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Abstract

The guest-host interaction energy (GHIE) is often used as a predictor of the ten-

dency of organic structure directing agents (OSDAs) to promote the crystallization of

a particular zeolite topology. Here we explore the reliability of the GHIE to predict

OSDA preferences for CHA vs AEI, chosen because they have similar pore volumes, are

constructed from the same secondary building units, perform similar chemistries, and
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are crystallized by similar OSDAs. We show that predictions are sensitive to the choice

of energy model and to sampling method for some sets of OSDAs. We explore a set of

secondary descriptors derived from OSDA molecular size and shape and show that a

combination of GHIE and asymmetry index provides the most robust predictions.
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Introduction

Zeolites are a group of crystalline, microporous polymorphs of SiO2 that find wide practical

use as catalysts, molecular sieves, and ion-exchange media.1,2 Zeolite versatility is associated

with their topological diversity and ability to accommodate heteroatom substitution on the Si

lattice (such as Al3+) and associated extraframework ions. Zeolites are commonly synthesized

hydrothermally in the laboratory, often with the introduction of structure directing agents

to guide crystallization towards desired topologies and/or compositions. This ability has

been exploited to produce zeolites optimized for a desired chemical application.3–5 Alkalis

are common inorganic structure directing agents, while organic structure directing agents

(OSDAs) are often bulky ammonium or phosphonium cations. Given their larger size and

more diffuse charge, OSDAs are often useful for creating high-silica zeolites.6–10

The size, shape, hydrophobicity, and number of charge centers on an OSDA can have a

strong influence on the resulting pore dimensionality and void structure of the synthesized

zeolite. Early work conducted by Gies, Marler, Zones, and Davis, explored a variety of zeolite

syntheses.14–17 They systematically modified the structure, size, shape, and chemical nature

of template molecules, and characterized the resulting zeolite crystals. Figure 1 summarizes

the role of OSDA size and shape on the observed phase crystallized. As the OSDA increases

in size, but maintains its overall shape and symmetry, the void space within the zeolite also
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OSDA Size

OSDA Shape

Figure 1: Pictorial representation of the influence of the OSDA size and shape on the zeolite
topology crystallized. Zeolite cages and OSDAs shown belong to the SOD (lower left), 11

LEV (upper left),12 and AEL (upper right).13

increases and roughly maintains its structure and connectivity. As the OSDA becomes more

asymmetric, with elongated substituents, topologies with pores and channels are formed. 18–23

Computational modeling and simulations have also been employed to screen OSDAs for

their ability to direct the formation of specific zeolite topologies. This approach utilizes the

guest-host interaction energies (insertion energy of an OSDA into an empty zeolite void) be-

tween structure directing agents and zeolite frameworks (typically for zeolites with low Al or

siliceous compositions)24 as a predictor for OSDA-zeolite phase affinity. Several approaches

have been proposed to evaluate the topology an OSDA prefers to crystallize. 25–32 Recently

Schwalbe-Koda et al. used classical mechanics and Monte Carlo sampling to compute the

guest-host interaction energy (GHIE) of 549 known OSDAs with 209 zeolites, as well as

provided structural metrics that correlate with the GHIE.33

Chabazite (CHA) and AEI are prototypical examples of the sensitivity of zeolite products

to OSDA. Both frameworks are constructed from the same double six-member ring (d6r)
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Figure 2: Representation of d6r and stacking of d6rs to form CHA and AEI topologies.
Yellow and red sticks correspond to bonds between Si and O atoms.

composite building units. As shown in Figure 2, CHA is formed from d6r units stacked in

an ABC pattern, creating cylindrical cages connected by 8-membered-ring (8mr) windows,

while AEI is formed from the same ABC stacking, but with alternating d6rs rotated 180◦ to

create an pear-shaped cavity. Despite their shared characteristics, such as similar synthesis

protocols,17,19 comparable pore volumes, and density of tetrahedral sites (T-sites), as well as

their utility in similar chemical processes,6,34,35 these two topologies exhibit distinct behavior

in certain chemical reactions. For example, recent research by DeLuca et al. delves into the

influence of zeolite cage shape and dimensionality on SCR oxidation.36 They show that CHA

and AEI zeolites, despite having similar Al and Cu contents, exhibit differing rates of NOx

conversion. CHA zeolites, in particular, demonstrate rate constants nearly twice as high as
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those of AEI. Consequently, the deliberate synthesis of the desired topology in CHA and

AEI zeolites proves to be of paramount importance.

Although prior work has been invaluable in predicting new and useful OSDAs to prepare

zeolites, there are inconsistencies regarding the phase some OSDAs prefer to crystallize, par-

ticularly for CHA and AEI zeolites.27,33,37,38 To evaluate GHIEs, one must select a model to

insert and sample a molecule within the zeolite void (most notably Monte Carlo,39 molecular

dynamics,40 or a growing methods)25,41 and a potential model (most commonly forcefield-

based),42–45 The combination of different potential models and sampling methods can result

in discrepancies between predicted affinities toward different zeolite topologies. This moti-

vates work to understand the implications of the choice of modeling the GHIE, as well as its

use as a predictor for the OSDAs affinity to crystallize a particular framework. In this work,

we compare the performance of potential models (classical forcefields and density functional

theory) and sampling techniques on their influence on computed GHIEs. We select a family

of trimethylammonium-based and piperidinium-based OSDAs, which are known to crystal-

lize either CHA or AEI zeolites and apply schemes to compute the overall OSDA “fitness”

(orientational landscape) of the OSDAs in the CHA and AEI voids and compare GHIEs.

We show that first-principles and classical force field approaches provide similar predictions

of OSDA affinities toward CHA and AEI. For cases in which there are discrepancies be-

tween GHIE and experimental observations, we show that predictions can be improved by

augmenting the GHIE with simple molecular descriptors.

Computational Methods

All DFT and forcefield calculations are performed on 36-T-site CHA and 48-T-site AEI

supercells using lattice parameters obtained from the Database of Zeolite Structures (IZA). 46

Initial, isolated OSDA structures are optimized using the DFT parameters described below.

Zeolite structures are in their siliceous form, and N atoms in the OSDA structures are
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replaced with C (referred to as the tertiary carbon) to maintain charge neutrality. This

allows us to preserve the overall size and shape of the OSDA without needing to incorporate

a charge-compensating counter ion into the zeolite framework. This approach is similar to

previous work completed to calculate the GHIE of charge-neutral systems.26,33,38

First-principles Calculations

Plane wave, periodic supercell DFT calculations are performed with the Vienna Ab ini-

tio Simulation Package (VASP), version 5.4.1,47 using projector augmented wave treatment

of core-valence interactions,48,49 and Brillouin zone sampling at the Γ-point. Energy and

geometry calculations are performed using the Perdew-Becke-Ernzerhof (PBE) generalized

gradient approximation50 (GGA) with a D3, Becke-Johnson dispersion correction51 and a

plane wave cutoff of 520 eV. All atoms are allowed to move during the geometry optimiza-

tions. Self-consistent field (SCF) electronic energies and forces converge to 1× 10−5 eV and

0.01 eV/Å respectively.

Classical Molecular Dynamics Calculations

We have selected the Dreiding forcefield to evaluate the GHIEs for our classical model due

to its prominent use in the literature.29,32,38,52 Dreiding forcefield45 parameters are used to

describe the self-potential of the OSDA, and van der Waals interaction between the zeolite

framework and OSDA. We use molecular dynamic (MD) with constant NVT constraint using

Nose-Hoover thermostat53 to sample the configurational and internal degrees of freedom of

OSDAs. Si and O atoms in the zeolite frameworks are fixed in their IZA positions during MD

sampling. We equilibrate the system at desired temperatures for 2000 ps, monitoring tem-

perature fluctuations and structures to ensure that the thermostat is not introducing unphys-

ical behavior. All MD simulations are performed within the Large-scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS).54 Example VASP and LAMMPS input files are

provided in the Supporting Information (SI).
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Results
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Figure 3: OSDAs separated by family. © and 4 correspond to OSDAs that experimentally
crystallize CHA and AEI respectively. A table of OSDA IUPAC names and SMILES is
provided in Table S1.

We select a family of OSDAs that are known to crystallize either CHA or AEI-type

zeolites.27,28,55 Figure 3 shows the 11 OSDAs of interest, separated by OSDA family. OSDAs

1-4 belong to the trimethylammonium-based (TMA) family and OSDAs 5-11 belong to the

piperdinium-based (Pip) family. OSDAs 2-3, 5-7, and 8-10 are three sets of constitutional

isomers or diastereomers.

Next, we compute the GHIE of each OSDA in CHA and AEI. We define the GHIE as

the energy to insert a structure directing agent into the empty void of the zeolite (see equa-
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tions 1 and 2). It is worth noting that the community has utilized different terminologies

such as “binding energy”,32 “interaction energy”,25 “stabilization energy”,27 and “templat-

ing energy”33 to describe the same quantity. Within the context of this problem, all of

these terminologies refer to the computation of the van der Waals interactions between the

OSDA and framework atoms of the zeolite. To evaluate the GHIE we insert one OSDA into

the CHA and AEI cages, and sample over OSDA orientations and configurations either by

discrete sampling or high-temperature 1-step annealing. In the discrete sampling approach,

we generate 20 structures by randomly translating and rotating the OSDA inside the zeolite

cavity. Structures are then relaxed to local minima using DFT. A new set of structures is

then generated by randomly selecting a structure based on a Boltzmann distribution and

randomly translating and rotating the OSDA using a “mutate” algorithm, 56 and reoptimiz-

ing this new set of structures. We repeat this procedure until a total of 50 OSDA-framework

structures have been obtained. We assume these 50 structures represent the orientational

landscape the OSDA can adopt within a particular framework. The GHIE (∆EDFT
GHIE) of each

OSDA-Framework combination is evaluated as:

∆EDFT
GHIE = EDFT

OSDA-Framework − EDFT
OSDA − EDFT

Framework (1)

where EDFT
OSDA-Framework, E

DFT
OSDA, and EDFT

Framework are the energies of the 50 structures, isolated

OSDA, and empty siliceous framework respectively.

In the high-temperature 1-step annealing approach, we perform classical MD simulations

at 5000 K for 2000 ps with a 0.2 fs time step. We use the first 1000 ps as an equilibration run

and the last 1000 ps as a production run. We identify the accessible orientations the OSDA

explored by binning the structures into eight sections based on the angle the tertiary carbon

makes with a principal axis of the zeolite cage (see Figure 4). We resample the eight different

low-energy orientations at 343 K in the same manner as described in the 5000 K simulation

above. We first equilibrate the system for 1000 ps followed by a 1000 ps production run. We
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calculate the GHIE (∆ECMD
GHIE) of each of the eight trajectories as:

〈
∆ECMD

GHIE

〉
=

〈
ECMD

OSDA-Framework

〉
−

〈
ECMD

OSDA

〉
−ECMD

Framework (2)

Isolated OSDA energies are calculated from DFT and classical simulations with one

OSDA molecule placed in a 20 × 20 × 20 Å
3

box. For the CMD calculations, the average

OSDA energy at 343 K is used. A link to all the structures is provided in the SI. We

normalize our final energies based on the number of T-sites per CHA and AEI cage (12).

While we had the option to normalize our final energies by the number of OSDAs, for the

purposes of this study, this choice does not impact our final observations and conclusions.

Nevertheless, when comparing the GHIEs of zeolite topologies that contain varying numbers

of organic molecules within the zeolite voids, it is crucial to exercise caution and ensure that

proper comparisons are made.

OSDA Orientational Landscape

cosθA

(b)(a)

dA

Figure 4: Schematic illustration of translational and orientational descriptors. (a) Trans-
lational displacement of the tertiary carbon (purple) from the center of zeolite void (blue)
along the three principal axes. (b) Cosine angle between OSDA internal vector from the
tertiary carbon to an adjacent carbon (green) and the three principal axes.
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To describe the orientational landscapes available to OSDAs within the two frameworks,

we define three translational descriptors of the OSDA tertiary carbon from the center-of-

mass of the cage along each of the three principal axes, labeled A, B, and C to indicate the

long axis (A) and two orthogonal short axes (B and C) of the supercells. These descriptors

report on displacement towards a particular area of the cage (e.g. the bottom or top of a

cage). We similarly define three orientational descriptors as the cosines of the angles between

an OSDA orientation vector, taken to be a vector from the tertiary carbon to an adjacent

or cross-ring carbon, and each of the three principal axes (Figure 4). Negative, zero, and

positive values correspond to antiparallel, orthogonal, and parallel orientations relative to

the principal axis.

We compare the behaviors of OSDAs 1 and 8, which have strong affinities towards CHA

and AEI respectively,27,28 as representative of the TMA and Pip families, respectively, in

CHA and AEI. Figures 5, 6, report the displacement and orientational parameters and

GHIE for all 50 structures from the discrete sampling method. All other OSDA-framework

combinations, and results from the high-temperature 1-Step annealing approach, are reported

in Figures S1-S20.

To extract parameters from the molecular dynamics trajectories (high-temperature 1-

step annealing method), we initialize the OSDA in the void such that the cosine between

the OSDA vector and the A-axis is -1, then run molecular dynamics at 5000 K. We note

that certain OSDAs depicted in Figure 3 exhibit stereoisomeric relationships, specifically,

OSDAs 6-7 and 9-10. At these elevated temperatures, there exists the possibility of inter-

conversion between these stereoisomeric states among the OSDAs. To address this potential

phenomenon, we monitor the chirality of these OSDAs by measuring the dihedral angles

of the methyl substituents. Structures that undergo interconversion between cis and trans

isomeric configurations are removed from the trajectory (approximately 10% of the entire

trajectory). Then we bin the 5000 K trajectories into eight equal sections based on the

OSDA orientation along the asymmetric axis of the CHA and AEI cages (A-axis), select the
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lowest energy structure from each region, and resample the configurations at 343 K using the

parameters described in the methods section (Figures S21-S42). From these eight trajecto-

ries, we extract the average and standard deviation of potential energy, three translational

descriptors, and three orientational descriptors, which are reported in Figures S10-S20. Rep-

resentative low energy orientations for each OSDA-Zeolite combination are shown in Figures

S43-S53.

(a)

(b)

1

1

Figure 5: Orientational landscapes of OSDA 1 in (a) CHA and (b) AEI as extracted from
the discrete sampling method.

Figure 5(a) reports results for OSDA 1 in CHA, plotted as displacements with respect

to the three principal axes along the x-axis, GHIE along the y-axis, and color-coded by

orientations. The orientation and displacement along the A(long)-axis show two clusters

of points centered about −2 and 2 Å, with isoenergetic orientation values of −1 and 1

respectively. These clusters correspond to the tertiary carbon pointing parallel (as depicted

in Figure S43(a)) and antiparallel to the A axis. In the initial generation of structures, two

configurations with the OSDA orthogonal to the A axis were created, but when relaxed to

a local minimum, had positive interaction energies (> 100 kJ mol−1), which suggests that
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the OSDA does not orient in the CHA cage perpendicular to the A axis and is consistent

with previously reported results of OSDA 1.52,57,58 The energy distribution of each cluster

of points varies about 0.6 kJ mol−1 SiO –1
2 . The orientations along the B and C axes are

centered at 0 Å and range in value from −0.25 to +0.25, which corresponds to the OSDA

being centered in the middle of the cage. These plots show that OSDA 1 is confined to one

of two orientations in the CHA cage, parallel or antiparallel to the A-axis. The other TMA

OSDAs in CHA (Figures S1-S3) similarly cluster into parallel and antiparallel orientations

along the A-axis, but GHIE values are somewhat less negative.

Figure 5(b) reports results for OSDA 1 in AEI. Unlike CHA, the OSDA is able to access a

broad envelope of orientations, with three distinct clusters orthogonal (as depicted in Figure

S43(c)), parallel, and antiparallel to the A-axis. The orthogonal orientation is lowest in

energy, followed by parallel and then antiparallel. The antiparallel configuration places the

bulky end of the OSDA into the narrow end of the AEI cage, raising the energy. The GHIEs

between low and high energy orientations vary by 4 kJ mol−1 SiO –1
2 and are less negative

than OSDA 1 in CHA. As shown in Figures S1-S3 and S10-S13, the other TMA OSDAs

behave similarly in AEI.

Observations from analysis of the high-temperature 1-step annealing method also show

that the OSDAs are confined to a parallel or antiparallel orientation in the CHA void, and

exhibit a broad range of orientations in AEI. Figures S21-S28 show upon quenching the

simulation at 343 K, the OSDA orientations collapse toward −1 in CHA (as depicted in Fig-

ure S43(b)-S46(b)). We do not observe OSDA orientations at +1 in the high-temperature

1-step annealing approach because the TMA OSDAs are sterically hindered to rotate. GHIE

are considerably more exothermic than the discrete sampling method (−6 kJ mol−1 SiO –1
2

for OSDA 1 and −2 kJ mol−1 SiO –1
2 for OSDA 4). This difference can be rationalized by

comparing differences in GHIEs attributed to the different potential models and sampling

methods. A detailed comparison is presented on page S61 of the SI. We believe the discrep-

ancy between these GHIEs, is primarily attributed to the inherent differences in the DFT
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and Dreiding forcefeild calculations.

(a)

(b)
8

Figure 6: Orientational landscape of OSDA 8 in (a) CHA and (b) AEI as extracted from
the discrete sampling method.

Figures 6(a) and (b) plot the orientations of OSDA 8 in CHA and AEI respectively,

extracted from the discrete sampling method. In contrast to the TMA OSDA (Figure 5),

the Pip OSDA can access a broader range of orientations inside the voids of both CHA and

AEI. As shown in Figure 6(a), OSDA 8 can adopt several isoenergetic orientations within

the CHA void. The lowest energy orientations are those in which the tertiary carbon is

located near the center of the CHA cage and the OSDA is pointing parallel or antiparallel

to the A-axis, similar to the TMA OSDAs. We observe one metastable configuration at

−6 kJ mol−1 SiO –1
2 , where the OSDA is oriented orthogonally to the A-axis. As shown in

Figure 6(b), OSDA 8 behaves similarly in AEI, with the exception that the tertiary carbon

is confined to the wide end of the AEI void (−1 Å) and the center-of-mass of the OSDA

prefers to avoid the narrow end of the cage. Pip OSDAs 5-7 and 11 behave similarly in CHA

and AEI (Figures S4-S6 and S9).

The Pip OSDAs 9 and 10 exhibit distinct behavior. Figure 7 reports orientational de-
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(a)

(b)

(c)

(d)

9 10

Figure 7: Orientational landscape of OSDA 9 in (a) CHA and (b) AEI and OSDA 10 in (c)
CHA and (d) AEI along the A-axis, as extracted from the discrete sampling method.

14



scriptors along the A-axis of each OSDA in CHA and AEI (full landscape shown in Figures

S7 and S8). Results resemble the TMA- more than the Pip-family, in particular, two clus-

ters of low energy-oriented parallel and antiparallel to the A-axis and centered in the BC

plane in CHA, and a broad envelope of orientations in AEI (as in Figures S1-S3). The high-

temperature 1-step annealing method also shows that these OSDAs are conformationally

rigid in the CHA void and do not explore “flipped” configurations like other Pip OSDAs in

CHA (Figures S10-S20 and S21-S42).

Three general observations can be drawn from these comparisons. First, the choice of

utilizing DFT with a discrete sampling method and Dreiding forcefield with high-temperature

1-step annealing produces similar low-energy OSDA configurations. The approaches we have

taken here highlight the complicated and nuanced challenges encountered when attempting

to determine the affinity of an OSDA towards a specific zeolite topology. The results thus

demonstrate that the combination of a robust sampling method and satisfactory potential

model are sufficient to explore OSDA orientation space and determine GHIEs. Second, we

observed that TMA OSDAs in CHA can access the entire cage and are limited to parallel

and antiparallel orientations with respect to the A-axis. In AEI, the TMA OSDA center of

mass is confined to the wide end of the cage, resulting in GHIEs that are less negative than

in CHA. Third, with the exception of OSDAs 9 and 10, the GHIEs for the Pip OSDAs are

more negative in AEI than in CHA. They are confined to the wide end of the AEI cage but

can access a broad envelope of orientations. It remains unclear why OSDAs 9 and 10 behave

similarly to the TMA OSDAs.

OSDA Phase Affinity for CHA and AEI

To evaluate the tendency to crystallize CHA vs AEI, we identify the lowest energy config-

uration from each sampling method for each OSDA-framework combination and compute
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∆∆EGHIE as the difference between the CHA and AEI GHIE:

∆∆EGHIE = ∆ECHA
GHIE −∆EAEI

GHIE (3)

Figure 8(a) reports ∆∆EGHIE from the discrete sampling method, and Figure 8(b) similarly

for the high-temperature annealing. OSDAs are sorted from lowest to highest energy in

Figure 8(a), and is consistent for the subsequent figures. For comparison, we include results

reported in the OSDB (Organic Structure-directing agent DataBase), 33 which uses Dreiding

force field parameters combined with Voronoi docking39 to sample the OSDA orientational

space, in Figure 8(c).

Figure 8 (a) plots the ∆∆EGHIE from the DFT/discrete sampling method for the OSDAs

presented in Figures S43(a)-S53(a) and S43(c)-S53(c). The TMA OSDAs (1-4) all have a

strong preference for CHA over AEI, with OSDA 1 having the strongest affinity for CHA

(−3.6 kJ mol−1 SiO –1
2 ) and OSDA 4 being the weakest (−1.2 kJ mol−1 SiO –1

2 ). The

GHIE model predicts that these OSDAs will crystallize CHA zeolites, which aligns with

experimental observations. Pip OSDAs (5-11) have a slight preference for AEI (relative to

the TMA OSDAs preference toward CHA) or equal preference for CHA and AEI. OSDA

5 has the strongest affinity toward AEI (1.5 kJ mol−1 SiO –1
2 ) and OSDA 9 is the weakest

(0.3 kJ mol−1 SiO –1
2 ). OSDA 10 is the only Pip OSDA where the GHIE model predicts

crystallization of the CHA phase (−0.2 kJ mol−1 SiO –1
2 ). OSDAs 5-8 and 11 are known

to experimentally crystallize AEI zeolites, whereas OSDAs 9 and 10 crystallize CHA. The

GHIE model predictions mostly agree with experimental observations with the exception of

OSDA 9. This discrepancy in GHIE for OSDAs 9 was also observed in an earlier study.27

We note that OSDAs 9-10 are diastereomers. While we are unaware of any report in which

a pair of diastereomers crystallize different zeolite topologies, it is known that mixtures of

stereoisomers can have an impact on the rate of crystallization as well as composition. 59

Figures 8(b) and 8(c) plot the ∆∆EGHIE from our Dreiding/high-temperature 1-step
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(a)

(b)

(c)

Figure 8: OSDA affinities of the (a) lowest energy configuration from the discrete sam-
pling technique, (b) lowest average energy from high-temperature 1-step annealing, and (c)
configurations reported in the OSDB. © and 4 correspond to OSDAs that experimentally
crystallize CHA and AEI respectively. Table S2 contains the data presented in Figure 8.
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annealing method and the OSDB (OSDAs 2 and 3 are not reported in the OSDB). Both

show trends similar to those reported in Figure 8(a). The predictions made for OSDAs 1-8

and 11 are consistent with experimental observations. In Figure 8(b), it is evident that

OSDA 5 emerges as the most favored among the OSDAs for AEI, with OSDA 8 following

closely. In Figure 8(c), conversely, we observe the opposite. The energies reported in Figure

8(c) are extracted from the OSDB, normalized by the SiO2 subunit. When we examine

the structure of OSDA 8 in AEI, only three of the four zeolite voids are occupied by the

structure-directing agent, leaving the fourth void empty. The reported GHIE per SiO2 for

OSDA 8 in CHA is predicted to be significantly more favorable than in AEI. To make a

fair comparison with OSDA 8 in the CHA model, we use the GHIE normalized by OSDA,

multiply it by a factor of 4 to simulate a fully occupied zeolite, and then normalized by the

number of T-sites/cage (12). This adjustment may account for the observed shift in trends

between Figures 8(b) and 8(c) but predicts the correct phase OSDA 8 will crystallize. For

comprehensive details of all GHIEs used in the computation of ∆∆EGHIE, see Table S2.

Figure 8(b) shows that the standard deviations of most of the Pip OSDAs fall into

the CHA regime. Additionally, the phases predicted by OSDAs 9 and 10 vary across the

three sampling methods. The discrete sampling method predicts OSDA 9 will crystallize

AEI whereas OSDA 10 will crystallize CHA. The high-temperature 1-step annealing method

predicts OSDA 10 will crystallize AEI and OSDA 9 will crystallize CHA (with standard

deviations reaching into the CHA/AEI regimes). The Voroni docking results from the OSDB

predict both to crystallize AEI. OSDAs 9 and 10 have a similar orientational landscape as

the TMA OSDAs, which may be attributed to the size and distribution of substituents on the

molecule. This suggests that there is a “fitness” component to structure directing associated

between the molecular shape and size of the OSDA and the shape of the CHA and AEI

cavities.
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Augmentation of GHIE Descriptor

Fitness descriptors other than GHIE have been used to relate OSDA shape to zeolite crystal-

lization patterns. For example, Zones et al. compared the affinity of 11 piperidinium-based

OSDAs in CHA and AEI, and observed a correlation between the total number of C and N

atoms with the OSDAs directivity towards a particular topology.27 However, the influence

of the shape of OSDAs is not captured and is not easily extendable to other types of OS-

DAs. Earlier work has explored the influence of shape-based descriptors in order to obtain

more faithful predcitions of an OSDAs affinity toward ITE zeolites.60 Here we explore the

performance of a set of easily computable, “simple” descriptors that capture the general size

and shape of OSDAs to see if crystallization patterns emerge.

We quantify the OSDA molecular size using the number of carbon atoms and the molec-

ular van der Waals volumes. Figures 9(a) and (b) plot the ∆∆EGHIE from Figure 8(a), as

a function of each of these descriptors respectively. We find that smaller OSDAs (< 12 C

atoms and < 205 Å3) have a stronger tendency to prefer AEI, while larger OSDAs (> 12 C

atoms and > 205 Å3) prefer CHA. However, at 12 C atoms and 205 Å3, we do not see any

clear trends to crystallize one topology over another. OSDA 2, 3, and 8-10 all have relatively

the same molecular size, yet crystallize different topologies. These observations are com-

mensurate with previously reported results.27,28,33,55 Thus, OSDA size is not an appropriate

descriptor to resolve the discrepancies in predicted GHIEs for CHA and AEI.

To quantify molecular shape, we use descriptors that capture the distribution of sub-

stituents on the molecule: molecular eccentricity and asymmetry index. Molecular eccen-

tricity (ζ),61 which measures how elliptical or circular a molecule is, is defined as:

ζ =

√
I2a − I2c
Ia

(4)

where Ia and Ic are the largest and smallest moments of inertia of the OSDA and range from

0 (circular) to 1 (elliptical). The asymmetry index (κ)62 measures how prolated or oblated
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(a) (b)

(c) (d)

Figure 9: Comparison of (a) number of carbons per OSDA, (b) molecular volume, (c) molec-
ular eccentricity, and (d) asymmetry index with respect to predicted phase affinity. © and
4 correspond to OSDAs that experimentally crystallize CHA and AEI respectively. The
vertical dashed line in Figure 9 (d) corresponds to a molecule with equal principal moments
of inertia.
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a molecule is and is defined as:

κ =
Ic
Ib
− Ib
Ia

(5)

which ranges from −1 (plate-shaped) to +1 (rod-shape). We calculate the OSDA moments

of inertia for each descriptor by averaging the moments of inertia from MD simulation of

gas phase OSDAs. The standard deviation of the moments of inertia are relatively small,

suggesting the bulk of the OSDA molecules are rigid and the substituent flexibility has a

small effect on the overall moments of inertia. MD is performed with Dreiding forcefield at

600 K for 2000 ps with 0.2 fs timestep.

Figures 9(c) and (d) plot the ∆∆EGHIE as a function of each of these two descriptors.

For our set of OSDAs, we find that when we use the eccentricity descriptor, we begin to

see a separation of OSDAs at about 0.85. Those OSDAs above 0.85 have a more elongated

shape and predict the crystallization of CHA. Those below 0.85 are more circular and predict

the crystallization of AEI. OSDAs 9 and 10 predict different preferred topologies but have

eccentricity values commensurate with other TMA OSDAs. When using the asymmetry

index, we find that all OSDAs that experimentally crystallize CHA have positive asymmetry

indices and negative ∆∆EGHIE (except for OSDA 9 which is only slightly positive) while those

that crystallize AEI have negative asymmetry indices and positive ∆∆EGHIE. We observe

a clear and distinct separation of CHA-favored and AEI-favored OSDAs. The asymmetry

index resolves the difference in the distribution of substituents particularly for isomers 2-3,

5-7, and 8-10. Our augmented scheme has the characteristics of being able to correctly

predict the phase preference an OSDA will crystallize; OSDAs that are cylindrical will tend

to favor the cylindrical CHA, whereas more oblate molecules will prefer to crystallize the

pear-shaped AEI cage. The computation of the asymmetry index is also not sensitive to the

mode used to compute GHIEs and therefore could be considered as a secondary descriptor

to predict the affinity of an OSDA towards CHA or AEI.
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Discussion

Based on the results shown in Figure 9, we observe a strong correlation between the asym-

metry index, GHIEs, and affinity for the OSDA to crystallize either CHA or AEI. This new

scheme can be utilized to aid in determining whether an OSDA prefers to crystallize one of

these two zeolite topologies. As a test, we apply our descriptor model to the entire set of

TMA and Pip OSDAs in the OSDB.
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Figure 10: Comparison of asymmetry index with respect to predicted phase affinity for
TMA and Pip OSDAs from the OSDB. Red points correspond to the OSDAs in Figure 8(c).
Blue points correspond to new TMA and Pip (structures in the SI). Different regions are
highlighted in green and orange.

Figure 10 plots 102 new TMA and Pip OSDAs that resemble OSDAs in the TMA or Pip

family, and their asymmetry indices (blue), as well as the nine original OSDA from Figure
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8(c) (red). We obtain the OSDAs moments of inertia by selecting one OSDA in a CHA

cage and delete all other atoms. We use the moments of inertia of these static structures

to compute the asymmetry indices (see Table S3). We observe similar trends between the

nine OSDAs in Figure 10 and Figure 9(d). The OSDAs in these two plots have the same

asymmetry index and different values of ∆∆EGHIE. For the other 102 OSDAs (most of which

have not previously been shown to crystallize CHA or AEI), we find that about 80% of the

structures fall into regime II (with positive asymmetry indices) and 20% of the structures fall

in regime I (with negative asymmetry indices). This large distribution of OSDAs in regime

II may suggest why AEI cannot be made as robustly as CHA. There are fewer OSDAs that

are appropriately shaped to be accommodated in the AEI voids as compared to CHA. We

note that our model does not account for configurational changes an OSDA can adopt to be

occluded in the zeolite cage. Some templating molecules can fold and contort to fit within

the zeolite voids, which impacts the final asymmetry index and introduces strain energy in

the OSDA. This is particularly evident when comparing OSDAs in regime II that have large

positive ∆∆EGHIE and positive asymmetry indices.

This augmented methodology for determining the directivity of OSDAs towards CHA

or AEI zeolites can also be employed to identify novel potential candidates for crystalizing

CHA or AEI. Figure 11(a) and (b) plots the ∆EGHIE vs. asymmetry index for the OSDAs

presented in Figure 10 in CHA and AEI respectively. By utilizing this applied methodol-

ogy, we can now identify OSDAs that exhibit comparable ∆EGHIE and asymmetry indexes,

enabling the prediction of new OSDA candidates. For instance, the candidate highlighted

in Figure 11(a) belongs to the “spiro” family, which has been explored as candidates for

crystallizing CHA.19,33 Depending on synthesis details, this specific candidate has been used

successfully to crystallize CHA as well as BEA, CON17 and MWW.63 Conversely, when ex-

amining available OSDAs with a comparable affinity for AEI as OSDA 8, we find no other

OSDA families that can crystallize AEI as effectively. OSDA 8 has previously proven its

ability to crystallize AEI zeolites under various synthesis conditions.19,55 This is unsurpris-
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Potential AEI 
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Figure 11: ∆EGHIE of OSDAs from the OSDB in (a) CHA and (b) AEI. Red points corre-
spond to OSDAs in Figure 8(c). Blue points correspond to new TMA and Pip (structures in
the SI). OSDAs with the strongest ∆EGHIE and potential new OSDA candidates are high-
lighted in red and blue boxes respectively. Computed ∆∆EGHIE are shown to highlight the
OSDA affinities toward CHA and AEI.
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ing as AEI syntheses are less diverse than CHA as previously reported.6 It should be noted

that our model neglects the potential influence of co-cations (such as Na+, F– , or co-SDAs)

which can have an influence on the accessible orientations a structure directing agent can

adopt within the zeolite pores. Depending on the distance between the charged ends of

structure directing agents or the steric effect of occupying multiple species in one cage an

appreciable effect could arise which might contribute to favoring or disfavoring certain OSDA

orientations, potentially affecting phase selectivity.30 Additionally, our model neglects the

role of OSDA-OSDA interactions across two adjacent cages which can have a similar effect

on OSDA packing within the zeolite and have an impact on the accessible orientations an

OSDA can adopt.29,64 However, our augmented model is able to provide an examination of

potential candidates to crystallize CHA or AEI with better resolution than just using the

GHIE alone with no additional computational cost.

Conclusion

OSDA size and shape have a strong influence over the final topology crystallized. Here, we

demonstrated for CHA and AEI that the GHIE is not a sufficient stand-alone descriptor.

In conjunction with a shape-based descriptor, we can augment the GHIE model to provide

better predictions for OSDA phase affinities at virtually no additional cost. We also show

that our sampling methods are effective at sampling low-energy configurations of OSDA

orientations in the zeolite void (except for the inability of OSDAs to hop between low-energy

basins in the high-temperature 1-step annealing approach). These new GHIE models can be

extended to other frameworks and OSDAs that have similar cavity shapes. The quantification

of the overall fitness of the OSDAs in the zeolite voids can also be used to understand how

inorganic structure directing agents can be cocaged with the templating molecules.
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phase they experimentally crystallize; orientational landscapes of OSDAs 2-7 and 9-11 from

the Discrete Sampling method; orientational landscapes of OSDAs 1-11 from the High-

Temperature 1-Step Annealing method; pictorial representations of the low energy structures

of OSDAs 1-11 in CHA and AEI; table of OSDAs with GHIE’s from the OSDB with computed

asymmetry indices.
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