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Abstract: Crystalline molecular sieves are used in numerous

applications, where the properties exploited for each technology
are the direct consequence of structural features. New materials
are typically discovered by trial and error, and in many
instances, organic structure-directing agents (OSDAs) are used
to direct their formation. Here, we report the first successful
synthesis of a specified molecular sieve through the use of an
OSDA that is predicted from a recently developed computational
method that constructs chemically synthesizable OSDAs.
Pentamethyl-imidazolium is computationally predicted to have
the largest stabilization energy in the STW framework, and is
experimentally shown to strongly direct the synthesis of puresilica STW. Other OSDAs with lower stabilization energies did
not form STW. The general methodology demonstrated here to
create STW may lead to new, simpler OSDAs for existing
framework and provide a way to predict OSDAs for desired,
theoretical frameworks.
Molecular sieves are crystalline, microporous materials (pores less
than 2 nm) that consist of three-dimensional networks of oxide
tetrahedra. These materials are used in a wide variety of applications,
and at present, over 200 different frameworks have been
identified.[1,2] In many applications, only a single structure will give
optimal performance. This specificity in the structure-property
relationships is one of the major driving forces behind much of the
research directed at creating new structures.[3] It is estimated from
theory that there are well over a million possible frameworks, [4] but
of the 200 that have been synthesized, fewer than 10% are in
commercial use.[5,6] As an example of the utility within these
possible frameworks, recent studies on carbon capture have
identified numerous predicted frameworks with calculated
performance superior to known materials.[7] Thus, the motivation to
create these structures remains high.
The crystallization of a microporous material is a complicated
process that is still not well understood.[2,8–10] Through the use of
organic structure directing agents (OSDAs), most that are charged
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alkylammonium cations, there is some level of “design”, e.g., there
is a correlation between the shape and size of the OSDA used and
the resulting framework.[2,11–13] Despite extensive work in this area,
there is currently little ability to target specific frameworks through
the prediction of OSDAs, and much discovery continues to be based
on trial and error,[14] which has only provided a small fraction of the
many possible predicted frameworks
A priori prediction of OSDAs to target the synthesis of desired
frameworks is a long-standing challenge in microporous materials
synthesis.[2,15–17] Many previous predictive examples have relied on
scoring the framework interaction energies with the OSDA or
leveraging methods developed for the pharmaceutical industry to
design organic molecules that bind to proteins.[3,15,17,18] While these
procedures do allow for the de novo prediction of OSDAs, they
suffer from many shortcomings; paramount among these is that
many of the molecules can be difficult or impossible to
synthesize.[15] A new method to predict chemically synthesizable
OSDAs for crystalline molecular sieves has recently been
reported.[3] Here, we provide the first experimental validation for
this new method using fluoride-mediated, pure-silica chemistry to
create pure-silica frameworks. This system is selected to avoid the
use of inorganic cations, heteroatoms such as aluminum, and other
variables commonly encountered in microporous materials synthesis,
in order to more clearly test the structure-property relationships
between the framework and the OSDA that is predicted by the new
method.[8,19] To illustrate the methodology, we synthesized puresilica STW (HPM-1).[20,21] HPM-1 was selected as the target
framework as prior to our work only a single OSDA (2) has been
reported to produce HPM-1 under a very narrow range of synthesis
conditions.
The previously published computational method was used to
screen an evolving population of potential OSDAs.[3] The
population was created by the application of known organic
chemistry reactions to a library of available reagents using a
standard reagent library and a custom library of imidazole based
organics. Each member of the evolving population of potential
OSDAs was evaluated by calculating its stabilization energy in
STW, which is the average difference in energy between the
OSDA/STW composite and the isolated OSDA and the empty
STW.
A subset of particularly interesting compounds were
subjected to a further 8 evaluations of the stabilization energy to
confirm results from a single run, and the compounds selected for
experimental evaluation are shown in Figure 1, entries 1-6 (2 is
reported to form HPM-1).
Synthesis reactions were conducted with OSDAs 1-6 at
temperatures and H2O/SiO2 ratios typical for pure-silica, fluoridemediated syntheses. In general, reactions were allowed to proceed
until a crystalline product was observed or all the reaction material
had been consumed by taking aliquots for analysis. A summary of
the experimental results is provided in Table 1and a complete
listing of experimental results is in the Supplementary Information
(SI) along with the experimental and characterization details.
Representative powder X-ray diffraction (XRD) patterns for each
of the as-made materials are shown in Fig. S1.
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cell were occluded in HPM-1, the mass losses would be 17.2 wt%
and 22.6 wt%, respectively. The fact that the occupancy determined
by the algorithm matches the experimental value provides another
point of validation for the computational screening method. A view
of the conformation of the organic in the STW framework calculated
from the molecular simulations is shown in Figure 2.
Figure 2. Unit cell of STW with the conformation of the occluded
pentamethylimidazolium determined from molecular simulations.

All of the other OSDAs selected for experimental validation

Figure 1.OSDAs used to prepare pure-silica molecular sieves and their
calculated stabilization energy in the STW frramework (stabilzation energy in
kJ/(mol Si)).

Table 1. Summary of experimental results (a complete listing is in the SI)
OSDA
H2O/SiO2
Temperature (°C)
Time (days)
Results
4, 7
140, 160, 175
5-23
STW
1
14
140, 175
35, 16
U, Dense
14
160
7
STW
4
140, 160, 175
40, 16, 16
STW
7
140, 160
70, 41
STW
2
7
175
20
HPM-2[22]
[22]
14
140, 160
70, 47
HPM-2
14
175
20
Dense
3
4, 7, 14
140, 160, 175
9-80
MTW, STF, A
4
160
16
STW+ITW
7, 14
160
22-44
ITW, MTW
4
4, 7, 14
140, 175
10-49
ITW, MTW,
STF, A
5
4, 7, 14
140, 160, 175
13-60
MFI, A
6
4, 7, 14
140, 160, 175
5-56
STF, A
A=Amorphous, U=Unidentified

The computational screening identified 1 as the only molecule
with a stabilization energy comparable to the published OSDA, 2.
When 1 was used in the synthesis reactions, it was shown to be more
strongly directing towards STW, as it produced this framework
across a greater range of synthesis conditions and in shorter times.
In order to conclusively demonstrate that 1 was responsible for
producing HPM-1 and not a decomposition fragment, 13C CP-MAS
NMR was used to determine that 1 was occluded intact (Fig. S2).
This result provides the first experimental evidence that validates
the new computational methodology for predicting chemically
synthesizable OSDAs.
As 1 and 2 have similar stabilization energies in HPM-1,
additional factors must account for the reasons that 1 forms HPM-1
across a greater range of synthesis conditions. In contrast to 2, 1
does not possess any rotational degrees of freedom. OSDAs with
many conformational degrees of freedom tend to be less effective at
structure direction than OSDAs with fewer conformational degrees
of freedom.[9],[23] The rotational degrees of freedom in 2 likely allow
many different conformations in solution, and therefore lead to a
decrease in the probability that a molecule has the correct
conformation to structure direct HPM-1. Due to this reason, and
since the stabilization energies of compounds 1 and 2 are roughly
the same, we expect the stabilization free energy of compound 1 will
be more favorable than that of compound 2.
A critical parameter of the computational algorithm used in this
work is the occupancy of OSDAs per unit cell, as this is treated as a
fixed value when determining the stabilization energies. With 1, we
iterated across OSDA occupancies and found stabilization energy
values of -11.3, -14.2 and -16.5 kJ/(mol Si), for 4, 5 and 6 OSDAs
per unit cell, respectively. It was not possible to fit 7 OSDAs per
unit cell. Thermogravimetric analysis (TGA) showed that the HPM1 made using 1 was 20.7 wt% organic and fluoride (Fig. S3). The
theoretical mass loss assuming 6 molecules per unit cell and one
fluoride anion per OSDA molecule is 20.0 wt%, which agrees well
with the experimental value. If either 5 or 7 molecules of 1 per unit

had stabilization energies at least 0.8 kJ/(mol Si) less favorable than
2. They were evaluated to elucidate the range in stabilization
energies between OSDA and the target structure required for
structure direction of the predicted phase. Based on our accumulated
experience with calculated energies, differences of 2 kJ/(mol Si) are
considered significant. With the four remaining OSDAs, HPM-1
was never observed as a pure product, though it was encountered as
a phase mixture with OSDA 4 (see complete results in the SI). Our
molecular sieve synthesis results agree with those from other studies
involving OSDAs that demonstrate small structural differences can
completely change product selectivity.[24–27]
In addition to STW, several other products were observed,
including ITW, MFI, MTW, STF and others that could not be
identified or consisted of phase mixtures or organosilicate layered
materials. The synthesis of ITW, MFI and MTW is not surprising, as
these are commonly observed in microporous materials syntheses
and have been previously reported with similar OSDAs.[25,28,29]
Pure-silica STF would not be expected as a product using the
OSDAs in this study, but as our work highlights, stabilization can
occur under conditions that may not be apparent from simple visual
comparisons of OSDAs.[12,30,31]
In conclusion, we have demonstrated experimental validation
of a computational method that is not only able to screen a large
number of OSDAs, but is also able to construct OSDAs in an
automated manner using known chemical reactions so that they will
be synthetically accessible. The results of our study have provided
experimental evidence that this method is able to (i) successfully
predict OSDAs for a specified framework using known chemical
reactions, and (ii) yield predicted occupancies that are measured in
the products. The ability to provide theoretical guidance to the
creation of a crystalline molecular sieve is valuable, as it reduces the
scope of an impossibly large synthetic problem in the quest to
synthesize a desired framework. As this method has been applied to
prepare a framework that is difficult to access, it is likely that the
method can be extended to other, desired frameworks.

Experimental Section
All computations were conducted using the method of reference 3. The Dreiding
forcefield was used in the GULP molecular modeling program to calculate the
stabilization energies. Six OSDAs were first placed in sterically optimal
locations in the zeolite unit cell and energy minimized. Molecular dynamics was
performed at 343 K for 30 ps, and averages were collected over the last 5 ps of
the run. A custom library that contained the 4 aklylating reagents methyliodide,

2

ethyliodide, 1-propyliodide, 2-propyliodide, as well as 47 imidazole derivatives
available from Sigma-Aldrich, 17 additional commercially available imidazoles,
and 25 imidazolium based OSDAs that could be synthesized from commercially
available materials in one or two steps was used.
Detailed synthesis and characterization details for each of the
experimentally tested OSDAs can be found in the SI. In general, organics were
quaternized with iodomethane or iodoethane, purified using recrystallization,
exchanged to hydroxide form using hydroxide exchange gel and titrated.
Pure silica syntheses were performed using standard methods, and
details can be found in the SI. The final molar ratios of the gel were:
1SiO2:0.5ROH:0.5HF:xH2O (x=4, 7, 14). Each composition was run at 140, 160
and 175°C and aliquots were periodically taken by first quenching the reactor in
water and then removing enough material for powder X-ray diffraction (PXRD).

Keywords: Microporous materials • Computational chemistry •
Silicates • Structure-directing agents • Zeolites

[1]
[2]
[3]
[4]
[5]
[6]
[7]

[8]
[9]
[10]

[11]
[12]
[13]
[14]
[15]
[16]

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

M. E. Davis, Nature 2002, 417, 813–21.
M. Moliner, F. Rey, A. Corma, Angew. Chem. Int. Ed. Engl. 2013,
52, 13880–9.
R. Pophale, F. Daeyaert, M. W. Deem, J. Mater. Chem. A 2013, 1,
6750–6760.
R. Pophale, P. Cheeseman, M. W. Deem, Phys. Chem. Chem. Phys.
2011, 13, 12407–12.
W. Vermeiren, J.-P. Gilson, Top. Catal. 2009, 52, 1131–1161.
S. I. Zones, Microporous Mesoporous Mater. 2011, 144, 1–8.
L.-C. Lin, A. H. Berger, R. L. Martin, J. Kim, J. a Swisher, K.
Jariwala, C. H. Rycroft, A. S. Bhown, M. W. Deem, M. Haranczyk,
et al., Nat. Mater. 2012, 11, 633–41.
C. S. Cundy, P. A. Cox, Microporous Mesoporous Mater. 2005, 82,
1–78.
A. Corma, M. E. Davis, ChemPhysChem 2004, 5, 304–313.
P.-P. E. A. de Moor, T. P. M. Beelen, B. U. Komanschek, L. W.
Beck, P. Wagner, M. E. Davis, R. A. van Santen, Chem. - A Eur. J.
1999, 5, 2083–2088.
Y. Nakagawa, G. S. Lee, T. V Harris, L. T. Yuen, S. I. Zones,
Microporous Mesoporous Mater. 1998, 22, 69–85.
P. Wagner, Y. Nakagawa, G. S. Lee, M. E. Davis, S. Elomari, R. C.
Medrud, S. I. Zones, J. Am. Chem. Soc. 2000, 122, 263–273.
A. Burton, S. Zones, Stud. Surf. Sci. Catal. 2007, 168, 137–179.
S. I. Zones, Y. Nakagawa, G. S. Lee, C. Y. Chen, L. T. Yuen,
Microporous Mesoporous Mater. 1998, 21, 199–211.
D. W. Lewis, D. J. Willock, C. R. A. Catlow, J. M. Thomas, G. J.
Hutchings, Nature 1996, 382, 604–606.
D. W. Lewis, G. Sankar, J. K. Wyles, J. M. Thomas, C. R. A.
Catlow, D. J. Willock, Angew. Chem. Int. Ed. Engl. 1997, 36,
2675–2677.
D. W. Lewis, C. M. Freeman, C. R. a. Catlow, J. Phys. Chem.
1995, 99, 11194–11202.
K. D. Schmitt, G. J. Kennedy, Zeolites 1994, 14, 635–642.
S. I. Zones, Y. Nakagawa, L. T. Yuen, T. V. Harris, J. Am. Chem.
Soc. 1996, 118, 7558–7567.
A. Rojas, O. Arteaga, B. Kahr, M. a Camblor, J. Am. Chem. Soc.
2013, 135, 11975–84.
A. Rojas, M. A. Camblor, Angew. Chem. Int. Ed. Engl. 2012, 51,
3854–6.
A. Rojas, M. a. Camblor, Chem. Mater. 2014, 26, 1161–1169.
D. F. Shantz, R. F. Lobo, Top. Catal. 1999, 9, 1–11.
S. I. Zones, A. W. Burton, G. S. Lee, M. M. Olmstead, J. Am.
Chem. Soc. 2007, 129, 9066–79.
A. Rojas, E. Martínez-Morales, C. M. Zicovich-Wilson, M. A.
Camblor, J. Am. Chem. Soc. 2012, 134, 2255–63.
Z. Wang, J. Yu, R. Xu, Chem. Soc. Rev. 2012, 41, 1729–41.
A. Jackowski, S. I. Zones, S.-J. Hwang, A. W. Burton, J. Am.
Chem. Soc. 2009, 131, 1092–100.
S. I. Zones, L. T. Yuen, S. D. Toto, Preparation of Borosilicate
Zeolites. US 5,187,132, 1993, US 5,187,132.
S. I. Zones, Process for Preparing Molecular Sieves Using
Imidazole Template. U.S. 4,483,835, 1984, US4483835 A.
L. A. Villaescusa, P. A. Barrett, M. A. Camblor, Chem. Commun.
1998, 2329–2330.
M. Camblor, L. Villaescusa, M. Diaz-Cabanas, Top. Catal. 1999, 9,
59–76.

3

4

