Trends in the Reactivity of Proximate Aluminum Sites in H-SSZ-13
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ABSTRACT: The reactivity of acidic zeolites with close Al-pairs was investigated using density functional theory. Different
spatial distances as well as relative orientations of the two Al atoms were considered. Adsorption of methanol as well as
ammonia was computed and shown to be correlated. Additionally, reaction barriers for the stepwise and concerted mech-
anism of the dehydration of methanol to DME were computed. These barriers were found to correlate well with the adsorp-
tion energy of ammonia as a descriptor. This correlation reduces some of the stronger deviations observed in apparent
activation barriers, when computing intrinsic barriers referenced to an adsorbed species. Excluding nearest neighbors Al-
pairs that violate Lowenstein’s rule, the effect of different Al-pair distributions is found to influence apparent activation
barriers typically by less than 20 kJ/mol with a mean absolute deviation of 7 kJ/mol.

INTRODUCTION

Zeolites are microporous solid acid catalysts with wide-
spread use in the chemical industry for processes such as
fluid catalytic cracking,' toluene disproportionation,” di-
methyl ether synthesis® and methanol to hydrocarbon pro-
cesses.”” They are built from [SiO,]* tetrahedra that are
connected via the oxygen atoms resulting in microporous
structures with a large variety of different topologies. Sub-
stitution of one Si*" with a trivalent heteroatom (typically
AP, but others such as Fe** or Ga** are also sometimes
used) creates a charge imbalance that leads to an acid site
if compensated by a proton. In acid-base catalysis, the
strength of this acid site as well as the influence of the con-
finement surrounding it is responsible for the activity of
the zeolite for a given reaction.

The gross cumulative activity of zeolites is often compli-
cated by the fact that there are several tetrahedral Si*" sites
where substitution with AP can take place. This leads to
multiple acid sites all with different acid strengths, that can
vary by as much as 40 kJ/mol if measured through the am-
monia heat of adsorption as recently shown by density
functional theory (DFT) calculations for the commonly
used H-ZSM-5.° Similarly, activation barriers for direct
DME-formation were shown to vary by up to 40 kJ/mol,
depending on the location of the acid site.” H-SSZ-13, ex-
hibiting the chabazite (CHA) framework topology is less
complicated as all 36 tetrahedral Si** positions are crystal-
lographically equivalent such that there is only one unique
acid site location possible. Yet, the number of possible iso-
mers becomes increasingly large when substitution of
more than one Si** has to be considered. This leads to H-

SSZ-13 being a rather well-defined catalyst for high Si/Al
ratios (as there is a small likelihood of more than one alu-
minum per unit cell), that becomes rather poorly defined
for lower Si/Al ratios.

One of the central questions is thus how the proximity
of a second aluminum within the framework influences the
activity of the acid site. Recent advances in synthesis and
characterization of zeolites allow to control the proximity
of aluminum atoms to a larger extent,”™ but it is still diffi-
cult to investigate the influence of proximity on the intrin-
sic activity experimentally. Experimentally, rates for DME-
formation were shown to correlate with the number of
proximate Al-pairs in H-SSZ-13. ™ Quantum chemical cal-
culations, on the other hand, can address these questions
directly and are nowadays routinely used to investigate re-
action mechanisms in zeolite catalysis.” ** In an investi-
gation of ethanol and methanol dehydration in H-SSZ-13
with varying densities of Al-atoms, variations of activation
barriers on the order of 20 k] /mol were observed for prox-
imate Al-pairs.™

In this contribution we use periodic DFT*™* calculations

to investigate the influence of a second aluminum substi-
tution per unit cell as a function of its proximity and to
correlate the observed reactivity with measures of acidity.
For simplicity we use H-SSZ-13 as there is only one crystal-
lographically distinct position for the first aluminum sub-
stitution. We chose dimethyl ether (DME) synthesis from
methanol as an example as this reaction has been investi-
gated in great detail both experimentally”’>® and theoreti-
cally.®*73

METHODS



DFT calculations were performed in a similar manner as
in our previous work.” Briefly, we used the VASP program
package®? in version 5.4.1 with the standard VASP-PAW
potentials. The PBE* density functional with the D3 dis-
persion correction (zero damping) from Grimme* (PBE-
D3) has been employed. The Brillouin zone was sampled at
the I' point. A Gaussian smearing with a width of 0.1 eV was
used. The cutoff energy for the plane waves was 400 eV,
800 eV have been used for the optimization of the unit cell.
The lattice constants were optimized for the purely sili-
ceous zeolite and the obtained lengths of the lattice vectors
of the unit cell of H-SSZ-13 are 13.625, 13.625 and 15.067 A,
as also used in earlier theoretical studies.” The lattice con-
stants were kept fixed at these values in all subsequent cal-
culations. All structures have been fully relaxed and the
convergence criteria for SCF cycles and geometry optimi-
zation were 10 eV and 0.01 eV/A, respectively. The transi-
tion states were optimized using automated relaxed poten-
tial energy surface scans (ARPESS).* All total energies and
Cartesian coordinates are provided as supporting infor-
mation. Harmonic force constants were computed from a
central finite difference method where the oxygen at which
the reaction occurs as well as the adjacent T-atoms were
included. All transition states were verified to contain only
one imaginary frequency corresponding to the transition
vector of the reaction. In addition, the connectivity of tran-
sition states was confirmed through small displacement
along the transition vector followed by optimization to the
corresponding minima.

RESULTS AND DISCUSSION

Substitution of Si by Al in acidic zeolites is balanced by
the introduction of a proton as shown schematically in Fig-
ure 1a. Since every Al-atom is bound to four oxygen atoms,
there are always four different binding positions for the
proton. We have generally only considered the most stable
proton position, since we expect that rapid equilibration of
these isomers is possible in the presence of methanol or
water.

The separation of a pair of two Al-atoms in an acidic ze-
olite is illustrated in Figure 1a and we will use the nomen-
clature P, to refer to a structure, in which the two closest
Al-atoms are n-nearest neighbors. Alternatively, one can
say that the two Al atoms are separated by n-1 (Si-O)-units.
In the employed model of H-SSZ-13 with one aluminum
substitution per unit cell (Si/Al ratio of 35), two Al atoms
(in two adjacent unit cells) are separated by five (Si-O)
units. We will use this P6-structure with one Al per unit
cell as the “large separation limit” and will reference the
stability and reactivity of closer Al-pairs relative to this
limit.
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Figure 1. a) Relative position of two n-nearest neighbor alumi-
num atoms, starting from direct neighbors (n = 1), where no
intermediate (-O-Si-) group is present to n = 6, which is the
situation of an isolated Al atom per unit cell. b) Periodic struc-
ture of H-SSZ-13 with one Al per unit cell (shown in blue). Sil-
icon and oxygen atoms within the first unit cell are shown in
yellow and red respectively and in gray outside of the first unit
cell. ¢) The oxygen atoms bound to the central Al-atom at
which the reactivity studied in this work occurs are numbered
according to decreasing stability of the clean acid site. The re-
lation to crystallographic labels is given in Table S1 of the SI
(01204, 02>03, 03>02, 04>01).

We will now introduce the second aluminum substitu-
tion in H-SSZ-13 (nominal Si/Al ratio of 17). This is illus-
trated in Figure 1b, where potential positions of an addi-
tional second Al atom per unit cell are highlighted. There
exist typically numerous different isomers for substitution
in a certain distance to the first Al atom. For example, for
the substitution directly adjacent to the first Al atom, there
are four different positions, which we labeled Pia, P1ib, Pic
and P1d and analogously for the other positions (see SI for
full list and cartesian coordinates of all structures).

We always label the structure according to the closest
Al-pair, where the closest Al-atom is not necessarily in the
same unit cell, but can also be in a periodic image of the
unit cell. Taking this into account, the most distant Al-pair
achievable with two Al atoms per unit cell is P5, a fifth-
nearest neighbor substitution. Not taking into account



symmetry, substitution of the remaining 35 Si atoms in the
36T unit cell gives rise to 35 additional structures. Overall,
there are four P1 isomers, nine P2 isomers, 12 P3 isomers,
eight P4 isomers and two P5 isomers. In addition, there are
four possible locations for the proton to bind to the con-
necting oxygen atoms at each acid site, where we have al-
ways only considered the most stable one. We label the ox-
ygens in terms of the stability of the proton location of the
clean structure (Fig. 1c). This relates to the crystallographic
labels as shown in Table S1 (0104, 02>03, O3>0z,
0403, i.e. the 01-O4 and O2-03 labels are pairwise ex-
changed). We investigated all possible variations (see SI)
and calculated the stability of the zeolites relative to our
reference catalyst P6 according to:

AEgm = E(Pn) + E(0Al) - 2E(P6) (1).

where E(Pn) is the total energy of the structure with two
Al atoms per unit cell under consideration, E(0Al) is the
total energy of an unsubstituted, purely siliceous zeolite
and E(P6) is the total energy of a zeolite substituted with
one Al atom. We find that there is a considerable spread in
formation energies with structures being more (by up to 40
kJ/mol) and less (by up to 10 kJ/mol) stable when com-
pared to P6 using equation 1. Interestingly, there are four
structures that are more stable than P6 while violating L6-
wensteins rule (n = 1). While a general understanding of
the stability of the various zeolites is out of the scope of
this study, we note that similar observations have been
made in earlier studies.* ¥*>° For the 35 different ways in
which two Al atoms can be arranged in the unit cell there
are in each case 16 different isomers arising from the pos-
sibilities to distribute the two protons among the four ox-
ygens bond to each Al atom. The stability of the resulting
540 structures is shown in black in Fig. 2. Out of the 35
possible Al-pairs, we chose a subset of 10 structures that
includes all different pair-distances with n =1 - 5 and con-
sists of both stable and unstable distributions according to
equation 1 (see SI). Figure 2 shows the stability of these 10
structures in blue, where only the most stable of the 16 pos-
sible isomers arising from different proton distributions
are shown.
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Figure 2. Stability of Al-pairs as a function of distance. The en-
ergy is given relative to P6, e.g. the structure where the two
Al-atoms are separated by 5 (Si-O)-units. All possible permu-
tations are shown in black and the ten chosen Al-pairs are
shown in blue. For these ten pairs, only the most stable ar-
rangement of the two protons in the 16 possible combinations
is shown.

We will now discuss the potential energy diagram of the
reaction of two methanol to DME, which can proceed via
either the associative or dissociative mechanism, see Fig. 3.
% In the former, two methanol molecules adsorb on the
acid site(s) and react in a concerted manner to produce
DME and water. The latter occurs via two steps, (1) metha-
nol adsorption followed by formation of a surface methoxy
species (SMS) and water and (2) reaction of the SMS with
a second methanol to DME and the acid site. While the as-
sociative mechanism has an overall lower enthalpic barrier,
the transition state has a larger entropic penalty and the
preferred reaction mechanism hence depends strongly on
the temperature. DME synthesis has been subject to nu-
merous theoretical studies employing DFT.” 3* We re-
cently showed that transition states calculated with DFT,
and PBE-D3 in particular, often have large errors when
compared to higher level methods.® For example the bar-
rier for direct DME formation calculated with PBE-D3 is
underestimated by 37 kJ/mol when compared to CCSD(T)*
calculations. We stress here, however, that we are inter-
ested in trends imposed by aluminum proximity rather
than absolute accurate numbers, and that trends have been
shown to be rather well-preserved at the GGA-DFT level of
theory with errors of less than 5 kJ/mol,”" and we hence
stick to PBE-D3 for our investigations here.
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Figure 3. a) associative and b) dissociative mechanism for
DME-formation. ¢) Potential energy diagram of dimethyl
ether synthesis from methanol as calculated for H-SSZ-13 with
a Si/Al ratio of 35, our reference catalyst (P6). The black and
blue pathways correspond to the associative and dissociative
mechanism, respectively. All energies are referenced to the
empty zeolite and two methanol molecules in the gas-phase
at o K. An asterix denotes an adsorbed species at either the
acid site (ZOH) or the surface methoxy species (SMS). d) II-
lustration of the transition states in a-c).

We now turn to calculations of the reaction mechanism
presented in Figure 3. We calculated the corresponding en-
ergy profile for the 10 different zeolites considered herein.
For each structure, all four isomers arising from permuta-
tions of the proton at the second acid site were computed
explicitly and only the most stable structure is reported.
Figure 4 shows the transition state energies for SMS-
formation in comparison to that calculated for P6, both rel-
ative to gas-phase methanol (apparent barriers) as well as
the initial state (intrinsic barriers), that is pre-adsorbed
methanol. In this work, apparent barriers are always refer-
enced to gas phase methanol and intrinsic barriers are ref-
erenced to a single adsorbed methanol, which refers to the
high temperature limit, where the methanol coverage is
negligible. In these calculations, SMS formation is studied
separately at different oxygens. As described above, all four
proton locations at the second acid site are explicitly com-
puted and only the most stable structure is considered. The
different oxygen positions are shown in Fig. 1c.
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Figure 4. a) Apparent and b) intrinsic activation energies for
SMS formation for selected Al-pairs. SMS formation at three
different oxygens is shown in black, red and blue and the bar-
riers of the distant pair (P6) are shown as horizontal lines. The
nomenclature for the oxygen location is illustrated in Fig 1c.

Structures with nearest-neighbor Al-pairs (in violation
of Lowenstein’s rule) lead in some cases to relatively low
apparent barriers, for example for 1b and 1c. However, very
high barriers are observed for reactions occurring at the
bridging oxygen (Al-O-Al), i.e. O3 for Pic and O for Pib.
For the structures that obey Lowenstein’s rule, variations
in intrinsic barriers are generally below 20 kJ/mol. The fact
that the variation in intrinsic barriers is sometimes smaller
than in apparent barriers suggests that there is a correla-
tion between transition state energies and the energy for
methanol adsorption. Such variations are often explained
in terms of the acidity of the zeolite. There are various
measures for the acidity of zeolites, such as the deprotona-
tion energy,”* > the O-H frequency shift upon CO ad-
sorption®* and the ammonia heat of adsorption,
Eads(NH;).”>>” We chose the latter to investigate the effect
of aluminum proximity in more detail and to investigate to
what extent E,q;(NH,) can serve as a descriptor for the ze-
olites’ reactivity. Figure 5 shows the adsorption energy of
methanol and the barrier for direct DME-formation as a
function of E.q(NH,). In agreement with the investigation
of Hoffman et al.,** we find that substitution of the second



Al across the four-membered ring into a 2"*-nearest neigh-
bor position (P2a, see inset in Fig. 2) leads to a destabiliza-
tion of the concerted transition state, while substitution
across the six-membered ring into a 3"-nearest neighbor
position (P3a, see inset in Fig. 4b) leads to stabilization and
in fact to the lowest transition state, not considering near-
est neighbor positions.
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Figure 5. a) Adsorption energies of methanol and b) Apparent
activation energies for direct DME-formation for selected Al-
pairs as a function of the adsorption energy of ammonia.

Figure 6 shows the transition state energies for the first
and second step of stepwise DME formation as a function
of Eags(NH;). For SMS-formation, the barrier is additionally
investigated for formation of the SMS at three different ox-
ygens. As for concerted DME-formation, we observe that
the transition state energies largely correlate well with
acidity (linear regressions are shown and discussed in sec-
tion S3 of the SI). Similarly, structures P3a (P2a) are partic-
ularly stable (unstable). For isolated acid sites, SMS-

formation is preferred at oxygen Oz, where the transition
state is located within an eight-membered ring and two hy-
drogen bonds are formed between water and framework
oxygen (see inset in Fig. 6).** As observed in ref. 24, for the
3"-nearest neighbor position across the six-membered ring
(P3a), the most favorable oxygen for SMS-formation is O1.
Due to the more stable methanol adsorption for this Al-
pair, the decrease in the apparent activation barrier (-15
kJ/mol relative to P6) does not carry over to the intrinsic
barrier (-3 kJ/mol, see also Fig. 2). Similarly, for structure
P2a, the apparent barrier deviates more from P6 (+16
kJ/mol) than the intrinsic barrier (+11 kJ/mol).
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Figure 6. Apparent activation energies for stepwise DME-
formation for selected Al-pairs as a function of the adsorption
energy of ammonia. (Stepwise SMS formation for O3 for Pic is
not shown).

So far, our investigations focused on how the proximity
of an aluminum next to the acid site affects its interaction
with adsorbates and transition states. However, there may
be additional adsorption also on that second acidic proton,
which in turn might alter the acidity of the first. In order
to shed light onto this issue we repeated the calculations
of nine of the transition states shown in Fig. 6, but added
an adsorbed methanol to the second acid site. The ob-
tained apparent activation energies are shown in Fig. 7 and
compared with those obtained for the free acid site. The
effect of the coadsorbed second methanol on the barrier is
generally unsystematic and smaller than the difference in-
duced by the Al-pair distribution. The trends between the
different Al-pairs therefore remain largely unchanged.
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Figure 7. a) Illustration of the transition state for P3a for SMS-
formation with a coadsorbed MeOH at the second acid site. b)
Transition state energies for SMS formation with a second
methanol molecules coadsorbed at the second acid site.

All adsorption energies and activation barriers com-
puted in this work are summarized in Fig. 8, which shows
a histogram of the deviation of these energies with respect
to the most distant pair (P6). The largest differences are
observed for nearest neighbor Al-pairs with a mean abso-
lute deviation (MAD) of 16.1 kJ/mol. Importantly, these
pairs are not expected to form under usual synthesis con-
ditions, according to Lowenstein’s rule. For typical, more
distant Al-pairs expected for low Si/Al ratios, the influence
of a neighboring Al site is much less pronounced with most
deviations within +20 kJ/mol, and a MAD of 5.6 kJ/mol.
Despite the correlation between adsorption energies and
transition states (see Figures 5 and 6), deviations are simi-
lar for intrinsic and apparent barriers with a MAD of 5.8
and 7.0 kJ/mol, respectively (excluding nearest neighbor
Al-pairs).
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Figure 8. Statistics of the effect of proximate Al-pairs, as meas-
ured relative to the adsorption energy, or activation barrier AE
of structure P6. Nearest neighbor Al-O-Al pairs (violating Lo-
wenstein’s rule) are shown in red, the remaining structures are
shown in blue. The total height of the two sets of stacked bars
corresponds to all structures.

SUMMARY AND CONCLUSIONS

We have investigated the effective of the proximity and
spatial orientation of Al-pairs on the reactivity of the zeo-
lite H-SSZ-13. Here we have focused on methanol dehydra-
tion to DME as a probe reaction, where we have studied
both the concerted (associative) and stepwise (dissocia-
tive) mechanism. The effect of Al-pairs on adsorption- and
transition state energies was investigated relative to the sit-
uation of a single acid site per unit cell (Si/Al ratio of 35),
where the Al-atom is separated by five (Si-O)-units from
its periodic image. While most changes are in the £ 5
kJ/mol range, there are some notable outliers. The largest
variations of up to 50 kJ/mol were found for direct Al-O-Al
pairs which violate Lowenstein’s rule.

Both adsorption energies and activation barriers of the
various Al-pair distributions correlate well with the ad-
sorption energy of ammonia, which we use as a descriptor
for acidity. This leads to slight decrease in the variation of
intrinsic barriers as compared to apparent barriers. Espe-
cially for the particularly reactive (3*-nearest neighbor
across the six-membered ring, P3a) and unreactive substi-
tutions (2"%-nearest neighbor across the four-membered
ring, P2a), these trends are diminished in the intrinsic ac-
tivation barriers.

The commonly applied model of isolated acid site is in
most cases a good model for structures obeying Lowen-
stein’s rule, with a mean absolute deviation (MAD) of 5.6
kJ/mol for all adsorption energies and transition states
considered. There are, however, noteworthy exceptions
where transitions states for certain Al-pairs are on the or-
der of 20 kJ/mol more stable. On the other hand, it is often
not clear to which extent a specific Al-Al configuration is
present in a certain zeolite sample. We therefore believe
that the commonly applied computational model exhibit-
ing well separated acid sites (e.g. Si/Al=35 in H-SSZ-13) is



generally a reasonable model giving a good first estimate
also for zeolites with smaller Si/Al ratios. Larger deviations
(MAD = 16.1 kJ/mol) were found for nearest neighbor alu-
minum substitutions, e.g. Al-O-Al pairs. These are, how-
ever, generally believed not to be formed under standard
synthesis conditions according to Lowenstein’s rule.
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