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ABSTRACT: Polymorph selection and efficient crystalliza-
tion are central goals in zeolite synthesis. Crystalline seeds are
used for both purposes. While it has been proposed that zeo-
lite seeds induce interzeolite transformation by dissolving into
structural units that promote nucleation of the daughter crys-
tal, the seed's structural elements do not always match those
of the target zeolite. This discrepancy raises the question of
how the seed promotes the daughter phase. Here, we present
the first molecularly resolved investigation of seed-assisted ze-
olite synthesis. Using molecular simulations, we reproduce
the fact that a parent zeolite can promote nucleation of a
daughter zeolite even when they lack common composite
building units (CBUs) or crystal planes. Modeling the seed-
assisted synthesis of an AFI-type zeolite using zeolite CHA,
our simulations indicate that stand-alone CBUs from the par-
ent seed do not facilitate daughter crystal formation. How-
ever, introducing the intact seed significantly reduces synthe-
sis time, supporting that seed integrity is key to increased effi-
ciency. This reduction arises from cross-nucleation of the
AFI-type zeolite on the CHA (001) face. We find that parent
and daughter zeolites are connected by an interfacial transi-
tion layer with order distinct from both zeolites. Simulations
reveal that cross-nucleation occurs over a broad range of syn-
thesis conditions. We argue that cross-nucleation would be
most favorable for zeolite pairs that share crystalline planes,
such as those forming intergrowths. Our findings suggest that
the prevalence of intergrowths with a common lattice plane in
zeolite synthesis is likely a kinetic effect of accelerated cross-
nucleation.

1.INTRODUCTION

Seed-assisted synthesis (SAS) of zeolites involves introducing
crystals into the synthesis mixture to facilitate nucleation. The
emerging daughter crystals often adopt the same framework
as the parent zeolite; however, in some cases, seeding with one
crystal (parent) can induce an interzeolite transformation
(IZT), resulting in another crystal (daughter) with different

structure than the original seed."” In both scenarios, seeding
aids in reducing synthesis time or enabling the selection of a
preferred framework."+*

There are two prevailing paradigms about how seeds promote
the formation of a different polymorph; both involve the sac-
rifice of the seed prior to the assembly of the target zeolite.
The first paradigm assumes that the seed could decrease the
nucleation barrier by dissolving, resulting in supersaturations
conducive to the daughter crystal’s formation." ® Increase in
supersaturation, however, is unlikely to account for poly-
morph selectivity because it decreases all nucleation barriers
and not just that of the target zeolite. It has also been proposed
that changes in the Si to Al ratio provided by dissolution of
seeds can create conditions that favor the daughter zeolite.'
This latter mechanism could assist in polymorph selection if
the Si/Al ratio of the parent zeolite is closer to that of the
daughter, compared to the Si/Al ratio of the reactants in the
synthesis.

The second paradigm proposes that some residual “memory”
of the seed is maintained after its dissolution. It has been hy-
pothesized that the seed zeolite could dissociate into compo-
site building units (CBUs),*” secondary building units
(SBUs),* 1 silicate rings,"" or other oligomers'* that—if they
match motifs in the daughter zeolite—would promote its for-
mation. However, the size of oligomers found in solution after
the zeolite has formed is small, with typically less than a dozen
silicate units, and have structures that do not correspond to
those of the SBUs or CBUs of the zeolites synthesized."
Moreover, these small oligomers are highly dynamic and re-
construct in times that are short compared to those of zeolite
synthesis.'* The ability of such small dynamic fragments to se-
lectively nucleate zeolites has not been demonstrated.

A seldomly discussed possibility is that the seed can be pre-
served long enough to lower the nucleation barrier by acting
as a substrate for heterogeneous nucleation.’'¢ In this role,
the seed could cross-nucleate a different zeolite polymorph.
Cross-nucleation has been observed between clathrate



hydrates,'”'® which are zeolitic water crystals. Within the

framework of heterogeneous nucleation theory, cross-nuclea-
tion can only occur if the binding free energy of the daughter
to the parent crystal is negative, which necessitates a low cost
of the parent/daughter interface.'*?°

Zeolite intergrowths contain stacks of different zeolite frame-
works connected through shared crystal planes.”’ The perva-
siveness of zeolite/zeolite interfaces in intergrowths indicates
that interfaces of zeolites with matching planes have low ener-
getic cost. This suggests that pairs of zeolites that produce an
intergrowth could facilitate SAS by cross-nucleation.

Some instances of seed-induced IZT, however, occur with
parents and daughters that do not share crystal planes or
building units,***** posing the question of what is the mecha-
nism by which the seed promotes the formation of the daugh-
ter zeolite. Such is the case of the synthesis of SSZ-24 (AFI)
using embryonic SSZ-13 (CHA) seeds.* Despite being syn-
thesized with the same organic structure-directing agent
(0OSDA), N,N,N-trimethyl-1-adamantylammonium
(TMAda*), CHA and AFI do not have any common CBUs or
planes, and have pores of different connectivity and dimen-
sionality. Nevertheless, CHA seeds robustly promote the for-
mation of AFI under various synthesis condition (see Sup-
porting Information (SI) Section A), resulting in a 7-fold ac-
celeration of zeolite AFI crystallization when all the other con-
ditions of synthesis are equal.* Moreover, Tang et al. found ex-
perimental conditions in which CHA seeds promote the for-
mation of AFI, while in the absence of CHA a layered silicate
is formed* (Table S2). These results highlight the role of the
seed in polymorph selectivity and enhanced kinetics of the
synthesis. The mechanism(s) by which the seed directs the
formation of the daughter zeolite are not yet understood.

Experimental methods do not yet have the resolution to un-
ravel the molecular mechanisms involved in interzeolite trans-
formations.” ** Ab initio computational methods have been
essential in elucidating the geometries, interaction energies,
and reaction mechanisms leading to the formation of small ol-
igomers with up to a dozen silica units present during the ini-
tial stages of zeolite synthesis.>>* However, the expense of ab
Initio methods make them unsuitable to probe the dynamics
of nucleation and growth of zeolite crystals. Classical all-atom
reactive force fields, such as Reax-FF,* which are computa-
tionally more efficient than ab initio calculations, have been
used to study the early stages of zeolite synthesis, reaching the
formation of disordered clusters with up to sixty silica units.3
Currently, only computationally efficient coarse-grained reac-
tive force fields have been able to model the synthesis of zeo-
lite crystals in molecular simulations.””**

To date, these models have been exclusively used to study ho-

mogeneous nucleation.’®* * 47 Here, we use a coarse-

grained reactive model® to investigate whether and how a
parent zeolite without a common plane or CBU with a daugh-
ter can accelerate the formation of the latter. Coarse-grained
simulations are capable of identifying structural aspects such
as ring sizes and silica connectivity that lead to zeolite for-
mation. However, it is worth noting that these coarse-grained
simulations currently cannot predict the influence of complex
OSDA structures, specific pH values, or choice of alkali metals
(such as Na* and K*) on zeolite crystallization. As model sys-
tem, we investigate the homogeneous nucleation of an AFI-
like zeolite and the ability of CHA seeds and its CBUs to ac-
celerate its formation.

2. RESULTS AND DISCUSSION

2.1. An AFI-like zeolite nucleates homogeneously in simu-
lations without CHA seeds or CBUs.

To model zeolite synthesis we use an implicit solvent coarse-
grained reactive model that represents each silica (SiO,) unit
by a single particle “T” with two- and three-body interactions
that promote the Si-Si-Si angles in zeolites®. Similarly, the
OSDA is modeled as a single particle “S”. Here we parameter-
ize S'to play the role of TMAda* used in the synthesis of AFI
(see Methods 4.1).

The synthesis of zeolites involves the formation of amorphous
precursor phases within which the crystals often emerge. '*
We investigate the nucleation of the zeolite from an amor-
phous mixture of OSDA and silica in a ratio of 1 to 12 (see
Methods 4.2), consistent with the ratio of volumes of silica
and OSDA commonly used in the experimental synthesis of
AFL*®

Zeolites are typically synthesized at temperatures close to 450
K. Even with our highly efficient coarse-grained model, the
glassy dynamics of silica at these temperatures make the syn-
thesis too slow for the molecular simulations. To enable faster
crystallization, we evolve our simulations at 620 K, approxi-
mating the higher temperatures of ultrafast zeolite synthesis.*’

The nucleation and growth of the zeolite are monitored using
an order parameter that discerns between zeolites and amor-
phous precursors (see Methods 4.3). We collect 49 independ-
ent trajectories of crystallization starting from the amorphous
mixture in the absence of CHA or its CBUs (Figure S2). A ze-
olite with one-dimensional pores nucleates homogeneously
from the precursor mixture (Figure 1) with an average nucle-
ation time of 164 ns (Table S3). The crystallization is accom-
panied by a sudden drop in the potential energy that can also
be used to monitor the formation of the zeolite. The higher
temperatures of the simulations and the lack of explicit Si-O
bonds in the coarse-grained model that would require slow
hydrolysis and condensation reactions to restructure the silica
network make the time scales of the synthesis in the simula-
tions orders of magnitude shorter than in the experiments.”’
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Figure 1. Homogeneous nucleation of AFI’ in un-seeded simulations.
The zeolite is shown in red and the amorphous phase in blue (OSDAs
are omitted for clarity). Snapshots (a)-(d) show the temporal progres-
sion of nucleation and growth of AFI’ over time during synthesis.

The zeolite that nucleates from the amorphous mixture pos-
sesses 1D pores with 12-member rings identical in symmetry
and size to those in AFI (SI Section C). There are only minor
differences in the orientation of the six-member rings that tile
the pores in AFI and the zeolite obtained in the simulations
(SI Section C). Hence, we consider the zeolite nucleated in
the simulation a suitable proxy of AFI and call it AFI’. We find
that AFT also nucleates homogeneously from a precursor mix-
ture with 1 OSDA for every 8 silica, supporting that the 1D
zeolite forms robustly with changes in the reactant ratios (Ta-
ble S4). This result aligns with the experimental findings by
Tang et al,, * reproduced in Table S1. In what follows, we in-
vestigate the ability of CHA and its CBUs to promote the for-
mation of the AFI’ zeolite.

2.2. Dispersed CBUs of CHA do not promote the nuclea-
tion of AFT’.

It has been hypothesized that CBUs can break off from the
seed during its dissolution and participate in the crystalliza-
tion of the daughter zeolite.*” If that were the case, these
CBUs would initially reside in the solution alongside the reac-
tant species. To test whether CBUs released from the CHA
seed into the solution could promote the nucleation of the
daughter crystal, we perform simulations that start with a sin-
gle chabazite cage (cha CBU) in the simulation cell. The CBU
is represented as a rigid body to prevent its dissolution or re-
structuring,. Silica and OSDA are randomly inserted in the cell
in the same ratio of 12:1 used for the homogeneous nuclea-
tion simulations of Section 2.1 (see Methods 4.2). We find
that the monomers preferentially attach on the surface of the

cha CBU, developing a spherical amorphous particle ~7 nm
in diameter after 150 ns of deposition at 620 K (Figure 2).
Such size is typical of amorphous precursors of zeolite synthe-
sis (SI Section F).**! We stop the deposition and further
evolve the system at 620 K for 390 ns, when AFI’ nucleates
from the nanoparticle. We find that the nucleation not only
takes longer than in the absence of the CBU seed, but also that
the AFI’ nucleus is not adjacent to the c4a CBU (Figure 2),
indicating that the nucleation is homogeneous.

To verify that the lack of AFI’ nucleation by the CBU is not
the result a lower stability of the zeolite in the ~7 nm diameter
nanoparticle,* we evolve 10 simulations in which one cha or
double-6-membered-ring (d6r) rigid CBU is inserted into the
same periodic simulation cell of amorphous precursor em-
ployed for the homogeneous nucleation simulations in Sec-
tion 2.1. Same as for the nanoparticle, we find that AFT nucle-
ates and grows homogeneously in these simulations (Figure
3), with times that are comparable to those of the homogene-
ous nucleation studies in Section 2.1 (Table S3).

To assess whether the presence of multiple CHA CBUs in the
same simulation cell can promote the nucleation of the AFI’
zeolite we perform independent nucleation simulations, in-
troducing 8 dér, 10 d6r; or 8 cha, and a combination of 4 dér
and 4 cha CBUs into the amorphous precursor mixture used
for the homogeneous nucleation (Methods 4.2.). Table S3
shows that even the presence of multiple CBUs does not facil-
itate the nucleation of AFI’ (Figure 3 and SI Movie 1). Con-
sidering the similarity of AFI and AFI’ and their lack of CBUs
in common with CHA, our results suggest that if CHA were
to release whole CBUs into the synthesis mixture and these
remained intact in solution, they would not promote the for-
mation of AFL.

Figure 2. Composite building unit cha (magenta) acts as the nucleation
site for an amorphous OSDA:silica nanoparticle (blue) from a dilute so-
lution, but does not promote the nucleation of AFI’ (red). The early
stages show monomers condensing on the CBU (left and center im-
ages). After 200 ns, the CBU is encapsulated in a 7 nm amorphous na-
noparticle. After the nanoparticle has formed, it takes an additional 390
ns for the (homogeneous) nucleation of AFI (right image). Movie 1
presents the full nanoparticle growth and crystallization process.
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Figure 3. Homogeneous nucleation of AFI’ (red) in the presence of (a)
dérand (b) cha composite building units The CBUs are colored ma-
genta, amorphous T particles are shown with blue dots, and OSDAs are
omitted for clarity. The CBUs do not reduce the nucleation time of AFT’
(Table S3).

2.3. CHA seed accelerates formation of the target zeolite
through cross-nucleation.

To assess the possibility of seed-assisted synthesis through
cross-nucleation, we expose pre-equilibrated amorphous mix-
tures of silica and OSDA with 12:1 or 8:1 silica to OSDA ra-
tios to a rigid crystalline slab of purely siliceous CHA zeolite
exposing the (001) plane (Methods 4.2).

We collect 34 independent trajectories of crystallization of the
amorphous mixture with the 12:1 silica to OSDA ratio in con-
tact with a CHA slab (i.e., seed). We observe nucleation of
AFY in all sampled trajectories; ninety percent of these simu-
lations nucleate AFI’ within the immediacy of the CHA inter-
face (Figure 4). The presence of the CHA seed results in a 24-
fold acceleration of AFI’ nucleation compared to the homoge-
neous nucleation from the same synthesis mixture and tem-
perature (SI Section B and Table S3). Moreover, AFI’ consist-
ently nucleates at the CHA interface, with its 1D channels per-
pendicular to the CHA surface (Movies 2 and 3). These re-
sults confirm CHA'’s role not only in promoting AFI’ but also
in determining its epitaxial orientation (Figure 4 and SI Sec-
tion D).

The well-defined orientation of AFI’ (Figure 4 and SI Section
D) and 24-fold decrease in AFI’ nucleation times at the CHA
interface confirm that CHA heterogeneously nucleates AFT'.
The speed-up in the simulations agrees qualitatively with the
reported 7-fold reduction in AFI synthesis time when employ-
ing CHA seeds compared to non-seeded synthesis and other-
wise identical conditions* (Table S1). Exact agreement be-
tween experiments and simulations is not expected because
the ratio of heterogeneous to homogeneous nucleation times
decreases with reduced temperature (SI Section B) and also
depends on the amount of seeds;* however, in both the simu-
lations and the experiments under a large range of conditions*
(Table S2), the presence of the CHA seed accelerates the
crystallization of the daughter zeolite.

Tang et al. * showed that the CHA seed's promotion of AFI is
consistent against variations in the silica to OSDA ratio (SI

Section A). Likewise, we find that simulations of synthesis
with 1:12 and 1:8 OSDA-to-silica ratio heterogeneously nu-
cleate AFI’ at the CHA (001) interface (Tables S3 and S4).
We conclude that the promoting effect of CHA on the synthe-
sis of the daughter zeolite is robust to changes in the ratio of
silica to OSDA in both the experiments* and simulations.
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Figure 4. Cross-nucleation of zeolite AFI on the (001) face of zeolite
CHA. Snapshots (a) to (e) show progressing times along the nucleation
and growth of AFI” along the synthesis (see also Figure S6, Movie 2, and
Movie 3). The silica framework of CHA is shown in magenta, the one of
AFT inred, the amorphous mixture in blue, and the interfacial transition
layer between CHA and AFT’ is shown in green. OSDAs are not shown.
The left and right panels display side and top views of the simulation cell.
For clarity, only the interfacial layer and the AFI’ zeolite are shown in the
right panels.

2.4. An ordered interfacial transition layer connects AFI’
to CHA.



CHA does not have any crystal planes in common with AFI,
making their interface not readily apparent. We find that CHA
and AFI’ connect through a ~6 A-wide ordered interfacial
transition layer (ITL) that bridges the distinct silica connec-
tivity in the two zeolites (Figure S and SI Section E). The sim-
ulations reveal that the ITL forms at the CHA/amorphous in-
terface prior to AFI’ crystallization and subsequently facili-
tates the nucleation of the daughter crystal (Figure 4a-c and
SI Section E). This sequence of events supports a consecutive,
two-stage process of cross-nucleation.

(a)

Figure 5. Silica order at the CHA/AFY interface and order in congruent
zeolite planes. (a) Side view of a CHA slab (purple), and the ITL
(green) and AFI’ (red) formed during the synthesis. (b) Detail of the
interface, depicting the connectivity between the cha cage of CHA (pur-
ple), the distinct 9-sided cage of the ITL (green), and the pore wall of

AFT (red). (c) Top view of the interface showing the position of the
OSDAs residing below the ITL (teal balls) and at or above it (pink
balls); backbone color code as in panels (a) and (b). (d) Top view of the
ITL; (e) AFI’ plane parallel to the interface (perpendicular to the 12-
member ring channels), (f) a single CHA layer parallel to the interface,
and (g) plane of AFI in the direction perpendicular to the 12-member
ring channels.

Tang et al. credited CHA's capacity to expedite AFI crystalli-
zation to the abundance of 6-member rings in both CHA and
AFL*While our analysis indicates that dérunits in solution do
not promote the nucleation of AFI’, we find epitaxy between
the flat 6-member rings of CHA and the puckered ones of AFT’
(Figure Sb).

CHA is a member of the ABC-6 family,"*** the crystals of
which are built by stacking of a monolayer that has domain
matching with the (001) planes of AFI and AFI’ (Figure Se-
g). The simulations demonstrate that the binding between the
zeolites takes advantage of the domain matching between
CHA and AFT planes, with AFI’ 12-member ring channels
aligning with the basal plane of the d6rrings, as depicted in
Section E of the SI. The domain matching is enabled by their
identical spacing and order of the 12-member rings of CHA
and AFI’. We anticipate the same for CHA and AFI whereby
we conjecture that the similarities between the CHA and AFI
(001) planes (Figure 5f-g) favor the formation of an ITL that
decreases the energetic cost of the zeolite/zeolite interface
and facilitates their cross-nucleation.

2.5. CHA can promote the nucleation of AFI’ from dilute
solutions of reactants.

Zeolite growth mixtures comprise a diverse range of silicate
species in the solid and solution states that can participate in
crystallization. The high concentration of silica at the onset of
syntheses leads to the formation of amorphous precursor na-
noparticles, which can dynamically exchange species with
those in solution; however, as the amorphous precursors are
consumed, crystal growth at later stages of the synthesis tends
to be dominated by the addition of small oligomers and mon-
omeric silica species present in solution. Here we investigate
whether small oligomers and monomers attaching to the
CHA seed from a dilute solution result in the cross nucleation
and growth of the daughter zeolite.

To investigate whether the CHA (001) surface can promote
the nucleation of AFI’ in dilute (i.e., low supersaturation) sil-
ica growth environments, we proceed as in Section 2.2, insert-
ing OSDA and silica monomers in a ratio 1:12 into a simula-
tion cell in which CHA exposes the (001) face to the implicit
solvent solution. The rate of appearance of the reactants in
the simulation cell is selected to be slow enough to prevent the
formation of large amorphous aggregates in the solution (see
Methods 4.2); however, this rate still results in the sporadic
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formation of oligomers with up to ~6 silica units and, very
rarely, the formation of small amorphous clusters that contain
up to ~40 silica units before reaching the CHA surface. Figure
6 and Movies 4 and S depict the temporal evolution along the
low-supersaturation simulation. We find that, irrespective of
their size, the oligomers and clusters reorder at the interface,
losing memory of their original configuration.

The cross-nucleation of AFI" on CHA from solution shares
most characteristics with the cross-nucleation from the amor-
phous phase. First, the ITL ordering precedes AFI’ cross nu-
cleation from solution (compare Figure 4 and Figure S5). Sec-
ond, AFI’ cross-nucleates at the CHA interface, with AFI’
cross-nucleating perpendicular to the CHA surface. Third,
the AFI’ is bound to the CHA (001) face via the same interfa-
cial transition layer (ITL) described in Section 2.4. We con-
clude that the mechanism of cross-nucleation is robust to
large changes in silica concentration.

The formation of AFI" on CHA from solution is limited by the
access of silica and OSDA to the seed, which we control by the
insertion rate of the reactants into the simulation cell. We take
advantage of the slower crystallization from solution to follow
the details of the molecular mechanisms that lead to IZT
through cross-nucleation (Figure 6). The first deposited silica
particles quickly organize into dér-like cages upon adsorption
to the CHA (001) interface (Figure 6a). These initial dér
cages are transient and appear across the surface (red motifs
in Figure 6a). The OSDAs diffuse across the CHA/solution
interface, preferentially adsorbing onto the exposed dér of
CHA. As the system evolves, the newly formed d6r cages re-
organize into ITL patches, surrounding and eventually se-
questering the OSDAs (Movie 6). An OSDA adsorbed to a
specific location on the CHA surface prevents silica from at-
taching there, and vice versa. This dynamic interaction be-
tween silica and OSDA shapes the structure of the interface.
Notably, the silica at the CHA (001) interface adopts two
competing interfacial orders (Figure 6b and 6¢). AFI’ emerges
from the ITL order described in Section 2.4 (~5 nm diameter
circled regions in Figure 6b-c). The results presented in Fig-
ure 6, together with the lack of ability of CHA CBUs to pro-
mote the formation of AFI, suggest that a minimum ITL size
is required to establish the domain matching necessary for
heterogeneous AFI’ nucleation at the CHA interface.

After the successful nucleation of AFI on the ITL patch, the
1D pore zeolite grows along the CHA interface, resulting in
the concurrent transformation of the non-nucleating interfa-
cial order into the one of the ITL that connects AFI’ to CHA
(Movie S). Crystallization of AFI’ progresses first to cover all
the CHA surface in the simulation cell, and then proceeds to
grow layer-by-layer with its 1D pores oriented normal to the
seed interface. The complete wetting of the CHA surface by

AFY is consistent with the strong binding free energy between
these zeolites. We conclude that the CHA (001) surface
strongly promotes the nucleation and growth of the 1D zeo-
lite even with highly diluted reactants, consistent with experi-
mental observations.*
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Figure 6. Cross-nucleation from solution of AFI’ on the (001) face of
zeolite CHA. Snapshots (a)-(d) represent different points in time along
the evolution of the system. Left and right panels show side views and
top views of the simulation cell, respectively. In this case, silica and
OSDA particles are deposited at a rate of one particle every 30 ps and
360 ps, respectively. Only bonds between silica are shown; OSDAs are
omitted for clarity. The coloring scheme is as follows. The CHA slab is
shown in gray. Deposited silicate species are colored according to their
crystallinity as characterized by the order parameter: red is crystalline
and blue is amorphous. Note that the order parameter identifies ele-
ments such as dér, which do not constitute AFT’, as crystalline. The right
side panels show only the surface layer of CHA so that the alignment of
the ITL and AFT’ are easier to identify. The dashed circles on the right-
side panels of (b) and (c) enclose the origin of the ITL ordering, where
AFT nucleation occurs.

3. CONCLUSIONS



In this study we use molecular simulations and nucleation the-
ory to address the critical, albeit understudied, question of
how a parent zeolite can accelerate or direct the formation of
another zeolite polymorph. We focus on the challenging case
in which the parent seed crystal does not share a common
plane or CBU with the daughter. Inspired by the report of ac-
celeration of the synthesis of AFI by CHA seeds, we investi-
gate the nucleation of AFI’ -a proxy for AFI- in the absence of
seeds, as well as in the presence CHA and its CBUs. To our
knowledge, this is the first study to investigate zeolite seeding
mechanisms using molecular simulations.

The predominant paradigm for seed-assisted zeolite synthesis
proposes that the seed zeolite induces an interzeolite transfor-
mation by dissolving into structural units (SBUs or CBUs),
which assist in the nucleation of the daughter crystal. Our sim-
ulations indicate that CBUs of CHA dispersed in solution or
in the amorphous precursor mixture do not facilitate the nu-
cleation of the AFI’ zeolite. Our study does not exclude the
possibility that parent/daughter pairs with common CBUs
might use these units as seeds for the nucleation and/or
growth of the daughter phase, provided that those CBUs exist
in solution and have a sufficiently long lifetime. However, ex-
perimental studies to date do not support these pre-condi-
tions.'*1*

Crucially, our simulations demonstrate that cross-nucleation
of the daughter zeolite on the parent seed is a feasible pathway
for interzeolite transformation in seed-assisted synthesis, as
even pairs of zeolites lacking a common plane or CBU can un-
dergo cross-nucleation if they exhibit domain matching on
some crystal plane. Epitaxy through domain matching has
been proposed for other pairs of zeolites, such as UTD-
1/AFI* and CHA/DDR?%, but never demonstrated at the
molecular level. Our simulations show that domain matching
assists in the formation of a stable interfacial transition layer
between parent and daughter, lowering the barrier for cross-
nucleation. In the absence of domain matching between the
parent and daughter zeolites, we expect that the effects of dis-
tortions would accumulate along extended distances, destabi-
lizing the interface between them. A less stable ITL would
have diminished efficiency for cross-nucleation, although it
may still enable epitaxy between the crystals.>

Supersaturation levels fluctuate throughout the synthesis, de-
creasing as reactants are utilized. We find that the ability of
CHA to nucleate AFT’ is robust to changes of the silica to
OSDA ratios and water content in the synthesis mixtures, con-
sistent with the finding of robust enhancement of AFI for-
mation in the presence of CHA in experiments with a wide
range of experimental conditions.*

Classical nucleation theory indicates that the nucleation bar-
rier increases with the energetic cost of generating a seed-

daughter interface.'*?® Seeds that closely match the nucle-
ating crystal, reduce structural distortions, minimizing the en-
ergy cost of the interface. The corollary is that if zeolites with-
out common planes can cross-nucleate, as we show in the pre-
sent study, then zeolite pairs with common planes could do so
even more readily. Based on our results and analyses, we pro-
pose that the most promising candidates for cross-nucleation
are pairs of zeolites that form intergrowths, as these poly-
morphs share a common crystal plane and, thus, would not
necessitate the formation of a distinct interfacial transition
layer to connect the two zeolite polymorphs. This is a likely
case for the synthesis of MOR and MFI from MEL seeds,* as
both MOR/MFI*” and MFI/MEL* form intergrowths. Inter-
estingly, MEL seeds can promote the formation of MFI at
conditions where homogeneous synthesis produces MOR.>*
56 That result, together with the ability of CHA to promote
AFI at conditions that result in a layered silicate in the absence
of the seed,* support that cross-nucleation can result in struc-
tural selectivity by lowering the barriers for the formation of
specific zeolites.

4. SIMULATION METHODS

4.1. Model. We model the zeolite nucleation and growth us-
ing a many-body coarse-grained reactive (CG-Rx) model®
that comprises two distinct types of particles: a silica particle
T, and an organic structure directing agent particle S. The wa-
ter solvent and mineralizers are treated implicitly by encoding
their influence in the interactions between the T and S parti-
cles. Importantly, this model circumvents much of the chem-
istry involved in reforming the silica network —i.e. hydrolysis
and condensation—relying, rather, on simple interactions to
represent silica-silica bonding. The simplicity of the model,
both in terms of the number of components and complexity
of interactions, makes it several orders of magnitude compu-
tationally more efficient than all-atom models.

The silica-silica interactions in the CG-Rx model are a sum of
two- and three-body interactions with the TS-A=4 parameter-
ization.* The two-body interaction is a parameterization of
the two-body the Stillinger-Weber™ potential (SW), and the
three-body term is parameterized to mimic the broader range
of Si-Si-Si angles in zeolites.* The parameters for the three-
body T-T-T term can be obtained from ref. 43 or downloaded
from GitHub.%

The S-S and T-S particles interact solely through the two-
body term of SW with parameters that stabilize the twelve-
member ring in AFI (Table 1). The other parameters of the
two-body SW potential are the same as in ref. 59: =
7.049556277, B=0.602224558, p=4, g=0,a=1.8,and y=
1.2 for all interactions.



Table 1. Energy and size scale parameters for the two-body
interaction between silica (T) and the OSDA (S) in the
model.

Interaction ¢ (kcal/mol) o(A)
T-T 12.378 2.7275
S-S 0.68 7.0
T-S 1.6 6.0

SSZ-24, the pure silica AFI framework, has one TMAda* per
unit cell.* &' We represent the volume of a single TMAda*
with 2 S molecules, which we add to a unit cell of AFI (down-
loaded from the International Zeolite Association structure
database®®). AFI minimized with the coarse-grained model re-
structures to AFI’, which has 12-member ring 1D channel
structures and other features similar to AFI (see Section 2.4
and SI Section C). The melting temperature of AFI" (deter-
mined by following the procedures of refs 37, 43) is 835 + 1 K
for the T:S ratio 9:1, 871 + 1 K for the T:S ratio 12:1 (SI Sec-
tion F), and 870 + 1 K for the T:S ratio 16:1.

4.2. Simulation settings. Molecular dynamics simulations are
run using LAMMPS.®® The velocity Verlet algorithm is used
to integrate the equations of motion with a time step of 5 fs.
Periodic boundary conditions are set in the three Cartesian
directions. The in the isobaric-isothermal (Np7) ensemble
use the Nose-Hoover thermostat and barostat with damping
times of 1 and S ps, respectively, with the pressure set to 1 atm
and the temperature to 620 K, except for the cooling ramps in
which it is decreased linearly at a rate of 1 Kns™'. Simulations
in the canonical (NV7) ensemble use the Nose-Hoover ther-
mostat with a damping constant of 1 ps when the system in-
volves a dense amorphous precursor phase, or the Langevin
thermostat with a friction coefficient of 1 ps™ when the pre-
cursor is a dilute solution. Each simulation is run for hundreds
of nanoseconds to ensure the nucleation and growth of the
AFT zeolite. The simulations presented in this work amount
to a total evolution of ~39 microseconds.

4.3. Simulation systems. Using LAMMPS, we randomly gen-
erate dense amorphous precursor phases with silica to OSDA
ratios 12:1 and 8:1 and a total of 11232 T and S particles.
These mixtures are pre-equilibrated at 630 K for 100 ns and
subsequently at 620 K for 0.5 ns. Multiple initial amorphous
configurations are obtained by evolving the system for an ad-
ditional S ns at 620 K, retrieving configurations every 0.5 ns
(sufficiently far apart to avoid artifacts due to correlations).
We verify that none of these initial simulations contained
AFT.

The seedless, homogeneous nucleation simulations start with
the pre-equilibrated amorphous phases described above. We
evolve 49 independent simulations in the absence of the seed
for up to 600 ns using system Al of Table S5. The top 4 nm of
the box are occupied by a vacuum layer to accommodate the
change in volume as the amorphous phase crystallizes to AFT’.
All of these trajectories exhibit homogeneous nucleation of
AFT’, which we detect by both the sudden decrease in the po-
tential energy of the simulation cell and the appearance of
crystallites recognized with our order parameters (see Section
4.4). The homogeneous nucleation is characterized by long
nucleation times and random orientation of the resulting AFT’
crystal within the simulation cell. We also prepared a simula-
tion cell, system A11 with a dense amorphous precursor with
T:S ratio 8:1, which we pre-equilibrate at 800 K and 1 atm for
2.5 ns, then evolved for 100 ns at 620 K (no crystallization is
observed), and finally cooled to 450 K at a rate of 1 K/ns to
record the temperature at which there is crystallization. The
results of all seedless simulations are discussed in Section 2.1.

To test whether a single CHA CBU can promote the for-
mation of AFI’ from a dilute solution of the reactants, we po-
sition a cha (4'%6°8°) cage at the center of a cubic simulation
box using system D1 of Table SS; the corresponding results
are shown in Section 2.2. The equations of motion for the cha
cage are not integrated, i.e. it is considered a fixed rigid body,
to avoid its dissolution. To model the seeding under dilute
conditions, we assume that low amounts of silica and OSDA
diffuse in the solution to meet the CBU. To this intend, T and
S particles are randomly generated outside a spherical region
with a 15 A radius centered around the cha cage. To maintain
a constant T:S ratio (12:1) throughout the simulation, the
rate of insertion of S is twelve times the rate of one T particle
every 50 ps. The insertion proceeds over 150 ns. The resulting
amorphous particle has a ~7 nm diameter, consistent with the
typical size of amorphous precursors in zeolite synthesis.’*>!
The system is then allowed to evolve without any further ad-
dition of T or S for 390 ns.

Simulations of nucleation in the presence of CHA’s CBUs and
a pre-equilibrated amorphous precursor phase are performed
using systems AS-A10 of Table SS. The top 4 nm of the box is
occupied by a vacuum layer to accommodate the change in
volume as the amorphous phase crystallizes to AFI’. The rigid
CBUs are inserted randomly into the simulation cell, and a
small cubic volume of amorphous particles is removed at each
insertion point to prevent unfavorable interactions due to par-
ticle overlap. Table S3 presents the total number of independ-
ent simulations and the number and type of CBUs in each.
The CBUs are treated as rigid but able to diffuse within the
precursor phase. These systems evolve for up to 600 ns or



until crystallization is observed. The corresponding results are
discussed in Section 2.2.

To create the CHA slab for the seeded simulations, we obtain
the crystal CIF file from the zeolite database 2. We remove the
oxygen atoms and keep the Si atoms as the locus of the T par-
ticles. We add 2 S molecules into each cha cage of CHA and
transform the triclinic unit cell into an orthogonal cell. This
simple transformation is done by replicating the triclinic unit
cell in the x-axis and y-axis by two and subsequently using pe-
riodic boundary conditions to map the particles into an ortho-
rhombic cell. This final cell contains 24 S and 144 T particles.
To create the seed in our study, the orthogonal CHA cell is
replicated 3 times in xand yand 2 times in z This results in a
slab of CHA that, in the cross-nucleation simulations, is held
rigid by not integrating the equations of motion of its T parti-
cles, while the OSDAs within the CHA framework are allowed
to move. The CHA slab exposes the (001) crystal face and
contains 2160 T particles and 288 S particles. It is important
to note that the bottom of the slab does not interact with the
amorphous precursor because it is buffered by a slab of vac-
uum which enables the expansion of the amorphous mixture
as it crystallizes into AFT’.

To investigate the nucleation of AFI’ from the dense amor-
phous precursors in the presence of CHA, we perform simu-
lations with the systems A2, A3 and A4 of Table SS5. The top
4 nm of the box is occupied by a vacuum layer to accommo-
date the change in volume as the amorphous phase crystallizes
to AFT’. In the simulation starting with system A2, the dense
amorphous precursor phase is pre-equilibrated in contact
with CHA at 630 K for 5 ns and then set to 620 K. Simulations
with the systems A3 and A4 are arranged so that the (001) face
of the CHA slab is initially separated from the pre-equili-
brated amorphous phase by a narrow gap in z of about 1 nm.
This setup is used to model the encounter of a pre-equili-
brated amorphous precursor particle with the CHA seed. The
difference between A3 and A4 is the size of the simulation cell.
In A4 we double the xand ydimensions of the cells, making a
4 times larger area of CHA, and remove the half the amor-
phous phase farther from the CHA surface, concomitantly de-
creasing the height (z-direction) of the box. Figures 4 and SS
show snapshots of this wider simulation cell. We run 19 inde-
pendent simulations of nucleation with system A2, 13 with
system A3, and 2 with system A4. We evolve these 34 simula-
tions for 20 ns, resulting in the crystallization of AFT" in 31 of
them. These results are discussed in Sections 2.3 and 2.4.

To examine the impact of altering the composition of the
amorphous mixture on the formation of AFI’ from the dense
amorphous mixture in the presence of CHA, we use system
A12 in which the T:S ratio of the amorphous mixtures in sys-
tems A2 is altered in LAMMPS to 8:1. The amorphous

precursor in contact with CHA is first equilibrated at 800 K
for 2.5 ns, followed by 100 ns at 620 K. As the system does not
crystallize, we cool it from 620 K to 550 K at a rate of 1K/ns
to record the crystallization temperature and compare with
the one of homogeneous nucleation for the same composition
and cooling rate. The comparison of the homogeneous and
heterogeneous nucleation with 8:1 composition of is pre-
sented in Section 2.3 and Table S4.

To investigate the nucleation of AFI’ from a dilute solution in
the presence of CHA, we a simulation cell that exposes the
(001) plane of CHA to an initially empty environment where
T and S particles are inserted up to the numbers shown in sys-
tem D2 of Table S5. A repulsive wall at the end along the z-
direction ensures particles deposit only on one side of the slab.
To maintain a constant 12:1 T:S ratio throughout the simula-
tion, the rate of insertion of S is twelve times that of T. The
particle deposition rate (1 T particle every 30 ps) ensures that
particles attach to the CHA slab as monomers or small oligo-
mers rather than forming larger amorphous precursor clusters
in solution before reaching the CHA surface. This simulation
is run over 70 ns with constant deposition rates through the
entire trajectory, over which we detect the formation of the
ITL and AFT’.

4.4. Zeolite identification. We identify T particles that be-
long to the AFI" or CHA zeolite crystals by the use of the av-
eraged form of the local bond order parameter q; ** with
spherical harmonics of order [ = 8:

— . 4 — .

ql(l) = ﬁ 1n=—1|qlm(1)|2J (1)
where

- . 1 N

qQim (1) = MZkzo qQim (k), (2)

and N}, accounts for all neighbors of particle i plus the particle
iitself. The complex vector qy, is defined as:

U () = =

b

1 N
1) Zj=b1 Ylm (rkj); (3)



where Ny(k) is the number of neighbors of particle &
Yim (rij) are the spherical harmonics functions and 7y is the
vector from particle k to particle j. We consider neighbor par-
ticles to be within a cutoff of 5 A (the distance of nearest T
neighbors). Figure 7 shows that the ordering of the T particles
is zeolitic when Qg > 0.3. This order parameter selects for
both AFI’ and CHA ordering, because the distribution of qg
corresponding to CHA overlaps with that of AFI’, and there-
fore, cannot be used to discriminate between the two crystals
(which are easily distinguished by size and connectivity of the
pores). Moreover, qg does not discern the ordering of the in-
terfacial transition layer, classifying it as amorphous or non-
zeolitic.
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Figure 7. The histogram of g values computed for T particles in the
amorphous phase (black) and AFI crystal (red) show that these two
phases are well differentiated with our order parameter.
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The Supporting Information file includes: a discussion of the
effect of synthesis conditions on AFI crystallization (Section
A), a comparison of homogeneous and heterogeneous nucle-
ation (Section B), a detailed analysis of the AFI’ framework
structure (Section C), an explanation of the methods used to
determine the orientation of AFI’ pores and the resulting dis-
tribution of these orientations (Section D), a description of
the stages involved in ITL ordering along with a comprehen-
sive overview of its structure (Section E), a summary of simu-
lations exploring AFI’ nucleation in the presence of CHA
CBUs and an overview of all simulations conducted (Section
F), and descriptions of supplementary movies (Section G).
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