kJ/mol lower than the bare cluster ment, where it is nearly always seen that an isolated adsorption
result. Again our method compares most closely to Pisani andsite binds an adsorbate more tightly than in the high-loading
Birkenheuer's EMBED results, where both methods predict a case. Our predictions also indicate tighter bindings than those
strong stabilization of Ni™ adsorption, with respect to the bare  predicted with the periodic method, and compare well with
cluster; EMBED predicts an adsorption energy about 24 kJ/ Pisani and Birkenheuer's EMBED predictions (within 7 kJ/mol
mol lower than that of the bare cluster , while our method for NH; and 9 kJ/mol for NH*). The other embedded cluster
predicts an adsorption energy nearly 33 kJ/mol lower than the methods, however, do not agree as well. In both the neutral
bare cluster results. pair and ion pair cases, their predicted adsorption energies
As can be seen from Figure 3, the previous embedded clusterdeviate by as much as 23 kJ/mol from the EMBED predictions.
studies deviate in their predicted adsorption energies by aWe believe these deviations could be due to two factors.
relatively large amount (approximately 23 kJ/mol for the neutral  First, these comparisons are not made at true stationary states
pair and about 28 kJ/mol for the ion pair), leaving a bit of on the potential energy surface, so what might normally be slight
confusion as to which predicted value is the “best” for topological variations between the methods ends up yielding
comparison. Typically, the periodic results are used as referencelarge differences in relative energies since they are not being
values in these comparisons; however, the periodic model doescompared at good reference points. Second, these deviations
not represent a single adsorbate interacting with a chabazitemay also hint at errors in the method’s representation of the
Brgnsted site, but an infinite array of adsorbates interacting with electrostatic potential. For example, above we found that, on
Brgnsted acid sites, as well as with each other, correspondingaverage, our embedded cluster model deviates from chabazite’'s
to the high-loading case. Conversely, the embedded clusterMadelung potential by 7.4%, whereas, the bare cluster model
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TABLE 2: Effect of Environmental Embedding Charges on

Vollmer et al.

TABLE 3: Optimized Geometries for the Bare Cluster and

Adsorption Energies, Eags (kJ/mol), and Equilibrium N —O Various Embedding Schemes (Distances are in A and Angles
Distances, N-Oeq (A), for Head-On Adsorption in Degrees)
charges SCREEP SCREEP SCREEP
cluster STO-3G 6-21G formal cluster STO-3G 6-21G  formal Teunisseh
NH; adsorption ch?rt;?nzge ork
Bt “es9 830 —oL8 - —1097 03—VYAI4 1.74  1.69 1.68 1.67
NHN:;)degorption 265 260 260 2.60 Al;—0s 1.89 1.89 1.89 1.88 1.87
: Os—Sig 173 172 1.72 1.74 1.68
Eads 127.4 91.6 75.5 39.1 Si—0, 161 159 158 156
N=0eq 2:24 228 228 2.28 Os—Hio 0.98 0.96 0.97 0.97 0.96
. . . . . . OAILOsSis 1209 1324 132.8 133.8 136/139
deviates by 19%. Nit/chabazite adsorption is primarily  chabaziter NH,*
overned by electrostatics, so we would expect these deviations Osz—Au 1.75 1.72 1.71 1.70
g y p
in representations of the Madelung potential to carry over to ~ Ala=0Os 179 178 177 176 177
predicted binding energies for this reaction. Then, using Pisani gisif‘; i'gg i'gi 1'2? 1'23 161
and Birkenheuer's EMBED results as a reference, a 7.4% O:—Hzo 173 158 162 172 1.50
deviation from their predicted adsorption energy of 102 kJ/mol -0, 1.80 2.48 252 2.74
would correspond to a deviation of approximately 8 kJ/mol.  Hi3—Oq 1.79 2.38 2.33 2.17
We find a difference of 9 kJ/mol between our predicted UAI4OsSie 133.1 1331 1340 136.0  140/141

adsorption energy and the EMBED result. A 19% deviation from

102 kJ/mol would correspond to approximately 19 kJ/mol, which more significant effect on the ion pair structures than the neutral

is also reasonably close to the 25 kJ/mol difference betweenpair complexes. Specifically, the predicted NHbinding

the bare cluster and EMBED predictions. energies are higher than the bare cluster predictions, ranging
Effects of the Environmental lonicity. As mentioned from an increase of 35.8 kJ/mol with the STO-3G environmental

previously, the effect of the environmental embedding charges charges to 51.9 kJ/mol for the 6-21G charges to 88.3 kJ/mol
on adsorption energies needs to be more thoroughly examinedWith the formal charges. If we estimate the dependence of
For simple zeolite structures such as chabazite or sodalite thes@dsorption energies on the environmental charges, for the ion
charges can be derived from previous periodic calculations; Pair complex, we get an error estimate of approximately 44 kJ/
however, different basis sets can deviate significantly in their mol for 1 au deviation in the environmental charges. Note that
predicted ionicities for the system. In more complicated systems this effect for the ion pair complex is approximately twice that
the situation is more difficult because periodic calculations are for the neutral pair complex.
not feasible, so these charges must be estimated in some manner. Geometry Optimizations. In this subsection we attempt to
In this case, understanding the magnitude of this effect can yield achieve more quantitative results for the chabazite/sitétem
valuable insight into the quality of estimates required to achieve by (1) allowing part of the QM cluster to relax during the
reliable results. adsorption process, (2) using a larger basis set, (3) including
We investigate the importance of this choice by optimizing electron correlation, and (4) accounting for the basis set
the Ni;—Os distance for NH and NH;© head-on adsorption, ~ superposition error and zero-point energy in our final adsorption
using three different sets of environmental charges (found in energies. In our geometry optimization, the terminal OH groups
Table 1), as well as no embedding. Table 2 presents the resultgvere held fixed, but the remaining framework atoms of the QM
for varying the ionicity of the environment on the head-on cluster and the adsorbate were completely relaxed. The HF/
adsorption of NH at a Brgnsted site in chabazite. This table CEP-31G level of theory was used for the geometry optimiza-
shows a slight shortening ofNDgq (0.05 A), for the adsorption  tions. The same three sets of embedding charges as above were
complex, with increasing environmental ionicities. There is a used for the optimizations. To obtain an estimate for the effects
much stronger effect on adsorption energies. Each set of charge®f electron correlation we performed a single point calculation
predicts NH to bind more tightly to chabazite than do the bare at the optimized structure using the B3LYP/CEP-31G method.
cluster predictions, with an increase in binding energy from 17.7  We were able to find an optimized structure for the NH
kJ/mol with the STO-3G environmental charges to 25.9 kJ/mol chabazite complex, where the MHwas tightly complexed to
for the 6-21G charges to 43.8 kJ/mol with the formal charges. the chabazite wall with three hydrogen bonds. This structure is
On the basis of these results we see that an increase in theonsistent with experimental observati$nTable 3 shows the
environmental ionicity by 1 au stabilizes Nkdsorption by optimized parameters for the chabazite cluster with and without
approximately 22 kJ/mol; therefore, as long as we estimate the adsorbate and demonstrates the changes in the zeolite’s structure
environmental charges for a neutral pair system within 1 au of during the adsorption process, as well as the dependence on
the “true” value, we can place approximate error limits of 22 the ionicity of the environment. To see the absolute effect of
kJ/mol on the results for that system (of course neglecting the the embedding we have attempted to repeat these optimizations
errors due to the standard approximations in computational for the bare cluster; however, without the stabilization of the
methods). In practice we expect to achieve much better estimatesembedding environment the presence of adsorbate “tears” the
for the environmental charges than 1 au since it has been notedtluster away from the fixed terminal OH groups, leaving isolated
previously that the charges calculated for periodic structures OHs. So instead we performéall geometry optimizations for
and cluster models are “virtually identical” (most reported the bare cluster (without the constraints on the terminating OH
deviations were much smaller than 0.02 Au). groups or adsorbate) to get some estimate for treating chabazite
As in the neutral pair complex, we do not see much effect of as an isolated HAI>Si;O13 cluster.
the environmental charges on the equilibrium geometry for the  These results demonstrate that the Madelung field has little
head-on attack of Nk, except for a slight increase in-NDgq effect on the structure of the cluster framework atoms, since
(0.04 A). In energetic terms the environmental charges have athe geometries are so similar for these atoms for all sets of
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TABLE 4: Adsorption Energies (kJ/mol) for NH 4~ Adsorption in Chabazite, Calculated Using Various Embedding Schemes

bare relaxed SCREEP SCREEP SCREEP Teunissen’s
method cluster cluster (STO-3G) (6-21G) (formal) cluster Teunissén
HF —113 —137 —151 —168 —207 —-31 —48
HF/CPC —108 —132 —147 —166 —204 -5 —28
B3LYP —144 —-170 —174 —190 —225 —67 —84
B3LYP/CPC —139 —165 —172 —190 —225 —36 —50
B3LYP/CPC/ZPE —119 —145 —152 —170 —205

environmental charges. The positioning of the adsorbate, highly complexed to the zeolite wall, we expect a heat of
however, is affected significantly by the Madelung potential. adsorption a little toward the upper limit of this range.

In the relaxed bare cluster optimizations the NHation is Teunissen et al. is the only other group to attempt geometry
stabilized via three relatively strong H-bond®H ranging from optimizations on the chabazite/NHsystem, and Table 3
1.73 to 1.80 A) with the zeolite framework. In contrast, the compares our geometries with their resditéote that because
embedded cluster results predict the formation of one strong of the constraints that Teunissen et al. placed on their geometry
(rOsH1; = 1.62 A with the 6-21G charges) and two weak (2.33, for NH4*+ adsorption, we cannot compare directly for the position
2.52 A) H-bonds to stabilize the Nfi. The symmetric H-bonds  of the adsorbate; however, their framework geometry compares
of the bare cluster geometry unrealistically “pinch” chabazite’s well with our results. Table 4 compares the energetics of our
cavity about the adsorbate, effectively shrinking the channel's optimized structures, at various levels of theory, with that of
diameter by 1.77 A. We also found that the environmental Teunissen et al. Here we present the results of our embedding
charges have large effects on the placement of the ammoniumscheme using all three sets of environmental charges; however,
ion in the zeolite cavity. Specifically, with increasing ionicity  we believe that the 6-21G charges give the best description of

the ammonium ion moves further from Aand closer to AJ the zeolite ionicity and we expect them to give the most reliable
(rN1:Alg decreases from 3.83 to 3.72 A when the formal charges results. For the zero-point energy (ZPE) estimate we use the
are used instead of the STO-3G charges). zero-point energy calculated for the fully relaxeghM ,SiO13

Adsorption energies for N in chabazite, calculated at cluster (20.1 kJ/mol). It is interesting to note that after including
different levels of theory and using different embedded cluster electron correlation, the counterpoise correction (CPC), and
models, are listed in Table 4. Again all embedded results predict zero-point energy, we arrive at adsorption energies within 2 kJ/
higher binding energies for Nfi adsorption than the cluster mol of the original Hartree Fock predictions. These predictions
method’s prediction of 119 kJ/mol. The STO-3G charges yield range from—152 kJ/mol using the STO-3G charges-+@05
binding energies 33 kJ/mol higher than the bare cluster method,kJ/mol for the formal charges. The 6-21G charges yield a final
whereas the 6-21G charges give results higher by 51 kJ/molheat of adsorption of-170 kJ/mol, in good agreement with
and the formal charges by 86 kJ/mol. Again, if we try to our estimates of-154 to—164 kJ/mol based on Beyer et al.’s
extrapolate a dependence of binding energies on the environ-TPD data.
mental charges we arrive at a value of approximately 47 kJ/  Teunissen et al.’s predictions, without their error estimates,
mol au, which is in good agreement with our previous estimate drastically underestimate the adsorption of NHo chabazite.
for the ion pair complex. Their optimized structure, including estimates for electron

Allowing the bare cluster to completely relax stabilizes the correlation (with the MP2 method) and the counterpoise
adsorbate by an additional 26 kJ/mol, yielding a more reasonablecorrection, yields an adsorption energy 660 kJ/mol. They
binding energy of 145 kJ/mol. This value is close to that made error estimates (due to basis set deficiencies, incomplete
predicted by our embedding scheme with the STO-3G envi- van der Waals energy, partial optimization, and errors made
ronmental charges (152 kJ/mol) but underestimates our 6-21Gwith the optimization at the RHF level) to be 015 kJ/mol,
results by 25 kJ/mol; however, this additional stabilization is where 46-50 kJ/mol of this error is due to the limited basis set
achieved at the cost of distorting the cluster from the chabazite size. Examining Table 4, where we look at the adsorption

structure to an unrealistic degree. energies for our cluster, without embedding, and the cluster used
by Teunissen et al., we propose that a majority of Teunissen et
Discussion al.’s error is instead due to constraints on their geometry

_ ) optimization and choice of cluster, since we find that our bare
We were unable to find any reported experimental values cluster binds NH more tightly than theirs by 103 kJ/mol, after
for the heat of adsorption of N$-bn H-chabazite; however, it considering the CPC.

is possible to apply the Redhead mettdd TPD data for this

systerd® to estimate the heat of adsorption. One parameter which ~q 1 |usions

is not available for this analysis is the preexponential faatpr (

for this system, in which case one normally uses the value of 1 ~We have presented an embedded cluster methodology for
x 108 s71 for v (assuming a tight transition state for the studying interactions in zeolites and have examinedsNH
desorption process). Instead of using this default value, however,adsorption at Brgnsted acid sites in chabazite, in an effort to
we thought a better estimate would be to use preexponentialvalidate this model. We have found that the Madelung potential
factors reported for Ngldesorption in H-ZSM-5 (ranging from  is important for obtaining quantitative results for adsorption
4.89 x 101 to 1.35 x 10'%71).38 With this assumption, the  structures and energies. The Madelung potential depends
Redhead analysis yields154 to —164 kJ/mol as a rough  strongly on the environmental charges used; however, we found
estimate for the heat of adsorption for pléh H-chabazite. This  that with minimal error these charges can be estimated from
estimate seems reasonable since it is known that most zeolitecluster calculations rather than expensive periodic calculations.
Bransted sites protonate Nkb NH4*, with a heat of adsorption ~ For the NH/chabazite system, structure relaxation was found
in the range of-150 & 35 kJ/mol* Due to the small channel  to be necessary to predict Hadsorption to be favorable. With
size of chabazite (3.8 A), and since the NHs known to be inclusion of structure relaxation, electron correlation, basis set
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superposition errors, and zero-point energy corrections, we

calculated a final heat of adsorption ©fL70 kJ/mol, in good
agreement with TPD data-(L54 to—164 kJ/mol).?>

Overall, this embedded cluster model seems very promising
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embedding scheme adds minimal computational overhead (1
2%) over that required for the QM cluster, reasonably large

regions of the zeolite can be modeled quantum mechanically,
as well as intermediate adsorbates; thus, it is possible to model

reactions in zeolites with a high level of accuracy.
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