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ABSTRACT: Despite extensive efforts over the past several decades, the current mechanistic understanding of zeolite crystallization 
is still far from satisfactory, thus precluding the synthesis of designer zeolites. Here we show that the nucleation and in situ 
transformation pathways during the synthesis of the medium-pore zeolite TNU-9 can be altered by controlling the extent of 
cooperative structure direction between Na+ and Cs+ ions in the presence of 1,4-bis(N-methylpyrrolidinium)butane cations as an 
organic structure-directing agent. The intermediate phase selectivity was found to change from bikitaite to analcime to layered MCM-
22 precursor when the gel Na/Cs ratio was adjusted to 7, 15, and 20, respectively. We also show that the transformation of bikitaite 
into TNU-9 begins at the surface of intermediate crystals, unlike that of analcime and MCM-22 precursor by a dissolution-
recrystallization process. The force field simulation results suggest that the nucleation of different intermediate phases is not 
thermodynamically but kinetically controlled. This study provides a new basis for advancing the fundamental understanding of zeolite 
crystallization pathways.

■ INTRODUCTION
Zeolites are crystalline microporous aluminosilicates with 
commercial uses in catalysis, ion exchange, adsorption, and 
separation.1,2 Nevertheless, the rational design and synthesis of 
zeolites with finely tuned physicochemical properties for 
particular applications are still far from reality, primarily due to 
the lack of a solid understanding of the mechanisms involved in 
their crystallization.3-9

    Although many hypotheses have been proposed to explain 
zeolite crystallization so far, there is a general consensus that this 
complex self-assembly process is triggered by a nucleation of 
discrete embryo-like structures with the identity of the 
crystallizing phase.3-9 On the other hand, zeolites are metastable 
in nature. Thus, the in situ transformation of one phase into 
another has often been observed, at the expense of the former 
during hydrothermal zeolite synthesis. The classic example is the 
formation of zeolite Y (framework type FAU) during the 
synthesis of another large-pore zeolite ZSM-4 (MAZ) using Na+ 
and tetramethylammonium ions as inorganic and organic 
structure-directing agents (SDAs), respectively.10 The 
considerations made so far suggest that the free energy or 
structure of zeolite precursors in the amorphous synthesis 
mixture might be similar to that of the phase crystallized 
earliest.11-13 However, little or no attention has been paid to 
whether and how the nucleation and/or transformation pathways 
in the crystallization process of zeolites with a particular 
framework topology can be controlled. 
    The present study addresses these issues from both 
thermodynamic and kinetic points of view, with the aim of 
elucidating the exact roles of synthesis components, especially 
inorganic and organic SDAs, in the formation of intermediate and 
final zeolite phases. We revisit the synthesis of the high-silica 
medium-pore zeolite TNU-9 (TUN),14-16 because a disordered 

MCM-22 (MWW) precursor (MCM-22(P)) is first formed over 
narrow ranges of gel Si/Al and Na/Al ratios in the presence of 
diquaternary 1,4-bis(N-methylpyrrolidinium)butane (1,4-MPB2+) 
ions.16-18 To intentionally induce the formation of intermediate 
phases other than MCM-22(P) before TNU-9 crystallization, we 
apply the multiple inorganic cation approach that has been shown 
to be effective in promoting a synergy between different types of 
inorganic SDAs in the search for novel zeolite structures.19-25 
Here the Cs+ ion was selected as the second inorganic SDA, 
because the structure-directing properties of this alkali cation 
with a weak salting-out power are significantly different from 
those of Na+. It has long been recognized that the Na+ ion has the 
ability to order water molecules, thus the structure-forming role, 
whereas the Cs+ ion interacts less with water molecules, resulting 
in breaking of the structure.3,26,27 Our findings reveal the 
existence of bikitaite (BIK) and analcime (ANA) as another two 
intermediates of TNU-9. 

■ RESULTS AND DISCUSSION
Synthesis. We have found more than eight new ordered or 
disordered zeolites via a multiple inorganic approach over the last 
decade.19-25 This synthesis approach generally includes the use of 
a rather small amount (less than half) of organic SDAs at 
relatively lower gel Si/Al ratios (≤ 10) compared to the original 
gel composition (Si/Al = 20-30) for TNU-915,16 to enhance the 
cooperative structure-directing effects of inorganic SDAs. For 
example, we synthesized PST-32, a thermally stable version of 
the large-pore phosphate-based molecular sieve UCSB-10 (SBT), 
using an aluminosilicate (Si/Al = 5.0) gel containing 1,4-
dimethyl-1,4-diazonia-bicyclo[2,2,2]octane (Me2-DABCO) 
dihydroxide as an organic SDA and both Na+ and Cs+ ions (Na/Cs 
= 7) as inorganic SDAs.23,24 Therefore, we started our TNU-9 
synthesis at 150 ℃ after replacing Me2-DABCO(OH)2 with an 
equimolar amount of 
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Figure 1. (a) PXRD patterns of a series of solid products isolated as a function of time during TNU-9 synthesis under static conditions at 
150 °C, using aluminosilicate gels with the same Si/Al ratio (50) but different Na/Al and Cs/Al ratios: 0.75(1,4-
MPB)O∙5.25Na2O∙0.75Cs2O∙0.3Al2O3∙30SiO2∙300H2O (left), 0.75(1,4-MPB)O∙6.75Na2O∙0.45Cs2O∙0.3Al2O3∙30SiO2∙300H2O (middle), and 
0.75(1,4-MPB)O∙6.00Na2O∙0.30Cs2O∙ 0.3Al2O3∙30SiO2∙300H2O (right). The X-ray peak around 2θ = 22.9° due to the TUN 151 reflection is 
marked by an inverted triangle. (b) Solid products isolated after heating 1,4-MPB2+-containing gels with the same Si/Al ratio (50) but different 
Na/Al and Cs/Al ratios at 150 °C for 21 (left) and 4 (right) days, respectively. The points corresponding to the three pairs of fully characterized 
(Table 1) intermediate (right) and final (left) products are highlighted with black borders. The mixture products are denoted as split symbols, 
and all amorphous phases remained unchanged up to 21 days.

1,4-MPB(OH)2.  No TNU-9 was detected when the synthesis was 
carried out using gels with Si/Al ratios < 25 under static 
conditions for 21 days. However, we were able to obtain pure 
TNU-9 at a gel Si/Al ratio of 50 (Table S1). A further increase in 
Si/Al ratio to 100 gave MCM-47, a layered material consisting 
of ferrierite (FER) sheets,27 as a major phase.
    We next examined the crystallization kinetics of TNU-9 at the 
above gel composition (Si/Al = 50, Na/Al = 53, and Na/Cs = 7). 
Interestingly, the one-dimensional (1D) small-pore zeolite 
bikitaite29 appeared as a new intermediate phase that fully 
crystallized after 4 days of heating at 150 ℃ (Figure 1a). This led 
us to investigate the effects of gel Na/Al and Cs/Al ratios on the 
synthesis of TNU-9 in the presence of 1,4-MPB2+. When the 
Na/Cs ratio was fixed to 7, the Na/Al and Cs/Al ratio ranges 
leading to pure TNU-9 were found to be narrow (53 – 60 and 7.5 
– 9.0, respectively). However, while a decrease in Na/Cs ratio to

5.0 yielded only the 1D large-pore zeolite ZSM-12 (MTW), an 
increase in Na/Cs ratio from 7 to infinity led to pure TNU-9 in 
the wider Na/Al and Na/Cs ratios ranges of 53 – 68 and 0 – 7.5 
(left diagram in Figure 1b). This indicates that the Cs+ 
concentration in the gel should be kept below a certain level to 
crystallize TNU-9. 
    To identify whether all TNU-9 samples purely synthesized 
here have intermediate phases other than bikitaite, we 
characterized the solid products isolated after heating their 
synthesis gels at 150 °C for 4 days by powder X-ray diffraction   
PXRD) and found that the small-pore zeolite analcime (ANA) 
was another new intermediate (Figure 1a), although it was 
obtained purely at a specific gel composition (Na/Al = 68, Cs/Al 
= 4.5, and Na/Cs = 15). We also observed MCM-22(P) at wider 
Na/Cs ratios of 20-∞ (right diagram in Figure 1b). 
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Therefore, it is clear that the structure type of intermediates 
formed during TNU-9 synthesis in the presence of 1,4-MPB2+ 
is strongly dependent on the gel Na/Cs ratio. This demonstrates 
that the nucleation and transformation pathways of TNU-9 can 
be altered when the extent of cooperation between the structure-
forming Na+ and structure-breaking Cs+ ions is carefully 
controlled.
    The framework density (FD), defined by the number of T-
atoms per 1000 Å3, of the fully connected three-dimensional 
(3D) MCM-22 structure is 15.9.29 Thus, the layered precursor 
MCM-22(P) should have an FD value below this. Given that the 
FD value of TNU-9 is 17.6, its crystallization at the expense of 
MCM-22(P) can be explained by Ostwald ripening.30 On the 
other hand, our theoretical calculation results show that bikitaite 
and analcime with FD values of 18.7 and 19.2, respectively, are 
thermodynamically unstable compared to the lower-density 
zeolite TNU-9 (Table 2). This implies that their transformation 
into TNU-9 also occurs by an Ostwald ripening process. It is 
interesting to note that bikitaite and MCM-22(P) synthesized 
here have similar Si/Al ratios but substantially different extra-
framework compositions (Table 1), suggesting the profound 
effect of extra-framework species in an intermediate zeolite 
phase on the transformation into the more stable zeolite 
product.31 
    Gel alkalinity is another crucial factor influencing zeolite 
nucleation and growth kinetics.6 Therefore, we replaced the 
hydroxide form of 1,4-MPB2+ with its bromide one and 
performed zeolite syntheses under the three conditions, in 
which pure bikitaite, analcime, and MCM-22(P) appeared prior 
to TNU-9 formation (Figure 1a). Despite the small decrease (≤ 
0.2) in initial gel pH, bikitaite always emerged as an 
intermediate phase at Na/Cs = 7-20. Furthermore, ZSM-12, but 
not TNU-9, was the final product obtained after 21 days at 
150 °C (Table S1 and Figure S1). It should be noted that none 
of the four ZSM-12 zeolites from gels with Na/Al = 45 and 
Cs/Al = 0-9 (left diagram in Figure 1b) had intermediate phases 
before their crystallization. 
    IM-5 (IMF) and NU-88 are high-silica medium-pore and 
large-pore zeolites that can be synthesized using 1,5-bis(N-
methylpyrrolidinium)pentane (1,5-MPP) and 1,6-bis(N-
methylpyrrolidinium)hexane (1,6-MPH) ions as an organic 
SDA in the presence of Na+ ions, respectively.32-34 Thus, they 
constitute a synthesis series with TNU-9 because the organic 
SDA differs only in the length of the methylene bridging unit. 
This led us to replace 1,4-MPB2+ with the equivalent amount of 
1,5-MPP2+ and 1,6-MPH2+ to examine whether any 

intermediate exists before the formation of IM-5 and NU-88 
under the above three conditions. Both organic SDAs led to the 
emergence of bikitaite at Na/Cs = 7, respectively (Table S1 and 
Figure S2), like 1,4-MPB2+. However, when the gel Na/Cs ratio 
increased to 20, neither produced crystalline intermediates. 
Therefore, since 1,4-MPB2+ directed the synthesis of MCM-
22(P) at the same gel Na/Cs ratio (Figure 1a), it is clear that not 
only the final phase selectivity but also the nucleation pathway 
in zeolite synthesis can be altered by the type of organic SDAs 
employed. 
    Characterization. Table 1 lists the unit cell compositions of 
three pairs of intermediate and TNU-9 zeolites synthesized here 
(Figure 1a). Here we assumed that MCM-22(P) has the same 
unit cell composition as that of as-synthesized 3D MWW, 
because its crystallographic structure remains unknown. The 
composition data in Table 1 reveal that the Si/Al ratios (11.0 
and 6.5, respectively) of our bikitaite and analcime, as well as 
their synthesis gel compositions, are significantly different from 
those reported so far for both materials.29,35,36 This is particularly 
true for the latter zeolite whose Si/Al ratio is the highest among 
the reported ANA-type zeolites. Therefore, we refer to bikitaite 
and analcime obtained in this study using our laboratory codes 
PST-36 and PST-37. The higher Si/Al ratio of PST-36 
compared to PST-37 can be rationalized by considering its 
significantly higher proportion (90 vs 44%) of extra-framework 
Cs+ ions with a weak salting-out power27 (Table 1).
    27Al MAS NMR shows only one line around 58 ppm (Figure 
2a), typical of tetrahedral Al in the zeolite framework. Attempts 
to deconvolute their 29Si MAS NMR spectra by assigning each 
of the four Si(nAl) lines with n = 3, 2, 1, and 0 as a single Si 
environment gave (Si/Al)NMR ratios of 11.0 and 6.2 for PST-36 
and PST-37 with two and one crystallographically T-sites, 
respectively29 (Figure 2b), in excellent agreement with those 
obtained from elemental analysis. 29Si MAS NMR also shows 
that the bikitaite appearing as an intermediate during the 
crystallization of ZSM-12 has a (Si/Al)NMR ratio of 12.5, which 
is slightly higher than that (11.0) of PST-36 (Figure S3). 
Elemental analysis indicates that the two TNU-9 zeolites, which 
have PST-36 and PST-37 as an intermediate (labelled as TNU-
9A and TNU-9B, respectively), are characterized by the same 
Si/Al ratio (15). However, the zeolite obtained through the 
MCM-22(P) route (TNU-9C) has a higher Si/Al ratio of 19 
(Table 1), which can be further supported by the slightly weaker 
relative intensity of its 29Si line around −103 ppm assignable to 
Si(1Al) species (Figure S4). 

Table 1. Chemical Composition Data of Intermediate and TNU-9 Zeolites Synthesized in This Studya

sample ID
IZA 
code phase unit cell composition Si/Al ratiob (Na+Cs)/Al ratiob Na/Cs ratiob

PST-36 BIK intermediate |Na0.1Cs0.9(H2O)2.8|1/2[Al1.0Si11.0O24]1/2 11.0 (50) 1.0 (20) 0.1 (7)
TNU-9A TUN final product |Na1.3Cs0.2(1,4-MPB)7.8(OH)5.4(H2O)11.2|[Al11.7Si180.3O384] 15.4 0.13 6.5
PST-37 ANA intermediate |Na3.6Cs2.8(H2O)23.5|[Al6.4Si41.6O96] 6.5 (50) 1.0 (24) 1.3 (15)
TNU-9B TUN final product |Na1.8Cs0.2(1,4-MPB)8.1(OH)6.5(H2O)11.5|[Al11.7Si180.3O384] 15.4 0.17 9.0
MCM-22(P)c - intermediate |Na0.2Cs0.1(1,4-MPB)4.0(OH)3.0(H2O)22.0|[Al5.3Si66.7O144] 12.6 (50) 0.06 (21) 2.0 (20)
TNU-9C TUN final product |Na2.8Cs0.2(1,4-MPB)8.0(OH)9.5(H2O)8.9|[Al9.5Si182.5O384] 19.2 0.32 14
aDetermined by elemental and thermal analyses.  bThe values in parentheses are the ratios of each synthesis gel.  cThe unit cell was assumed 
to be the same as that of the MWW structure with 72 T-atoms.
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Figure 2. (a) and (b) 27Al (left) and 29Si (right; experimental (top), 
simulated (middle), and deconvoluted components (bottom)) MAS 
NMR spectra of as-synthesized PST-36 (bottom) and PST-37 (top).

Figure 3. (a) Crystallinities of intermediates and final product 
TNU-9 and (b) pH values of their mother liquors as a function of 
crystallization time from three different gel compositions (see 
Figure 1a) under static conditions at 150 ℃.

The replacement of 1,4-MPB(OH)2 with a combination of 
NaOH and CsOH while keeping the gel Na/Cs ratios at 7 and 
15, respectively, under the optimized conditions for the 
synthesis of PST-36 and PST-37, always led to a mixture of 
layered kenyaite and magadiite materials (Table S1). This 
implies that 1,4-MPB2+ is required for crystallizing these two 
small-pore zeolites, but not present within their pores (Table 1). 

Therefore, considering the absence of host-guest interactions, 
we define the role of 1,4-MPB2+ in the crystallization of PST-
36 and PST-37 as a spectator or structure-spectating agent 
rather than as an SDA. In addition, although there is a 
significant enrichment of Cs+ in both zeolites with respect to 
their gels, the extent of enrichment was found to be about six 
times higher for PST-36 than for PST-37. This suggests the 
higher preference of Cs+ for the formation of a BIK structure. 
However, the role of 1,4-MPB2+ as an SDA in the crystallization 
of MCM-22(P), as well as TNU-9, is quite clear (Table 1 and 
Figure S5). 
    When comparing the crystallization kinetics of PST-36, PST-
37, and MCM-22(P) at 150 ℃, on the other hand, there are no 
notable differences in the time needed to achieve full 
crystallization. However, the intermediate transformation rate 
was faster in the order MCM-22(P) < PST-37 < PST-36 (Figure 
3a). This is expected because a more siliceous phase is more 
stable in the crystallization medium. We also noticed a sharp 
pH rise after 4 days during the transformation of PST-36 and 
PST-37 into TNU-9 with exceedingly high contents of 
inorganic SDAs compared to the MCM-22(P), which is in line 
with their faster dissolution rate at 4-5 days (Figure 3b).
    The field-emission scanning electron microscopy (FE-SEM) 
image of PST-37 crystals, obtained after heating a gel with 
Na/Al = 68, Cs/Al = 4.5, and Na/Cs = 15 at 150 °C for 4 days, 
appeared as agglomerated spheres with a diameter of ca. 8 μm 
(Figure 4a). However, when the crystallization time increased 
to 11 days, two different crystal morphologies were observed. 
A further increase to 21 days led to only rod-like crystals that 
are ca. 1.0 μm in length and 0.3 μm in diameter, typical of TNU-
9 morphology. The same trend was observed during the 
transformation of MCM-22(P) into TNU-9 (Figure 4b). 
Therefore, the transformation of PST-37 with ANA topology, 
as well as MCM-22(P), into TNU-9 is solution-mediated, as 
previously reported.16 
    However, the transformation of PST-36 with BIK topology 
is substantially different from such a dissolution-
recrystallization, because its morphology, i.e., star-shaped 
particulates of 10-15 μm, which in turn consist of densely 
packed plates of < 0.1 μm in thickness, generally remained until 
TNU-9 fully crystallized (Figure 4c). A closer look at the 
surface of the particulates isolated after 7 days revealed the 
appearance of tiny crystals attached to the surface of the thin 
plates, unlike the smooth-surfaced PST-36 crystals. In 
particular, the serendipitously imaged cross section of a 
particulate isolated after 11 days showed that while the interior 
of this particulate was densely packed with rectangular 
parallelepipeds, its external surface was covered by isomorphic 
but considerably bigger crystals. These results indicate that the 
nucleation pathway begins by a surface dissolution of the PST-
36 crystals to serve as Si and Al sources for TNU-9 
crystallization, where the organic SDA (1,4-MPB2+) should be 
supplied from the mother liquor. A similar conclusion can also 
be drawn from the transformation of bikitaite into ZSM-12 
(Figures S1 and S3). Therefore, the transformation mechanism 
of intermediates into the final zeolite product can differ 
according to their structure type.
    To gain thermodynamic insights into the transformation of 
PST-36, PST-37, and MCM-22(P) during TNU-9 synthesis, we 
calculated the synthesis energies of these three intermediate 
phases, as well as of TNU-9A (or TNU-9B) and TNU-9C 
zeolites with different Si/Al ratios (15 and 19, respectively), 
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Figure 4. FE-SEM images of solid products isolated at different crystallization times during TNU-9 synthesis at 150 °C, where the 
intermediate phase is (a) PST-37, (b) MCM-22(P), and (c) PST-36, respectively (see Figure 1a for gel compositions)

according to the procedure employed in recent work.37,38 To do 
so, we developed five equations (Supporting Information Text, 
Tables S2 and S3, and Figure S6) for the formation of the 
experimentally characterized intermediate and final products in 
Table 1. Since the synthesis energy gives an estimation of how 
the internal energy of the system evolves from synthesis gels to 
zeolite products, it is convenient to adjust the equations to a 
common gel composition so that a comparison of the energies 
of the crystallized products shows their relative stability.
    Table 2 compares the calculated synthesis energies of three 
intermediate/TNU-9 pairs described above. Because of their 
energetic contribution to the oligomerization and ring closure 
reactions during zeolite synthesis, we included the energies of 
Si(OH)4, Al(OH)3, and H2O (-61.4015, -40.2611, and -12.8344 
eV, respectively) in the calculations.37 The results show that the 
synthesis energy of TNU-9 is considerably lower than that of 
each intermediate, rationalizing the structure-directing role of 

1,4-MPB2+ ions. Our recent synthesis energy calculations of 
more than 20 zeolites with different framework structures 
and/or Al contents directly synthesized from amorphous gels 
containing various organic SDAs have revealed that the 
synthesis energy per T-atom is always lower than ca. -1.4 
eV.37,38 We note here that the difference in the synthesis energy 
per T-atom of each intermediate and TNU-9 pair is higher than 
-2.0 eV (Table 2). In particular, significant differences (ca. 3.2 
eV) in the synthesis energies per T-atom of three different 
intermediates suggest that the intermediate nucleation may be 
kinetic in nature, rather than thermodynamic.
■ CONCLUSION
In summary, we found two new intermediate phases (high-silica 
BIK- and ANA-type zeolites), as well as the already known 
MCM-22(P) phase, during the synthesis of medium-pore TNU-
9 zeolite by controlling the extent of cooperation between the 
structure-forming Na+ and structure-breaking Cs+ ions, i.e., the 

Table 2. Calculated Synthesis Energies per 192 T-atom unit cell of Three Pairs of Intermediate and TNU-9 Zeolitesa

pair Esyn,Inter
b (eV) Esyn,TNU-9

b (eV) ∆Esyn
b (eV)

PST-36/TNU-9A -39376.5 (-68.362) -40581.8 (-70.455) -1205.3 (-2.093)

PST-37/TNU-9B -37537.5 (-65.169) -40581.8 (-70.455) -3044.3 (-5.286)

MCM-22(P)/TNU-9C -38774.3 (-67.316) -40652.9 (-70.578) -1878.6 (-3.262)
aEsyn,Inter, synthesis energy of each intermediate; Esyn,TNU-9, synthesis  energy  of TNU-9; ∆Esyn = Esyn,TNU-9 - Esyn,Inter. bThe values in 
parentheses are the synthesis energies per T-atom.
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Na/Cs ratio of synthesis gels, in the presence of 1,4-MPB2+ ions 
as an unselective SDA. We also identified 1,4-MPB2+ as a 
structure-spectating agent rather than as an SDA in the 
nucleation and growth of the former two intermediates. More 
interestingly, the transformation pathway of intermediates 
during TNU-9 synthesis was found to be dependent on their 
structure type. This study provides valuable insights into how 
the nucleation and growth pathways in zeolite crystallization 
can be controlled and will inspire future efforts aimed at the 
rational synthesis of novel zeolite structures and/or 
compositions. 

■ EXPERIMENTAL SECTION
Zeolite Synthesis and Characterization. The hydroxide

and bromide forms of 1,4-MPB2+, 1,5-MPP2+, and 1,6-MPH2+ 
ions were prepared according to the procedures described 
elsewhere.16,34 The other reagents included NaOH (50%, 
Aldrich), NaBr (99.8%, Aldrich), CsOH (50%, Aldrich),
sodium aluminate (1.0Na2O·1.0Al2O3, 99%, Strem), and 
colloidal silica (Ludox HS-40, 40%, Aldrich). The final 
composition of the synthesis mixture was 
0.75RO∙xNa2O∙yCs2O∙zAl2O3∙ 30SiO2∙300H2O, where R is 1,4-
MPB2+, 1,5-MPP2+, or 1,6-MPH2+, and x, y and z are between 
4.5 ≤ x ≤ 9.0, 0 ≤ y ≤ 1.5, and 0 ≤ z ≤ 3.0, respectively. After 
being stirred at room temperature for 1 day, the final gel was 
heated under static conditions at 150 °C (if required, at 175 °C) 
for 1-28 days. 
    As-synthesized zeolites were characterized by PXRD, 
elemental and thermal analyses, FE-SEM, and 27Al and 29Si 
MAS NMR spectroscopy, as described in our previous study.16 
The crystallinity of a series of the products isolated as a function 
of crystallization time from different gel compositions was 
determined by comparing the area of an intense X-ray peak 
around 2θ = 26.7, 26.2, 26.1, and 22.9°, corresponding to the 
BIK (002), ANA (400), MWW (310), and TUN (151) 
reflections, respectively, with that of each of the fully 
crystallized sample. No special care was taken to eliminate 
preferred orientation effects on the PXRD pattern of the 
respective product crystals, whereas the same amount of sample 
was loaded in the sample holder for all measurements. The yield 
of each solid product was calculated by dividing the weight of 
solid obtained at different crystallization times by the total 
weight of the anhydrous oxide form of the synthesis gel.

Computational Methods. The crystallographic data of the 
ANA, BIK, TUN and MWW unit cells were extracted from the 
Database of Zeolite Structures created by the Structure 
Commission of the International Zeolite Association.29 The 
location and number of ions (1,4-MPB2+, Na+, Cs+, or OH-)  and 
H2O molecules inside the zeolite pores were optimized using 
the zeoTsda software and the latest version of our developed 
force field for synthesis of aluminosilicate zeolites, including 
Si(OH)4 and Al(OH)3.39,40 20 random Al distributions were 
generated for each zeolite using zeoTAl and then optimized 
using the General Utility Lattice Program.41 A two-step 
strategy, first with conjugated gradients algorithm for OH-, Na+, 
Cs+, and H2O, keeping fixed the rest of the atoms, followed by 
the BFGS algorithm with full optimization, was employed. 
From the 20 optimizations, the lowest 5 energies of the zeolite 
systems were averaged, and the resulting energy was substituted 
in the corresponding equation (Table S2) to calculate the 
synthesis energy.

The synthesis energy (Esyn) for the inorganic cation-free system 
is defined as follows:37

Esyn = E[zeo(m,p) - pSDA] + 2∙(m + p)EH2O - p∙EOSDA(OH)2 - 
m∙E(SiOH)4 - p∙ ESi(OH)4    (1)

where E[zeo(m,p) - pSDA] is the energy of the zeolite−OSDA 
pair, EOSDA(OH)2  the energy of the 1,4-MPB2+ ion neutralized 
with two OH- ions, and m and p the number of Si and Al atoms 
in the zeolite framework, respectively. The following synthesis 
equation was adjusted for each intermediate and final product 
(Table 2 and S2):

Na+ + Cs+ + SDAq+ + OH- + H2O + Si(OH)4 + Al(OH)3 → 
[Na+Cs+(H2O)(OH-) - zeo(m,p)p- - SDAq+]  (2)

where q is 1 and 2 for inorganic and organic SDAs, respectively. 
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