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Abstract

The distribution of Al on a zeolite framework can have a determining influence on
chemical and catalytic properties. Those distributions are typically determined during
synthesis as influenced by cationic organic structure directing agents (OSDAs). Here
we use density functional theory (DFT) to compare the Al directing influence of N,N,N-
trimethyl-1-adamantyl ammonium (TMAda™), an OSDA commonly used to crystallize
CHA zeolite, with four isomers that retain the adamantyl structure but relocate the
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nitrogen center. Low energy configurations balance electrostatics-driven maximization
of Al—Al and minimization of AI—N separations, the latter more important in OSDAs
with more accessible charge centers. Statistical thermodynamics are used to predict
thermal equilibrium Al distributions and corresponding Al pair features as a function
of OSDA. All distributions differ from those predicted through naive application of
Lowenstein’s rule, disfavor the placement of two Al second-nearest-neighbor or within
a single six-ring, and introduce different biases towards eight-membered rings and more
remote Al. Results illustrate the potential to influence Al location through OSDA

selection.

Introduction

Zeolites are a class of microporous crystalline materials composed of corner-sharing TO, (T
= Si, Al) tetrahedra! that find wide use in catalysis, gas separations, and ion exchange.?*
More than 200 zeotypes are known,® and strategies to access a particular topology in the lab-
oratory frequently rely on structure directing agents (SDAs)® which operate by templating
the desired structure during crystallization.” ' The guest-host interaction energy between
a target framework and a (typically) organic SDA (OSDA) can be used to rationalize ob-
served crystallization patterns.!! These computational methods have been used to extend the
boundary of chemically synthesizable zeolites and to search for promising new OSDAs. *1?

The extent of incorporation and organization of heteroatoms provide additional control
on zeolite properties. Aliovalent substitution of Si*™ by AI** jons introduces formal negative
charges onto the zeolite framework (FW). Associated protons or extraframework, typically
0

inorganic, cations can impart acidic or redox properties relevant to heterogeneous catalysis. 2

The proximity of these Al centers has been shown to have consequences for a range of physical

21,22 3

and chemical properties of zeolites, including for Brgnsted-acid-catalyzed reactions?
and the speciation and reactivity of charge-compensating cations.?* 2 These observations
motivate efforts to control Al content and organization during synthesis.
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1

2

2 In zeolites containing multiple symmetry-distinct tetrahedral (T-) sites, the choice of
Z organic structure-directing agent (OSDA) can lead to the preferential occupation of spe-
; cific T-sites with A>T, as observed through differential accessibility of probe molecules and
?O various spectrocopies, in MTW,?° MEL,3! ISV,?? FER,?? IFR,?* MSE,? and MFIL.3¢% In
:; zeolites that present only a single symmetry-distinct T-site, the OSDA influence is mani-
12 fested in the distribution and resultant proximity of AI>T. Because of its practical catalytic
1 2 relevance and high symmetry,® CHA zeolite is an ideal platform for observing these ef-
1; fects. CHA can be viewed as constructed from ABC stacking of double six-membered-ring
;g (d6r) secondary building units (Figure 1(a)), creating cages connected by eight-membered-
;; ring (SMR) windows. Experimental and computational evidence indicates that Co*" titra-
;i tions %4 and vibrational spectroscopy?® are faithful reporters of six-membered-rings (6MR)
;2 containing two AI>" centers. Such 6MR pair sites are absent in CHA crystallized with N,N,N-
;; trimethyladamantan-1-aminium (TMAda™; common name N,N,N-trimethyl-1-adamantyl am-
;g monium) but present in CHA crystallization with N,N-dimethylcyclohexylammonium (DMCHA™),
g; albeit under different synthetic conditions.*? Co-crystallization of CHA with TMAda* and
gi Nat26:40:43.44 op T,it45 presults in an enrichment in 6MR Al pairs, consistent with the com-
22 puted tendency for Na™ to site within the 6MR. Conversely, the K™ co-crystallization is
2373 found to promote SMR over 6MR Al pairs,*' consistent with the preference for the larger
23 K™ cation to occupy these 8MR sites.

2; The energy of a framework of given Al content is observed to be both a function of
Zi Al arrangement and charge-compensating counterions. Early explorations of these ideas in
22 ZSM-183! and ITQ-7,%? based on density-functional-theory (DFT)-parameterized forcefields,
j; found that charge compensation by protons or by charged OSDAs lead to different relative
‘;g energies of Al arrangements. The Al1—O—H vibrational spectra of zeolites crystallized with
g; OSDAs and converted to the Brgnsted form were more consistent with the Al arrangements
gi expected based on the OSDA energies than the H'-compensated energies, suggesting both
55 the role of OSDA in guiding AI*" siting and the persistence of that siting following OSDA
7
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Figure 1: (a) Illustration of CHA stacked by 3 different layers of d6r building units, which
are shaded in colors. (b) Possible up/down orientations of TMAda™ when inside CHA cage.

(¢) Mlustration of 36-T CHA with 3 Al substituted on the FW and 3 TMAda™ are inserted
in each of the 3 cages.

removal. DFT calculations similarly report that the CHA framework energy as a function
of Al—Al separation is a strong function of the charge-compensating cations.?%4” When
charge compensated with protons, energies are minimized at first-nearest-neighbor (1NN,
Al—O—Al) separation, demonstrating that Lowenstein’s rule does not emerge from the en-
ergies of the protonated lattice. In a CHA cage occupied by TMAda*t, A>T has an energetic
preference to site near the cationic tetramethylammonium end of the OSDA, consistent with
an electrostatic influence on AI** distribution.*® The configurational energy reported by
DFT#* or a DFT-trained classical forcefield*® on CHA frameworks filled with one TMAda*
per cage indicate that Al configurations that place two Al within the same 6MR are energet-
ically unfavorable, consistent with experimental observations that these features are rare on
CHA zeolite prepared with TMAda™ as the sole SDA. A negative correlation between the
reciprocal A1—N distance and configurational energy is consistent again with a significant

if not dominant role of electrostatics in guiding AI*" distributions, an effect that appears
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to be screened but not altered with the consideration of the potential screening influence
of water.*® The energy of first-nearest-neighbor Al1—O—Al linkages increases significantly
when charge compensated by TMAda™, in both models with and without explicit water,?
providing a rationale for the experimentally observed Lowenstein’s’s rule.®® These results
suggest the potential to influence A1*" siting by altering the charge distribution on OSDAs.
Recent calculations show that the low-energy location of a single, isolated Al*™ within a
large cha supercell can be altered by adjusting the location of the nitrogen charge center on
a co-occluded TMAda™ mimic.%?

Here we extend these ideas by exploring the influence on global AI** distributions of a
family of TMAda™ mimics modified to relocate or further expose the charge center. We
use DFT to compute the energies of the full set of symmetry-distinct Al configurations
possible within a three cage CHA unit cell at Si/Al = 11 across TMAda™ and four mimics.
We find that the energy distributions and even the absolute OSDA exchange energies are
a strong function of OSDA. Further, by fingerprinting configurations according to Al pair
types and averaging over configurations likely accessible at synthetic conditions, we find
that all OSDAs, including TMAda™ itself, bias against second-nearest-neighbor Al pairs,
thus against all 4AMR pairs, against all 6MR pairs, and bias for or against SMR pairs and
isolate Al (those not sharing a common ring with another Al*") to varying extents. These
differences can be traced to the accessibility of OSDA charge centers to framework T-sites as
well as the preference for AI** to maximize separation. They more than counterbalance the
driving force for AI>* to aggregate in the proton-compensated form.*64” Results illustrate

the potential to bias Al distributions and thus chemical properties through OSDA charge

modifications.
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Methods

Density functional theory (DFT) calculations were performed on a 36 T-site CHA hexagonal
unit cell using the Vienna Ab initio Simulation Package (VASP),® version 5.4.1. Lattice
constants were obtained from the Database of Zeolite Structures (IZA).? Core-valence inter-
actions were treated using the projector augmented wave (PAW) methods,®® exchange and
correlation treated within the Perdew—Burke-Ernzerhof (PBE) generalized gradient approx-
imation (GGA),” and the DFT model augmented with the D3 method to describe van der
Waals interactions.®® Plane waves were included to a 400eV cutoff and the first Brillouin
zone sampled at the I' point. Self-consistent field (SCF) electronic energies and forces were
converging to 1 x 107°eV and 0.01eV/ A, respectively. The zeolite framework was held rigid

4449) " The electrostatic potentials of free OSDAs were

and OSDA relaxed in all simulations

computed with with B3LYP functional and 3-214+G basis set in Gaussian.®’
Symmetry-distinct Al configurations were constructed using the SOD (Site-Occupation

Disorder).?® Avogadro,® the Atomic Simulation Environment,% and the Zeolite Simulation

£ 61,62

Environmen were used to construct OSDAs and generate initial structures of the Al-

substituted, OSDA-occluded CHA.

Results and Discussions

Figure 2 illustrates the 2D and 3D structure of TMAda™ and the four variants probed here.
TMAda™ is constructed of adamantyl and trimethylammonium groups. To generate struc-
turally similar OSDAs with altered charge distributions, we moved the cationic N center
to each of the three symmetry-distinct carbon centers of the adamantyl group, creating
the quarternary amine 1-(tert-butyl)-1-azaadamantan-1-ium (ml), tertiary 3-(tert-butyl)-
l-azaadamantan-1-ium (m3), and secondary 5-(tert-butyl)-2-azaadamantan-2-ium (m2). A
fourth variant, N,N-dimethyladamantan-1-aminium (m4), was created by replacing a trimethy-
lammonium methyl with a hydrogen. Figure 2 reports computed electrostatic potentials of

6
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TMADa+

Figure 2: (top) 2D representations of TMAda™ and four structural modifications. (bottom)
DFT-optimized structures overlayed with molecular electrostatic potential color-mapped
onto electron density surface (isovalue = 0.00004). Electrostatic potential scale in au at
right; positive regions are attractive to a negative test charge.

the free OSDAs, showing that both the location and intensity of the positive potential region
(that is expected to be attractive to an anionic framework) vary substantially with ammo-
nium location. While rare, non-quaternary ammoniums are not unprecedented as OSDAs, 33
although other considerations, including solubility and hydrothermal stability, are also rel-
evant to the practical utility of an OSDA. These particular choices are motivated by the
desire to mimic to the maximum extent possible the precise fit within the CHA cage that
restrict TMAda™ itself to only two possible orientations within a CHA cage!®(Figure 1(b)),
as well as imposing a systematic variation in charge location.

We consider a 36 T-site CHA hexagonal unit cell (Figure 1(c)) which, when decorated
with three AI**, has an effective Si/Al ratio of 11, or on average one Al** per d6r. Eleven is
the lowest achievable Si/Al ratio assuming every cage is filled with a monocationic OSDA,
charge balance is perfect, and no other anionic centers are present. As every T site is shared
by three cages, every cage in this model “sees” three Al. We identified 139 symmetry-distinct
configurations of three Al locations on the framework, *® excluding configurations that violate

Lowenstein’s rule, thus ensuring no Al pairs are first nearest neighbors. We fill the three

7
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CHA cages with three of the same OSDA molecules from Figure 2. Assuming that each
OSDA is constrained to one of two distinct orientations (“up” and “down”) leads to 2% =8
possible OSDA orderings and a total of 8 - 139 = 1112 total Al/OSDA configurations per
OSDA type.

Extensive calculations on a charge-neutral analog of TMAda™ in a fully siliceous CHA
show that the OSDA has a strong preference to align its principal axis along the ¢ axis of
CHA with the central atom of the trimethyl group 1.7 A from the center of the CHA cage.
We initialized all the OSDAs here using this same orientation, and find that all OSDAs fit
within the cha cage in only two orientations. Further, in previous work,* we compared the
energy predictions of models in which the zeolite framework was held rigid or relaxed. While
energy differences are compressed in the latter case, general energy orderings are unchanged.
More importantly, the rigid model is successful in recovering experimental Al distribution
observations for CHA synthesized with TMAda™ alone?® and with Na™.%

While TMAda™ and m1 have a three-fold axis of symmetry, m2, m3, and m4 do not. To
test the sensitivity of configurational energies to rotation about the principal axis, we selected
six m3 configurations from the 1112 and computed energies as a function of the rotation angle.
Each OSDA in a specific Al configuration and OSDA ordering has the potential to rotate 360°
around its long axis (Figure 3(a,b)). The rotation space was divided into eight distinct self-
rotation angles, in 45° intervals. Consequently, there are a total of 8 possible combinations
of the 3 OSDA systems with varying OSDA self-rotation angles, each resulting in a different
average Al—N distance. From these combinations, 12 representative configurations were
selected, covering the majority of average A1—N distances in the system. Figure 3(c) reports
the energies of six distinct Al/m3 OSDA configurations, each at twelve different values of
rotational angles, against average reciprocal Al1—N distance. Offsets between datasets reflect
the different intrinsic energies of particular AI**/OSDA configurations, and the variation
within a dataset indicates the magnitude of the internal rotation influence. FEnergies are

minimized at rotational angles that maximize the reciprocal AI—N distance, and we use this
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observation to initialize all the lower-symmetry configurations.
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Figure 3: (a) Top and (b) side view of m3 OSDA and rotational degrees of freedom within
the CHA cage. (c) Configurational energy vs average reciprocal A1—N distance of six unique
Al configurations and OSDA orderings at twelve different rotations. Legend reports OSDA
ordering and Al configuration ID in the Zenodo data repository.

We relaxed all structures; the final configurations and their energies are provided in a
Zenodo data repository.%® For analysis purposes, we set the energy of the lowest-energy
3Al/TMAda™ configuration to zero and report a histogram of all TMAda™ energies in the
first column of Figure 4, binned by 2kJ molgér. The lowest energy configuration is identical
to that identified previously with classical models.*’ TMAda* energies span approximately

70kJmolyy, 10kJmoly, greater than those classical results.*” Most configurations lie be-

tween 10kJ moly;. to 30 kJmoly. above the minimum energy configuration.
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Figure 4: (a) Illustrations of TMAda®t and four modifications. Histograms of (b) OSDA
exchange energies referenced to lowest-energy TMAda™ configuration, (¢) OSDA exchange
energies against mean reciprocal Al—Al distance, and (d) OSDA exchange energies against
mean reciprocal A1—N distance. Red, yellow ,dark blue, cyan and green represent TMAda™,

ml, m2, m3 and m4.
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To compare across OSDAs, we define an exchange reaction and corresponding OSDA ex-
change energy AE% for a given OSDA TMAda-mi* and Al/OSDA configuration j according

to:

CHA/3 TMAda® + 3 TMAda-mi" — CHA/3 TMAda-mi* 4+ 3 TMAda™ (1)
AEi,j _ (Ei,j _ ECHA/TMAda+)/3 . (ETMAda-mH- o ETMAda-i—) (2)

where E% is the total DFT energy of the specific Al distribution and OSDA ordering,
EgiA/ TMAdat i the DFT energy of the lowest-energy 3A1/TMAda™ configuration, FTMAda+
and FOHA/TMAda-mit gre the total energies of isolated TMAda® and TMAda-mi* computed in
an empty 36-T CHA unit cell with a charge-compensating background charge, and the factor
of 1/3 provides a normalization to d6ér. OSDA exchange energy histograms are reported in
Figure 4(b), binned by 2kJmolg..

Two trends are immediately evident. First, in all cases OSDA exchange energies are
sensitive both to Al configuration and OSDA orientation. Thus, different Al distributions
minimize energy for each of the OSDAs. Further, the widths of the energy distributions vary
considerably, likely reflecting differences in access of the OSDA charge centers to framework
Al. Second, the energy distributions are shifted relatively to one another by upwards of
40kJ moly,. The m1 distribution is narrower and begins 10 kJ molg4. above that of TMAda*,
while m2 and m3 distributions are wider and begin nearly —20kJmoly,, below TMAda™*.
The m4 distribution is comparable to but shifted 20kJ molyy. upward from TMAda™.

The guest-host interaction energies (GHIE) between charge-neutral OSDA surrogates—
constructed by replacing nitrogen centers with carbon—and a completely siliceous framework
are commonly used to report on the structure-directing capacity of an OSDA. 11 713:19,34.64 By
construction, the uncharged GHIEs of TMAda™, ml, m2, and m3 with CHA are identi-

cal. Thus, the shifts in the computed OSDA exchange energy histograms between these

four reflect differential structure directing capacity associated with differences in location
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of nitrogen centers. To explore these differences, we plot in Figure 4(c) and (d) the OSDA
exchange energy against the mean reciprocal A1—N and Al—Al distances, averaged over the
three closest respective contacts. OSDA exchange energies of OSDA ml, which from Fig-
ure 2 has the least accessible charge center, correlate strongly with Al—Al separations, while
Al—N separation is invariant across all structures. In contrast, the OSDA exchange ener-
gies of TMAda™ and its modifications m2 and m3, which expose the OSDA charge center
at different locations, correlates most strongly with the reciprocal A1—N separations. The
large shift downward in OSDA exchange energy of the latter two relative to TMAda™ is
correlated with the closer approach of OSDA nitrogen charge centers to framework Al, and
the greater dispersion in OSDA exchange energies is associated with a larger overall range
in Al—-N separations. That energies correlate with reciprocal distances suggests a largely
electrostatic origin to the differences. Consistent with this observation, the dispersion con-
tribution to the PBE+D3 energy is constant across configurations. The results reflect the
dominant contribution of electrostatics to overall OSDA-framework interaction energies.

In contrast to the other mimics, OSDA m4 differs from TMAdat by one ammonium
methyl group and thus has a different uncharged GHIE. We compute the GHIE of uncharged
m4 with CHA to be 18 kJmoly,, less negative than that of TMAda® and the other three
mimics, consistent with the offset shown in Figure 4. Further, both the reciprocal Al—Al
and Al—N correlations of m4 and TMAda™ are similar. Thus, uncharged GHIE appear to
be the largest discriminator between TMAda™ and m4. The set of TMAda®t and its four
structure modifications thus nicely span a range of behaviors influencing the absolute value
and dispersion of OSDA-framework interaction energies.

To further surface the various contributions to the DFT-computed OSDA exchange ener-
gies, we computed the energy of the Si/Al 11 CHA framework with various Al distributions j
compensated by a uniform background charge EP#7. Structures and their corresponding EP87
are available in a Zenodo data repository.®® As shown in Figure 5(a), £ spans 50 kJ mol,

and is strongly correlated with the mean reciprocal Al—Al distance, reflecting an intrinsic

12
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Figure 5: (a) Uncompensated FW energies E% vs mean reciprocal Al—Al distance. (b)
AFE — E® vs mean reciprocal AI-N distance. In both cases, lowest energy configurations
are shifted to zero. Black dashed line is best fit to non-TMAda™-m4 energies.

electrostatic driving force for unscreened anionic Al centers to be remote from one another.
Figure 5(b) reports the OSDA exchange energies minus the underlying Al—Al repulsion,
(AE% — EP®J ) vs mean reciprocal AI-N distance. Overall energies span 110kJmoly.,
cluster into groups for each OSDA, and are strongly anti-correlated with mean reciprocal
Al—N distance. OSDA m4 is further offset by about 18 kJ molgﬁlr from TMAda*t, m1, m2, and
m3, consistent with the differences in uncharged GHIE. Figure 5 thus shows that framework
electrostatics, neutral guest-host interaction energies, and specific charge-charge interactions
between OSDA and framework all contribute to the DFT OSDA exchange energies.

To relate these energy histograms to underlying Al configurations, we fingerprinted each
Al configuration by the Al pair features shown in Figure 6, chosen because these features
are most relevant to ion exchange and catalytic function.?%4%4 Seventeen unique Al—Al
separations are possible on the rigid CHA framework within 8.1 A, and those 17 map onto

the nine pair types shown in Figure 6, including eight involving a single ring and one type

that spans two different rings, which we label 3NNXR (third-nearest-neighbor cross-ring);

13
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Figure 6: Al pair features used to characterize Al distributions. Yellow and green circles
represent Si and Al atoms, respectively, and red lines represent bridging oxygen. Each feature
is named by their ring strucutres (aMR: a membered-ring where a = 4, 6, 8, XR: cross ring,
d6r: double six ring) and Al proximity (bNN: bth nearest-neighbor where b = 2, 3 or 4)

pairs at distances greater than 8.1 A are assigned as remote. We identified the three unique
pairs in each 36 T-site CHA unit cell using the minimum image convention and assigned
each of the three to one of these categories.

To illustrate the potential influence of OSDA on observable Al features, we assume that
OSDA up/down ordering is random (Figure 1 (b)), hypothesized to be representative of
synthetic conditions, and compute the algebraic average energies across OSDA ordering for
each unique Al configuration. Figure 7 reports the pair fingerprints of the ten lowest- and
ten highest-energy configurations for TMAda®t. Columns indicate symmetry-distinct pair
features and are arranged from shortest (second-nearest-neighbor in a four-membered ring, or
4MR2NN) to longest (fourth-nearest-neighbor in an eight-membered ring, or S8MR4NN) pair
feature, including three symmetry-distinct features that span two different rings (3SNNXR).
Numbers indicate the frequency of appearance of that feature in that configuration. A value
greater than one indicates multiple occurances of the same feature, not necessarily in the

same ring. As example, the bottom row in Figure 7 corresponds to a configuration in which
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Figure 7: Al pair fingerprints of the ten lowest and ten highest average energy Al config-
urations in the field of randomly oriented TMAda®™. Numbers in each row indicate the
occurrence of each distinct Al pair fingerprint. Configuration numbers refer to entries in the
Zenodo data repository.

the three Al form two distinct SMR3NN pairs in different 8-rings and a third pair of remote
Al. As is evident from Figure 7, the low energy configurations are dominated by those that
present the most remote, non-ring-sharing Al. Second-nearest-neighbor (2NN) of all types
as well as 6MR pairs are absent within the low energy manifold, and d6r and 8MR pairs
make only scattered appearance. In contrast, the high energy manifold is dominated by 2NN
pairs; at least two such pairs are present in all of the top ten energy configurations.

The absence of 6MR Al pairs from the low-energy manifold in Figure 7 is consistent
with the experimental observation, based on Co*" titrations, that CHA crystallized with
TMAda* contains no such pairs.** The absence of 2NN Al pairs is similarly consistent
40,44

with the low intensity of the Q4(2Al) peak in *’Si nuclear magnetic resonance spectra.

To relate calculations to the driving force for a particular ordering at finite temperature
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Figure 8: Boltzmann-weighted probability of occurrence of 8MR or 6MR Al pairs as a
function of temperature in field of TMAda™.

synthetic conditions, we plot in Figure 8 the Boltzmann-weighted probabilities of 6MR and
8MR Al pairs based on the configurational energies of Figure 7 and giving 1/3 weight to each
pair type in a given configuration.* The probability of 6MR Al pairs remains essentially zero
up to common synthetic temperatures of 443 K; only at temperatures above 500 K do 6MR
pair probabilities begin to rise. 8MR pairs exhibit the opposite dependence, declining in
probability with increasing temperature up to very high temperature.

Figure 9(a) reports the distribution of feature types assuming that all configurations are
equally probable, thus consistent with Lowenstein’s rule® forbidding 1NN pairs. As noted
previously,*! Lowenstein’s rule predicts non-zero populations of 2NN pairs as well as signif-
icant fractions of 6MR, pairs, as well as d6r and cross-ring (XR) pairs. For comparison, we
computed the energies of all unique three Al arrangements in the 36 T-site unit cell, replacing
OSDAs with a charge-compensating background charge. Figure 9(b) reports the distribu-
tion of feature types based on a 443 K Boltzmann weighting of these OSDA-free framework
configurations. Under this OSDA-free bias, Al seek to be remote from one another, 2NN

pairs have vanishing and 3NN pairs small probabilities, and the remote feature dominates

16

ACS Paragon Plus Environment

Page 16 of 31



Page 17 of 31 Chemistry of Materials

1

2

3 (a) Random (b) FW (c) TMAda* (d)m1

4 1.0

5 4NN

7 N+_

8 / \

9 EU.G’

10 3

11 £ 0.4 1

12 e

13

14

15 | | s 0.01 ] H 0.02 | .

16 ’ 8MR 6MR 4MR D6R XR RMT 8MR 6MR 4MR D6R XR RMT 8MR 6MR 4MR D6R XR RMT 8MR 6MR 4MR D6R XR RMT
17 (e m2 (fm3 (g) ma

18 1.0

19 Hy'™N

20 0.8 1 1077 H*N

21 NH*

22 /\

23 %0.6' ﬁ 1 1

24 8

25 & 0.47

26

27 0.2 1 0.19 1 1 919

28

29 00 H ] 0.02 ] 0.02

30 8MR 6MR 4MR D6R XR RMT 8MR 6MR 4MR D6R XR RMT 8MR 6MR 4MR D6R XR RMT

31

32 Figure 9: Al pairing feature distributions based on (a) random distribution excluding 1NN
33 Al pairs; (b) OSDA-free framework energy; (¢) CHA-TMAda™ energy; (d) CHA-m1 energy;
34 (e) CHA-m2 energy; (f) CHA-m3 energy; and (g) CHA-m4 energy. Probabilities based on
22 443 K Boltzmann weightings. XR and RMT refer to cross-ring and remote pairs.

37

gg the distribution, consistent with previous prediction.*! Figure 9(c) reports predictions based
2? on the TMAda™ energies of Figure 4, again Boltzmann weighted at 443 K. Consistent with
25 Figure 7 and with previous reports, % TMAda® is predicted to bias against all 2NN40:44
2;' and 6MR pairs, with a mix of SMR and remote pairs consistent with Figure 8.

2? Figure 10 reports the fingerprints of the ten lowest- and ten highest-energy Al configura-
23 tions in the fields of the four modifications on TMAda*t (averaged over OSDA orientations).
2 ? It is evident that OSDA modification does have a significant impact not only on absolute
g ; energies (Figure 4(b)) but also on the relative energies of Al arrangements. There are some
gg’ similarities, however: 4MR and 6MR pairs are absent in the low-energy manifold of all
g? five OSDAs, while the high energy manifold has a large occurrence of 4AMR 2NN features.
58
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3NNXR features are rare in the low and high energy manifolds, evidently more common at
intermediate energies.

In the field of the quaternary amine 1-(tert-butyl)-1-azaadamantan-1-ium (m1), low en-
ergy configurations share features with TMAda™ itself: the two lowest energy configurations
are identical, remote features are strongly favored, and 2NN features are absent (Figure 10).
Similar to TMAda™ within the high-energy configurations, 2NN features are common. The
primary difference between TMAda™ and m1, then, is the width of the energy distribution,
shown in Figure 4(b). As a result, and as shown in Figure 9(d), the Boltzmann-weighted
feature distribution in the presence of ml is similar to TMAda™, the only difference being
a small shift in bias from 8MR towards remote Al pairs. OSDA ml would be expected to
produce CHA with an Al distribution essentially indistinguishable from TMAda™, and based
on the energy offset in Figure 4(b), to be a somewhat less effective structure directing agent.

More substantial differences are evident for the secondary amine 5-(tert-butyl)-2-aza-
adamantan-2-ium (m2) OSDA (Figure 10). 2NN fingerprints begin to appear in the low
energy window, at the expense of long-range Al pairs. Similarly, the high energy window
contains more configurations with Al pairs at greater distances than 2NN. The aggregate
effect is most clearly seen in Figure 9(e): in the presence of m2, CHA is expected to be
enriched in SNN8MR and even 2NN8MR pairs relative to TMAda™ or even the Lowenstein’s
rule distribution, while 6MR pairs are expected to be uncommon. Further, the energy offset
in Figure 4(b) suggests that m2, at least if present in the protonated form, would be a strong
director towards CHA with this distribution.

The configurational biases introduced by tertiary amine 3-(tert-butyl)-1-azaadamantan-
l-ium (m3) OSDA are similar to those introduced by OSDA m2, but with an even greater
appearance of 8MR pairs at the expense of the minority d6r and XR pairs (Figure 10(c)).
These differences are reflected in Figure 9(e), where 2NN and 3NN8MR, pairs are highly
enriched at the expense of d6r, XR pairs, and 4NN8MR pairs, all of which are nearly absent.

The tertiary amine N,N-dimethyladamantan-1-aminium (m4), created by removing a
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methyl group from TMAda™, might be expected to differ most dramatically in Al directing
tendencies from the other four OSDAs. Rather, its low and high energy configuration man-
ifolds (Figure 10) are similar to m1 and even TMAda™ itself. 2NN pairs are again absent
among low energy configurations and prominent among high energy ones. Its feature distri-
bution (Figure 9) reflects these similarities, with 8MR pairs and remote Al being the only
features of significant population, and the remote Al being most pronounced. Thus, OSDA
m4 is expected to crystallize CHA with an Al distribution similar to TMAda™ but, given its
poorer neutral guest-host interactions, to be less effective in promoting the CHA structure

overall.

Conclusions

In this work, we explore the consequences of explicit inclusion of cationic OSDAs and an-
ionic framework Al centers in the guest-host interaction evaluation. Starting from the CHA-
TMAda™ system, we consider TMAda™ and OSDA mimics constructed to have charge-
neutral interaction energies identical to TMAda™ itself but to present different charge distri-
butions. We evaluate energies within this space using first principles calculations. Predicted
relationships between Al configuration and TMAda™-compensated energy are consistent with
classical results.*® We find that not only do relative Al configurational energies respond to
modifications of the OSDA, but absolute interaction energies themselves shift substantially,
suggesting that charge-neutral surrogates may miss an important contribution to the tem-
plating ability of an OSDA.

To characterize the influence of charge distribution on Al siting, we fingerprint Al config-
urations by Al—Al pair types. Certain features, such as the tendency to disfavor 4MR and
6MR Al pairs, while other features, especially the populations of MR Al pairs, are highly
responsive to OSDA charge distribution. OSDAs with less accessible OSDA charge centers,

thus exhibiting larger mean Al—N separations, tend to favor configurations that maximally
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separate Al. In contrast, OSDAs with more accessible charge centers promote a closer Al ap-
proach, including even 2NN Al pairs in 8MRs. Such changes in distribution could manifest,
for instance, in differing abilities to host Cu dimers relevant to partial methane oxidation %
or in the pairability of solvated Cu ions relevant to NO_ selective catalytic reduction. %
The non-quaternary TMAda™ mimics studied here are likely incompatible with zeolite
synthesis in basic media. They may be more compatible with (and have strong structure
directing properties at) the lower pH typical of synthesis in fluoride media or from solid
silica at near neutral pH.%" Evidence suggests that non-quaternary ammoniums may also be
useful as secondary OSDA partners to a primary OSDA,3? and such a strategy may be a
viable approach to realizing some of the differential directing ability of the TMAda™t mimics.
The discovery of OSDAs that offer Al siting control and are compatible with basic synthesis
conditions remains an opportunity. Extensions of these ideas to lower symmetry zeolite
frameworks and less orientationally constrained OSDAs present practical but not conceptual
computational challenges. The work here highlights the potential opportunities to realize

strategies to control both zeotype and Al distribution through OSDA selection.

Data Availability

The data that support the findings of this study including sample VASP input files for
energy evaluations, all final optimized structures and their corresponding potential energies
for CHA-OSDA pairs, the charged CHA frameworks, and charged isolated OSDAs, all shared

in the Zenodo data repository available at https://doi.org/10.5281/zenodo.13236662.
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