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ABSTRACT: The molecular structure and cationic charge density
of organic and inorganic structure-directing agents (SDAs)
influence the siting and arrangement of Al substituted in zeolite
frameworks. Yet, developing robust synthesis−structure relations
for MFI zeolites is difficult because of the complexities inherent to
its low-symmetry framework (12 unique tetrahedral sites), which
generates a large combinatorial space of Al−Al site pairs to
exhaustively model by density functional theory (DFT) and
quantify by experiment. Here, we develop an experimental
protocol to reproducibly quantify Co2+-titratable Al−Al site pairs
in MFI with saturation uptakes validated by corroborating
spectroscopic and cation site balance data. Using tetrapropylam-
monium (TPA+) as the sole SDA, MFI zeolites were crystallized
with varying Al contents (Si/Al = 37−185; 0.52−2.52 Al per unit cell) within a composition range consistent with charge density
mismatch theory and the occlusion of one TPA+ per channel intersection with fractions of paired Al (0.0−0.34) that increased with
bulk Al content. DFT calculations performed using a 96 T-site MFI unit cell containing either an isolated Al site (all 96
configurations) or various Al−Al site pairs (1773 out of 13 680 total configurations), charge balanced by one or two TPA+,
respectively, reveal the dominant influence of electrostatic interactions between the cationic N of TPA+ and the anionic lattice charge
on Al siting energies. Together with DFT calculations of Co2+ exchange energies at Al−Al site pairs, theory predicts that two TPA+

cations confined within adjacent channel intersections can form many Al−Al site pair ensembles that are Co2+-titratable,
rationalizing the considerable presence of paired Al sites in MFI samples crystallized using only TPA+. The use of TPA+ and Na+ as
co-SDAs in the synthesis gel, while varying the Na+/TPA+ ratio (0−5) at a constant SDA/Al ratio ((TPA+ + Na+)/Al = 30),
crystallized MFI with a similar bulk Al content (Si/Al ≈ 50) but varying fractions of Al in pairs (0.12−0.44). Separate crystallization
experiments performed using charge-neutral organic SDAs, either pentaerythritol or a mixture of 1,4-diazabicyclo[2.2.2]octane and
methylamine, together with Na+ to compensate for framework Al, crystallized MFI at similar bulk Al content (Si/Al ≈ 50) but with
lower fractions of Al in pairs (<0.14). Among MFI samples crystallized with an organic SDA and Na+ as a co-SDA, the number of
paired Al sites formed generally increased with the co-occluded Na+ content on the zeolite, a synthesis−structure relation that
resembles our prior observations on CHA zeolites. The combined theoretical and experimental approach used here provides a
microscopic model to define and quantify Al−Al site pairs in MFI, which can be adapted to do so for other framework topologies.
These findings highlight how such Al siting models can be exercised to quantitatively characterize zeolite materials to develop
synthetic strategies that can predictably vary their framework Al arrangements and catalytic and adsorption properties in turn, as
shown here for samples of essentially constant bulk composition by exploiting mixtures of organic and inorganic SDAs during
hydrothermal crystallization.

1. INTRODUCTION

Zeolites are aluminosilicate molecular sieves that contain some
fraction of their framework Si4+ substituted with Al3+, which
generates an anionic lattice charge ([AlO4/2]

− tetrahedron;
hereafter denoted Al− as shorthand) capable of balancing
various extraframework cationic species (e.g., protons) that can
serve as catalytic active sites. The opportunity to position Al
atoms in unique coordination environments and in turn to host
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cationic species and complexes within different void environ-
ments is dictated by the framework topology. In the case of the
MFI framework topology, 12 crystallographically distinct
tetrahedral sites (T-sites) and 26 unique framework O atoms
(Of) are present in its orthorhombic crystal symmetry.1

Cationic species can reside within the various (alumino)-
siloxane ring structures present (4-, 5-, 6-, 10-MR; “X-MR”
denotes an X-membered ring) and within the larger micro-
porous voids formed from the specific arrangement of these
rings, generally classified by either straight or sinusoidal 10-MR
channels that define the pore-limiting diameter (∼0.5 nm) and
channel intersections that define the largest cavity diameter
(∼0.7 nm).2 A seminal study of H-MFI with varying bulk Al
content (Si/Al = 15−10 000) by these authors reported n-
hexane cracking rates (per gram) that increased linearly with
total Al content (per gram), suggesting either that protons
located at the 26 unique framework O are equally reactive3 or
that they possess site-specific reactivity but that the
distribution of Al and protons among MFI samples of varying
composition is invariant,4,5 a possibility suggested originally by
Haag and co-workers.6 Subsequent studies have shown that
turnover rates of Brønsted acid-catalyzed reactions (including
alkane cracking5) differ for nominally isolated acid sites that
are similar in acid strength (estimated by their deprotonation
energy, or DPE)7 but confined within different void environ-
ments to the extent that nonspecific van der Waals forces
stabilize kinetically relevant transition states and precursors
differently.5,8,9

Lattice Al atoms can also be present in close relative
proximity, such as when two Al atoms are substituted in the
same X-MR and separated by one or more Si atoms, given that
Löwenstein’s rule dictates that Al substitution in the nearest-
neighbor (NN) positions is prohibited.10 Such proximal Al
substitution patterns generate Brønsted acid sites that can alter
acid strength11,12 and have been shown to stabilize kinetically
relevant alkanol dehydration transition states and precursors to
different extents13 via specific arrangements of hydrogen-
bonding interactions among anionic lattice oxygen and cationic
protons, adsorbates, and transition states. Proximal acid sites in
MFI have been implicated to influence the catalytic rates of n-
alkane cracking,14 product distributions formed from alkene
oligomerization15,16 and alkane cracking,17,18 and methanol
clustering and reactivity as relevant for methanol to
aromatics19 and hydrocarbons20 processes. Proximal lattice
Al atoms have also long been recognized to influence the
ability to exchange various types of extraframework metal ions
and complexes that serve as precursor or active sites for
oxidation, reduction, and decomposition reactions of nitrogen
oxides (Cu,21−23 Fe24−27), partial oxidation of methane
(Cu,28,29 Fe30,31), dehydrogenation of light alkanes
(Ga),32−34 dehydroaromatization of methane (Mo),35−37 and
aromatization of methanol (Zn).38 In addition, different Al
arrangements have also been linked to adsorption behavior
(e.g., CO2,

39 alkanes,40 water41) and hydrothermal stabil-
ity.42−44

Despite this growing recognition that lattice Al proximity
can influence the catalytic and adsorption behavior, the ability
to synthesize MFI zeolites with well-defined Al distributions
and systematic variations in their number of proximal Al sites is
limited; generally accepted conclusions state that the Al
arrangement in MFI depends on the synthesis conditions used
(e.g., inorganic reagent sources,19,45 structure-directing agents
(SDAs)45−49) but in an apparently nonsystematic manner.50

Recently, we reported that the molecular structure and cationic
charge density of the SDAs used to crystallize CHA zeolites
influences Al proximity in 6-MRs in a predictable and
systematic manner.51,52 This conclusion was predicated on
accurate experimental quantification of paired Al sites (two Al
in a 6-MR) in CHA using a functional titrant (e.g., Co2+) in
which NH3 titration of residual H+ sites on Co-form samples
could be performed to determine a site balance that verified
2:1 H+:Co2+ exchange and density functional theory (DFT)
calculations to determine the preference of Co2+ titrants to
exchange at these specific Al−Al site pair ensembles. In
contrast to CHA, efforts to develop synthetic strategies to
systematically influence the Al proximity in MFI have been
challenged by the ambiguity in identifying the microscopic Al−
Al site ensembles referred to in colloquial descriptions of
“proximity” given that its low-symmetry framework generates a
large combinatorial space of Al−Al site ensembles to consider
in computational models. Experimental efforts typically
attempt to quantify “proximal” Al sites in MFI by aqueous-
phase Co2+ ion exchange, although ion-exchange protocols
differ widely among research groups14,45,48,53−61 and are
typically performed at ambient temperature (ca. 298
K);14,45,53−55 however, such ion-exchange protocols do not
necessarily guarantee the saturation of all accessible Al−Al
pairs in MFI, as we have shown recently requires ion exchange
performed at elevated temperatures (353 K).58 Co2+ species on
zeolites are commonly identified in diffuse reflectance UV−vis
(DRUV) spectra (typically measured at ambient temperatures)
with attempts often made to deconvolute Co2+ d−d transition
bands into different components purported to reflect distinct
Co2+ geometries resulting from coordination within distinct
lattice binding sites (e.g., α, β, and γ sites). Such
interpretations are inaccurate, however, because even a single
metal cation in one lattice binding site will adopt a distribution
of coordination geometries caused by thermally induced
structural changes in M−Of bonds and (alumino)siloxane
rings as we showed recently for the case of isolated Cu2+ ions
in 6-MR of CHA zeolites.62 Moreover, such d−d transitions
are not unique to Co2+ at lattice binding sites in crystalline
zeolitic frameworks and are also observed for Co2+ exchanged
on amorphous supports (e.g., Co/Al2O3, Co-doped ZnO, Co/
Al2O3 SiO2).

63−65 Other experimental efforts to identify
proximal Al−Al arrangements in zeolites have used 2-
dimensional 27Al MAS NMR spectroscopy,15,66 but such data
provide nonquantitative information about the number of
different Al−Al site ensembles present.
In order to quantitatively assess the number of Al−Al pair

arrangements in MFI frameworks, we use here an analogous
strategy as in our prior work on CHA frameworks,52,67 which
combines experimental quantification of all available proximal
Al sites via Co2+ titration validated by a cation site balance with
theoretical assessments of Co2+ binding energies at candidate
Al−Al pair sites. We then exercise this quantitative character-
ization tool on a suite of MFI zeolite samples crystallized using
tetrapropylammonium (TPA+) as the organic SDA in addition
to samples crystallized with TPA+ or with other charge-neutral
organic SDAs in combination with higher charge density
inorganic SDAs (e.g., Na+) to determine their influence on the
formation of Al−Al pairs. DFT calculations are used to assess
the energetics of TPA+−Al− interactions to determine a
reasonable combinatorial space to consider in efforts to model
Al−Al pairs in MFI and to assess Co2+ exchange energies at
these candidate Al−Al pairs. Integration of these experimental
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and theoretical assessments provides a foundation to develop
quantitative models for Al proximity in the MFI framework,
constituting a powerful tool to aid in the development of
synthetic strategies to manipulate the formation of proximal
sites in MFI zeolites with different catalytic and adsorption
properties.

2. MATERIALS AND METHODS
2.1. Synthesis of MFI Zeolites. Aluminosilicate MFI (ZSM-5)

samples were synthesized using various combinations of SDAs
(Scheme 1): (i) tetrapropylammonium (TPA+) only, (ii) Na+ and

TPA+ as co-SDAs and Na+ along with the charge-neutral organic
SDAs (OSDAs), (iii) pentaerythritol (PETP), or (iv) a mixture of
1,4-diazabicyclo[2.2.2]octane (DABCO) and methylamine
(CH3NH2).
For MFI samples crystallized using TPA+ as the SDA, procedures

were modified from Yokoi et al. using tetrapropylammonium
hydroxide (TPAOH) as the TPA+ source.46 Synthesis gel molar
ratios of 1 SiO2/0.003−0.016 Al2O3/0.611 TPAOH/44 H2O were
used where the Si/Al ratio in the gel was varied between 30 and 150
at a constant TPAOH/Si ratio of 0.611. The typical synthesis
procedure started by preparing a mixture of 3.32 g of TPAOH
(Sigma-Aldrich, 40 wt %) and 19.20 g of deionized water (18.2 MΩ)
in a perfluoroalkoxy alkane jar (PFA, Savillex Corp.) and stirring for
15 min at ambient conditions. Then 0.20 g of Al(OH)3 (SPI Pharma,
99%) was added to the synthesis mixture and stirred under ambient
conditions for 15 min followed by addition of 3.5 g of amorphous
silica (Cabosil M-5, 99%). The solution was then stirred at ambient
conditions for 16 h. The solution was then transferred to 45 mL
Teflon lined stainless-steel autoclaves (Parr Instruments) and placed
in a forced convection oven (Yamato DKN-402C) at 433 K for 5
days. These samples are denoted MFI-TPA(X,0) where the X is the
Si/Al of the solid crystalline material, with the 0 indicating that no
Na+ was present in the synthesis solution.
For MFI samples crystallized using both Na+ and TPA+ as co-

SDAs, different Na+/TPA+ ratios were used in synthesis gels with
molar ratios of 1 SiO2/0.01 Al2O3/0.10−0.611 TPAOH/0−0.26
Na2O/44 H2O/0.611 OH. The typical synthesis procedure started by
preparing a mixture of 3.32 g of TPAOH (Sigma-Aldrich, 40 wt %)
and 19.20 g of deionized water in a PFA jar and stirring for 15 min at
ambient conditions. Then 0.20 g of Al(OH)3 (SPI Pharma, 99%)
were added to the synthesis mixture and stirred under ambient
conditions for 15 min followed by addition of 5.25 g of a 5 M sodium
hydroxide (NaOH) solution (16.3 wt %) and 3.5 g of amorphous
silica (Cabosil M-5, 99%). The solution was then stirred at ambient
conditions for 16 h. The solution was then transferred to 45 mL
Teflon lined stainless-steel autoclaves and placed in the forced
convection oven at 433 K for 5 days. Samples are denoted MFI-
TPA(X,Y) where X is the Si/Al of the solid crystalline material and Y
is the Na+/TPA+ ratio in the synthesis solution.
For MFI samples crystallized with PETP as the OSDA, a synthesis

recipe was adapted from Park et al.68 with gel molar ratios of 1 SiO2/
0.01 Al2O3/0.15 PETP/0.04 Na2O/30 H2O with 5 wt % of MFI
seeds. First, 1.03 g of PETP (Sigma-Aldrich, 99%) was added to 25.56

g of water and stirred for 15 min. Then 0.08 g of Al(OH)3 (SPI,
99%), 0.15 g of MFI seeds (Zeolyst, CBV5524G), and 1.50 g of
NaOH solution (16.3 wt %) were added to the solution, and the
mixture was stirred for 15 min. Amorphous silica (Cabosil M-5, 99%)
was then added. The solution was aged at 353 K for 18 h before
loading into a 45 mL Teflon liner and stainless-steel autoclave for
crystallization under static conditions at 453 K for 2 days. This sample
is denoted MFI-PETP(43, 0.5) to indicate the solid Si/Al ratio 43 and
the synthesis gel Na+/PETP ratio.

MFI samples were also crystallized with a mixture of Na+, DABCO,
and CH3NH2 by adapting a procedure reported in a study of beta
zeolite crystallization.69,70 The synthesis gel molar ratios were 1 SiO2/
0.0125 Al2O3/0.36 DABCO/0.36 CH3NH2/0.014 Na2O/13.2 H2O.
In a typical synthesis, 3.06 g of DABCO (Sigma-Aldrich, 99%) was
added to a solution of 8.84 g of deionized water (18.2 MΩ) and 2.09
g of CH3NH2 (Sigma-Aldrich, 40 wt % in water), which was stirred
for 30 min. Then 0.09 g of NaOH (Macron, 98%), 0.39 g of
aluminum isoproproxide (Sigma-Aldrich, 98%), and 15 g of colloidal
silica (Ludox HS-30, Sigma-Aldrich, 30 wt % in water) were added.
The solution was stirred at ambient conditions for 4 h and then
loaded into a 45 mL Teflon liner and stainless-steel autoclave, which
was placed in a static oven at 413 K for 16 days. Samples are denoted
MFI-DABCO(X,Y)-Z where X is the solid Si/Al ratio, Y is the Na+/
DABCO ratio in the synthesis gel, and -Z is either 1 or 2 to denote a
replicate synthesis.

In all cases, after zeolite crystallization was quenched, solids were
washed in deionized water and acetone alternating until the pH was
constant between washes. Solids were recovered via centrifugation
and then dried at 373 K for 24 h under stagnant air. The dried solids
recovered from crystallization experiment procedures were then
treated in flowing air at 853 K for 10 h (1.67 cm3 gcat

−1, 0.0167 K s−1,
99.999% UHP, Indiana Oxygen) to remove organic content.

2.2. Preparation of Cation-Exchanged Zeolites. All samples
were subjected to liquid-phase ion exchange with ammonium nitrate
in order to remove any residual Na+. NH4

+ ion exchange occurred
with a 1 M NH4NO3 solution (solid NH4NO3 ≥ 98%, Sigma-Aldrich)
using 150 cm3 of solution per gram of zeolite while stirring at ambient
conditions for 24 h. Afterward, solids were washed four times with
deionized water and then dried at 373 K for 24 h. H-form zeolites
were obtained by treating dried NH4-form zeolites in flowing air to
773 K for 4 h (1.67 cm3 gcat

−1, 0.0167 K s−1, 99.999% UHP, Indiana
Oxygen). Na-form zeolites were obtained by liquid-phase ion
exchange at ambient conditions with a 1 M NaCl solution (5.8 wt
% in deionized water, 99.9 wt %, Sigma-Aldrich) using 150 cm3 of
solution per gram of zeolite while stirring at ambient conditions for 24
h. Afterward, solids were washed four times with deionized water, and
then dried at 373 K for 24 h. Na-form samples were then treated in
flowing air to 773 K for 4 h (1.67 cm3 gcat

−1, 0.0167 K s−1, 99.999%
UHP, Indiana Oxygen). Na-form samples were converted into
partially Co2+-exchanged forms by liquid-phase ion exchange using
a 0.5 M Co(NO3)2 solution (9.1 wt % cobalt nitrate hexahydrate in
deionized water, 99 wt % Sigma-Aldrich) using 150 cm3 of solution
per gram of zeolite at 353 K for 24 h. Co-form zeolites were then
washed four times with deionized water, dried at 373 K, and treated in
flowing air to 773 K for 4 h (1.67 cm3 gcat

−1, 0.0167 K s−1, 99.999%
UHP, Indiana Oxygen).

2.3. Zeolite Characterization. The framework structures were
determined by powder X-ray diffraction (XRD) measured on a Rigaku
SmartLab X-ray diffractometer operated at 1.76 kW with a Cu Kα
radiation source (λ = 0.154 nm). Approximately 0.01−0.03 g of dried
sample was loaded into a zero-background, low-dead-volume sample
holder (Rigaku), and the diffraction pattern was measured from 4° to
40° 2θ at a rate of 0.0167° s−1.

Micropore volumes were determined from N2 adsorption isotherms
measured on H-MFI samples held at 77 K using Micromeritics ASAP
2020. Approximately 0.02−0.05 g of zeolite samples was pressed and
sieved to a uniform size (180−250 μm), degassed by heating under
vacuum (<5 mmHg) to 393 K (0.167 K s−1) for 2 h, heated, and held
at 623 K (0.167 K s−1) for 9 h. The uptake of liquid N2 at 0.05−0.35

Scheme 1. Chemical Structures and Abbreviations for the
OSDAs Used To Crystallize MFI in the Presence of Na+

Cations
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P/Po was extrapolated to zero pressure to estimate micropore
volumes.

27Al magic angle spinning nuclear magnetic resonance (MAS
NMR) spectra were measured on the H-MFI samples, which were
hydrated for a minimum of 24 h in a desiccator containing saturated
potassium chloride. 27Al NMR spectra were collected using a
Chemagnetics CMX-Infinity 400 spectrometer in a wide-bore 9.4 T
magnet (Purdue Interdepartmental NMR Facility), were acquired at
ambient conditions using a 2.3 μs pulse, an acquisition time of 12.8
ms, and a relaxation delay of 1 s, and were measured at 104.24 MHz
and a MAS rate of 5 kHz.
Elemental analysis to measure Na, Al, and Co content was

performed using atomic absorbance spectroscopy on a PerkinElmer
Model AAnalyst 300 spectrometer. Samples were prepared by
digesting 0.01−0.02 g of zeolite powder in 2.5 g of a 48 wt %
hydrofluoric acid solution for at least 24 h followed by dilution in
approximately 50 g of deionized water [Note: Researchers should use
caution when working with HF and should use appropriate personal
protective equipment, ventilation, and other safety measures]. Absorbance
values for Al, Na, and Co were measured at 309.3 nm in a reducing
acetylene nitrous oxide flame and 589.0 and 240.7 nm in an oxidizing
acetylene/air flame. Calibrations and known standards were used to
determine element concentrations for each sample. Si contents were
not measured by AAS; the Si/Al ratio for each sample was calculated
from the measured Al content and the unit cell formula.
Thermogravimetric analysis (TGA) on a TA Instruments SDT

Q600 thermogravimetric analyzer and differential scanning calorim-
eter (TGA-DSC) was used to measure organic weight loss on the as-
made zeolite solids. Typically, 0.01−0.02 g of the as-made sample was
heated in flowing dry air (83.3 cm3 s−1, UHP, 99.999%, Indiana
Oxygen) to 523 K (0.167 K s−1) and held for 0.5 h to remove
adsorbed water before additional heating to 1073 K (0.167 K s−1) to
combust the occluded organic content. The weight loss during the
second temperature ramp (523−1073 K) was taken to be the organic
content (details in section S.5, SI).
Diffuse reflectance UV−vis (DRUV−vis) spectra of Co-form MFI

samples were collected on a Varian Cary 5000 UV−vis−NIR
Spectrophotometer attached with a Harrick Scientific Praying Mantis
diffuse reflectance accessory. Baseline spectra were collected at
ambient conditions using poly(tetrafluoroethylene) (PTFE, 1 μm
powder, Sigma-Aldrich) as the 100% reflectance standard. DRUV−vis
spectra were converted to quasi-absorption spectra using the
Kubelka−Munk (F(R)) function. Spectra were collected from
12 500 to 50 000 cm−1 at a scan rate of 167 cm−1 s−1 under flowing
air (0.833 cm3 s−1, UHP, 99.999%, Indiana Oxygen) at 673 K.
Ammonia temperature-programmed desorption (NH3 TPD) was

used to quantify the number of H+ sites on H-form and Co-form MFI
samples, according to procedures described elsewhere, with a
Micromeritics AutoChem II 2920 Chemisoption analyzer and a
Agilent 5973N mass-selective detector (MSD) system.71,72 In brief,
0.03−0.06 g of NH4-form and Co-form MFI samples was pelleted and
sieved to retain a particle size between 180 and 250 μm and then
supported between two quartz wool plugs in a quartz reactor. To
quantify total H+ sites on NH4-form MFI, samples were held at 323 K
for 0.5 h under flowing He (15 cm3 s−1 (g solid)−1, UHP, 99.999%,
Indiana Oxygen) followed by increasing the temperature to 873 K
(0.167 K s−1) while the effluent gas was sent to the MSD system for
analysis. To quantify residual H+ sites on Co-form MFI, samples were
treated in an oxidative environment (dry air at 0.833 cm3 s−1, UHP,
99.999%, Indiana Oxygen, to 673 K for 2 h, 0.167 K s−1), after which
NH3 titration of H+ sites was performed using a gas-phase titration
method in which samples were first exposed to flowing NH3 (20 cm3

s−1 g−1, 500 ppm of NH3 in balance He, Matheson) at 433 K for 4 h
and then to a flowing wet He stream (∼3% H2O, 20 cm3 s−1 g−1) at
433 K for 8 h in order to desorb NH3 bound at nonprotonic sites.
Argon pulses of known molar quantities were used to determine a
response factor (NH3/Ar), and an Ar pulse introduced after each NH3
TPD experiment was used to quantify the amount of NH3 evolved
during the experiment.

2.4. Computational Methods. Periodic density functional
theory (DFT) calculations were performed with the Vienna ab initio
simulation package (VASP)73−76 using the computational catalysis
interface (CCI).77 Planewaves were constructed with an energy cutoff
of 400 eV using the projector augmented wave (PAW) method.78,79

The Brillouin zone was sampled only at the Γ-point. All calculations
were performed using the Perdew−Burke−Ernzerhof (PBE) form of
the generalized gradient approximation (GGA)80 in conjunction with
Grimme’s DFT-D3 correction with Becke−Johnson damping
(D3BJ)81,82 to account for dispersive forces.

A two-step procedure was used for all optimization calculations to
improve computational efficiency.77 In the first step, wave functions
were converged such that they varied by <10−4 eV and structures
relaxed until the forces on any atom were <0.05 eV Å−1. Forces were
computed using a fast Fourier transform (FFT) grid equal to 1.5× the
planewave cutoff. These settings do not yield accurate forces near
minima on potential energy surfaces; thus, structures were further
optimized in the second step until wave functions varied <10−6 eV
and forces on any atom were <0.05 eV Å−1 but with a FFT grid 2×
the planewave cutoff. Calculations for Co-form zeolites were
completed with spin polarization. Calculations with charge (e.g., an
anionic zeolite framework) included a universal compensating
background charge to ensure the net charge for the calculation is
zero. Some calculations were performed with the VASPsol83 implicit
solvation model, as described below; unless otherwise noted, these
calculations were performed with the relative permittivity of liquid
water at 298 K (ε = 80).84

The MFI structure model was constructed from previous X-ray
diffraction (XRD) results with unit cell parameters a = 20.078 Å, b =
19.894 Å, c = 13.372 Å, and α = β = γ = 90.0° (Pnma space group).85

This model has proven sufficiently stable for DFT calculations with
guest species and after simulated annealing compared to other
common MFI structures used in theoretical investigations.86 XRD
analysis of TPA-loaded MFI crystals identified 24 symmetrically
unique T-sites,87 but we focus on the unique positions Al can occupy
upon removal of TPA+ from the MFI pores; hence, we consider MFI
to have 12 symmetrically unique T-sites. The CHA structure model
(a = b = 13.675 Å, c = 14.767 Å, α = β = 90.0°, γ = 120.0°) was
obtained from the IZA database.1 CHA is comprised of adjacent 8-,
6-, and 4-MR and has large cage voids typical of small-pore zeolites.
CHA has only one symmetrically unique T-site.

Co2+ exchange energies (ΔECo‑exch) were calculated to determine
the Al−Al site pairs that can be titrated using established methods for
determining the fraction of sites in proximal arrangements.50,52,58,67 A
Co(NO3)2 titrant is used, and Co2+ replaces two protons if the Al are
in an appropriate arrangement to accommodate the Co2+ cation

+ → +Co(NO ) 2HZ 2HNO CoZ3 2 3 2 (1)

where CoZ2 represents a Co
2+-exchanged zeolite and 2HZ represents

a proton-form zeolite with two Brønsted acid sites. Critically, a proton
on an Al− can bind to any of the four O atoms adjacent to the Al. In
the presence of a proton-shuttling species (e.g., CH3OH), this H+

position is equilibrated between these O atoms, as shown by DFT
calculations88−90 and IR spectra of adsorbed pyridine91 on zeolites; as
such, we use a Boltzmann average to represent the energy of these H-
form Brønsted acid site pairs

⟨ [ ]⟩ =
∑

∑

−

−E
E e

e
HZ i i

E kT

i
E kT

/

/

i

i (2)

where Ei is the energy of configuration i, as in previous work.7,12 We
calculate ΔECo‑exch relative to the energies of gas-phase Co(NO3)2 and
HNO3 and the ensemble average protonated form of the zeolite

Δ = [ ] + [ ] − [ ]

− ⟨ [ ]⟩
−E E E E

E

2 HNO (g) CoZ Co(NO ) (g)

(HZ)
Co exch 3 2 3 2

2 (3)

In this case, ⟨E[(HZ)2]⟩ represents the ensemble average energy at
353 K of all 16 possible configurations of the two protons on the
Brønsted acid site pair. Ewald summations92 describe the Coulombic
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interactions in periodic unit cells and were calculated based on a
previously reported process93,94 with a weight parameter (ω = 10)
and a numerical accuracy (A specified as 10−4) for N and Al
interactions with charges of +1 and −1, respectively.

3. RESULTS AND DISCUSSION
Table 1 summarizes the site and structural properties of the
MFI zeolites synthesized in this work along with four
commercially sourced MFI samples (Zeolyst) that have been
studied in previous literature reports14,51,55,58,91,95 that were
used for comparison. Samples are denoted MFI-X(Y,Z), where
X is the OSDA used, Y is the solid Si/Al ratio, and Z is either
the Na+/OSDA ratio used in the synthesis solution or “C” for
samples of commercial origin. XRD patterns (Figures S1−S3,
SI) and micropore volumes calculated from N2 adsorption
isotherms (77 K, Figures S5−S7, SI) were characteristic of the
MFI framework topology based on comparisons to the IZA
database1 and to samples of commercial origin (Figures S4 and
S8, SI). The fraction of total Al (Altot) present as framework Al
sites (Alf) was estimated from 27Al MAS NMR spectra of
hydrated samples (Figures S9−S11, SI) to make semi-
quantitative comparisons of framework Al content among
different samples (Table S1, SI); accurate quantification of the
Alf content from 27Al MAS NMR spectra is complicated
because some tetrahedrally coordinated Al change structure
when hydrated forms of zeolites are exposed to other
conditions96−99 and because not all Al species are detected
in 27Al MAS NMR spectra.91,100 These complications are
avoided when using methods to titrate protons directly with a
monovalent cation, such as by liquid-phase cation exchange
(e.g., Na+, NH4

+) or by gas-phase adsorption of a probe base
(e.g., pyridine, ammonia). Here, protons on H-form MFI
samples were quantified using liquid-phase NH4

+ exchange
followed by NH3 TPD (Figures S12−S14, SI) and are
summarized as H+/Altot and H+/Alf values in Table 1. The

number of Brønsted acid sites was similar to the total Al
content (H+/Altot = 0.85−1.13) on each sample except
MFI(17,C), which showed a lower value of 0.66 H+/Altot
that is consistent with values measured independently in prior
work using in situ pyridine (H+/Altot = 0.65) and ex situ NH3
(H+/Altot = 0.52) titration.95

Section 3.1 examines the influence of tetrapropylammonium
(TPA+) as the sole SDA to crystallize MFI zeolites, and DFT
calculations were performed to assess the stability of Al atoms
incorporated at each T-site when compensated by 1 TPA+

cation and a variety of Al−Al site pair configurations when
compensated by two TPA+ cations. In light of the conflicting
methods reported in the literature for selective Co2+ aqueous
ion exchange at proximal Al sites in MFI, we then describe in
section 3.2 how integrating results from experiment and theory
can be used to develop validated protocols for quantitative
Co2+ titration of certain Al−Al site pairs in MFI. In sections 3.3
and 3.4, we then investigate how Al proximity in MFI is
influenced by adding a higher charge-density inorganic cation
(Na+) to synthesis media that contains either a lower charge-
density cationic (TPA+) or neutral (pentaerythritol (PETP) or
1,4-diazabicyclo[2.2.2]octane (DABCO)) OSDA, respectively.

3.1. Influence of TPA+ on Al Siting in MFI Zeolites.
3.1.1. Evidence for Occlusion of 1 TPA+ per MFI Channel
Intersection. Crystallization of MFI over a wide range of Al
content in the synthesis gel (Si/Al = 30−150) was attempted
in the presence of TPA+ as the sole SDA with other synthesis
parameters held constant (OH−/Si, water content, precursor
compounds, synthesis time, and temperature). Elemental
analysis of as-made MFI samples to check for trace Na
content, which might have originated from adventitious
impurities in the specific reagent or precursor compounds
used, showed values below detection limits (7 × 10−5 mol Na
(gsolid)

−1), indicating that only TPA+ guided the crystallization
of this suite of MFI samples. TGA of as-made MFI-TPA(X,0)

Table 1. Structural and Site Characterization of MFI Samples Sourced Commercially and Synthesized in This Study

samplea micropore volume (cm3 g−1)b Si/Alc Al per unit cellc Alf/Altot
d H+/Altot

e H+/Alf
d Co2+/Altot

f fraction of Al in pairsg

MFI(13,C) 0.14 13.2 6.74 0.85 0.17 0.34
MFI(17,C) 0.15 17.3 5.25 0.66 0.21 0.42
MFI(31,C) 30.6 2.81 0.92 0.29 0.58
MFI(43,C) 0.14 43.0 2.56 0.85 0.04 0.08
MFI-TPA(37,0) 37.1 2.52 0.60 0.17 0.34
MFI-TPA(50,0) 0.15 49.8 1.89 0.93 1.01 1.09 0.12 0.24
MFI-TPA(71,0) 0.12 70.9 1.34 1.05 0.06 0.12
MFI-TPA(118,0) 0.13 117.7 0.81 0.86 0.95 1.10 0.01 0.02
MFI-TPA(159,0) 0.16 159.2 0.60 0.87 0.94 1.08 0.04 0.08
MFI-TPA(185,0) 0.14 184.9 0.52 0.92 0.89 0.97 0.01 0.02
MFI-TPA(52,0.25) 0.13 51.6 1.86 1.09 0.06 0.12
MFI-TPA(57,0.75) 0.15 56.7 1.69 0.96 1.10 1.15 0.11 0.22
MFI-TPA(51,1.5) 0.15 50.8 1.89 0.94 0.82 0.87 0.12 0.24
MFI-TPA(58,3) 0.13 57.5 1.67 0.97 1.13 1.16 0.22 0.44
MFI-TPA(55,5) 0.13 54.5 1.76 0.95 0.97 1.02 0.22 0.44
MFI-PETP(43,0.5) 0.11 43.1 2.14 0.92 1.01 1.10 0.03 0.06
MFI-DABCO(44,0.04)-1 0.13 44.1 2.08 0.89 0.87 0.98 0.03 0.06
MFI-DABCO(44,0.04)-2 0.13 44.2 2.07 0.95 0.07 0.14

aSample nomenclature is MFI-OSDA(X,Y), where X is the Si/Al ratio of the solid determined by AAS and Y is the Na+/OSDA ratio used in the
synthesis solution or ‘C’ for samples of commercial origin (Zeolyst CBV 2314, 3024E, 5524G, and 8014 in order of increasing Si/Al). For the
DABCO samples, the “-1” or “-2” suffix denotes a replicate synthesis. bMicropore volumes determined from N2 adsorption isotherms at 77 K
(section S.2, SI). cSi/Al ratios and number of Al per unit cell (96 T-site) determined on H-zeolites using AAS (example calculation in section S.6,
SI). dDetermined by 27Al MAS NMR (section S.3, SI). Uncertainties are ±10%. eDetermined with liquid-phase NH4

+ ion exchange followed by
TPD (section S.4, SI). Uncertainties are ±0.05. fQuantification of proximal Al sites by Co2+ titration using methods described in sections 3.2.1 and
S7. gFraction of Al in pairs, calculated by 2*Co2+/Altot.
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samples indicated an organic weight loss of 12−13% (Table
S2, SI) as also reported previously;46,101 such values are
consistent with the occlusion of 1 TPA+ cation per MFI
channel intersection, as shown in Figure 1 (details in section

S.5, SI). Indeed, earlier studies by Chao et al.102 and
Koningsveld et al.85 used crystal refinement of X-ray diffraction
patterns of MFI to indicate TPA+ was occluded in their
channel intersections, and subsequent studies by Burkett and
Davis103,104 and by Chang and Bell105 used cross-polarization
1H−29Si MAS NMR, 29Si NMR, and XRD to provide evidence
of organization of silicate clathrates around TPA+ cations that
are precursors to forming MFI channel intersections (Si/TPA+

= 20−24).105 Increasing the gel Si/Al ratio led to increases in
the solid Si/Al ratio (Figure 1) with crystallization experiments
using gel Si/Al ratios > 45 producing crystalline MFI phases
with solid Si/Al ratios > 37, which corresponds to <2.5 Al per
unit cell (Table 1). In contrast, a gel Si/Al ratio of 30 led to an
amorphous product after 7 days at 433 K (Figure 1). Charge
density mismatch (CDM) theory proposes that zeolite
crystallization requires charge balance between the cationic
charges within occluded SDAs and the anionic lattice charges
formed by framework Al substitution or by lattice
defects;106−111 as a result, the geometric considerations that
determine the upper limit of SDA occupancy of void spaces
determine the upper limit of framework Al content. When
applied to the MFI framework topology, CDM theory would
predict that each TPA+ cation at full occupancy (4 per 96 T-
site unit cell; section S.5, SI) would balance one framework Al
(4 Al per unit cell or Si/Al = 23; Figure 1, horizontal dashed
line) but that higher framework Al contents are not accessible
using TPA+ alone. This prediction by CDM theory is
consistent with the data in Figure 1, as MFI crystallization
appears to show a crystallization barrier approaching this
theoretical limit under the synthesis conditions studied here

(Figure 1, vertical dashed line at a solid Si/Al = 35). The goal
of this study was not to determine the exact composition
boundary corresponding to the CDM limit when using TPA+

as the SDA, as prior studies of MFI crystallization using TPA+

alone have reported crystallization of MFI zeolites with Si/Al =
25112 and crystallization of MFI with Si/Al < 25 but at much
lower temperature (373 K) and with concomitant generation
of a large fraction of anionic lattice defects.113 Further evidence
of this CDM barrier and the absence of adventitious Na+ in the
TPA+-only synthesis experiments performed here is evident in
the successful crystallization of MFI at solid Si/Al ratios < 24
(typically Si/Al ≈ 15) when small amounts of NaOH are
added to synthesis gels (Si/Al = 25, Na/Si < 0.12, details in
section S.6, Figure S17, SI). Studying the crystallization of MFI
zeolites with lower Al contents (Si/Al > 185) using only TPA+

cations was also not a goal of this work but is possible even in
the limit of fully siliceous MFI.103,104 These syntheses,
however, often require the addition of other anions (e.g., F−)
to compensate for TPA+, which otherwise would form
increasing amounts of anionic lattice defects114 with decreasing
Al content that may eventually inhibit MFI crystallization.

3.1.2. Energies of Al Substitution with One TPA+ in the
MFI Unit Cell. We next turn to DFT to assess the energetics
associated with Al substitution in MFI lattices when TPA+ is
the sole charge-compensating cation. TPA+ is expected to
occlude within each MFI intersection during synthesis and be
charge compensated by either an Al− or a siloxy defect (Si−
O−). To simplify DFT models that examine the interactions
between TPA+ and anionic Al− centers, we placed and
optimized one TPA+ cation in the MFI channel intersection
with Al substituted at each of the 96 T-site locations in the unit
cell. We performed these calculations with and without implicit
solvation because zeolites are synthesized in aqueous solution,
which could affect the distance between the N center of the
TPA+ and the lattice Al− sites and thus the stability of each
TPA+−Al− configuration. A TPA+ binding energy (with and
without solvation) is then calculated to evaluate the relative
stabilities as

Δ = [ ] − [ ] − [ ]+ − + −E E E ETPA Al TPA AlTPA (4)

where E[TPA+Al−] is the energy of the TPA-form structure,
E[Al−] is the energy of the anionic zeolite, and E[TPA+] is the
energy of gas-phase TPA+ cation. TPA+ binding energies
(Figure 2a) indicate a preference for Al substitution near the N

Figure 1. Dependence of solid Si/Al ratio (●) and occluded TPA+

per intersection (⧫) in MFI-TPA(X,0) zeolites crystallized using only
TPA+. Horizontal solid line indicates the average number of TPA+ per
intersection among this series of samples. Shaded gray region
(synthesis composition separated by a vertical dashed line, Si/Al =
35) and open circle (○) correspond to formation of amorphous
products, and horizontal dashed line represents the predicted CDM
limit (Si/Al = 23). Error bars are ±10%.

Figure 2. TPA+ binding energies (ΔETPA, eq 4) as a function of (a)
the distance between the N of the TPA+ and the Al of the framework
and (b) the inverse of this distance. Shaded green region indicates a <
6.5 Å cutoff distance; dashed lines are provided to guide the eye.
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centers of TPA+, evident in the ΔETPA values that increase
from a minimum of −846 kJ mol−1 at a N+−Al− distance
(rN−Al, the distance between the nuclei of the N and Al atoms)
of 5.07 Å to values less negative than −828 kJ mol−1 above 7 Å.
These ΔETPA values are very exothermic because of the
unphysical gas-phase TPA+ cation reference state, but their
relative values can be compared to determine the relative
energetics of various TPA+−Al− configurations. These ΔETPA
values linearly decrease and become more exothermic with
inverse N+−Al− distance (Figure 2b), indicating that a
Coulombic interaction governs the interaction energies
between TPA+ and Al−

Δ ∝E
q q

r
i j

ij
TPA

(5)

where qi and qj represent the charges (taken here as +1 for
TPA+ and −1 for Al−) and rij is given as rN−Al. Furthermore,
this strong trend of ΔETPA with N+−Al− distance indicates that

anionic charge can be approximated as a point charge at the
location of the framework Al in this Coulombic interaction. As
such, Al substitution preferentially occurs at lattice positions
located near the N center of TPA+. This TPA+ binding energy,
however, does not account for the influence of intrinsic Al-
siting preferences in the MFI lattice that arise from differences
in the local environment of each of the 12 distinct T-sites (e.g.,
preferred bond angles, framework density).
Intrinsic Al-siting preferences were calculated by comparing

the anionic forms of the framework (without a charge-
compensating cation) containing Al substituted at each of the
12 T-sites in MFI (ΔEAl−, Table 2); such values are
unadulterated by the interaction of Al− with a cationic SDA
or a proton and how such cations would interact with their
local environment. Without any cations, Al prefers to
substitute at T12, which is 4 kJ mol−1 more stable than the
second-best location (T8) and 22 kJ mol−1 more stable than
the worst location (T6). Most Al T-site locations are bonded
to O atoms that are accessible to intersection or channel voids

Table 2. Relative Al Exchange Energies (ΔETPA−Al), TPA
+ Binding Energies (ΔETPA, eq 4), N+−Al− Distances of TPA-Form

MFI, and Relative Al− Energies (ΔEAl−) at All 12 T Sites for the Most Stable Position of Substitution for Each Unique T-Sitea

void environmentb ΔEAl− (kJ mol−1) rN−Al (Å) ΔETPA−Al (kJ mol−1) ΔETPA (kJ mol−1)

T-site int. str. sin. vacuum ε = 80 vacuum ε = 80 vacuum ε = 80 vacuum ε = 80

T1 X X X 12 12 5.15 5.15 15 16 −843 −722
T2 X X X 5 5 5.62 5.68 15 13 −836 −718
T3 X X X 7 3 5.49 5.49 12 11 −840 −719
T4 X 5 8 7.24 8.36 25 18 −826 −716
T5 X X 15 12 5.50 7.76 24 22 −837 −716
T6 X X X 22 17 5.79 7.71 33 28 −834 −716
T7 X X 13 16 6.39 6.38 27 23 −831 −719
T8 X X 4 7 8.15 8.14 21 14 −828 −719
T9 X X X 14 12 5.70 6.94 25 19 −834 −719
T10 X X 15 17 5.52 5.52 18 18 −843 −725
T11 X X 6 9 5.83 5.83 12 10 −841 −725
T12 X X X 0 0 5.07 5.07 0 0 −846 −726

aEffects of the aqueous solvent were examined using VASPsol with a relative permittivity (ε) of 80. bIntersection (int.), straight channel (str.), and
sinusoidal channel (sin.) void environments are denoted here for each T-site based on the locations of the accessible O atoms around that site and
their ability to catalyze reactions in those environments.

Figure 3. Relative energy of MFI with one TPA+ and one Al in the unit cell (ΔETPA−Al), where Al is substituted at each of the 96 T-site locations as
a function of (a) the distance between the N of the TPA+ and the Al of the framework and (b) the inverse of this distance. Green boxes indicate a
6.5 Å cutoff distance, and dashed lines are to guide the eye. TPA+ in the intersection of Si-form MFI with the 6.5 Å radial cutoff shown with a black
circle down (c) the c vector and (d) the b vector of the unit cell.
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(Table 2), and there is no systematic trend in ΔEAl− with T-
site position that would indicate any preference for Al siting in
locations that bias toward any specific void environment
(Table 2).
Prior DFT calculations indicated that the stabilities of H-

form MFI vary by up to 37 kJ mol−1 and that Al was most
stable when substituted at T7 and least stable at T9.115

Additional investigations using Hartree−Fock116 and semi-
empirical methods117 on small clusters derived from MFI (5T
and 8T, respectively) found that the H-form was most stable
with Al at the T12 position. These previous studies, however,
compared relative Al locations with a proton, the stability of
which can be affected by the environment around each T-site
and therefore do not reflect intrinsic Al-siting preferences or
the preferences of Al location during crystallization when other
cationic species (such as TPA+) can balance lattice charges.
Other calculations on 1T clusters derived from MFI without a
charge-compensating proton using Hartree−Fock found that
Al’s located at T6, T9, and T12 were most stable;118 however,
these (and other small cluster investigations116,117) do not to
capture effects of the long-range structure of MFI.
Relative Al exchange energies (ΔETPA−Al) accounting for

TPA+ being present in the MFI intersection were calculated to
determine the most stable Al location for each of the 12 T-sites
(Table 2, structures shown in Figures S24, SI). The most
stable position of Al is at the nearest T12 position, both with
and without implicit solvation, as the T12 site places Al closest
to the N center in TPA+ after optimization (rN−Al = 5.07 Å
without solvation); however, this low energy also reflects an
intrinsic preference for Al substitution at this position as
indicated by its ΔEAl− value.
Configurations with Al at all other T-sites are at least 10 kJ

mol−1 less stable than T12 despite many placing Al similarly
close to the N center in TPA+. For example, the most favorable
T1 location places Al 5.15 Å from the N center in TPA+

(second closest location) but is 16 kJ mol−1 higher in energy
than Al at T12 because Al is intrinsically 12 kJ mol−1 less stable
at T1 than at T12 (ΔEAl−, Table 2). Thus, the relative Al
exchange energies (ΔETPA−Al) are dictated by a combination of
intrinsic Al site preferences and interaction energies between
TPA+ and Al− (ΔETPA) as shown by the increase in scatter
when comparing the correlations of ΔETPA and ΔETPA−Al with
rN−Al (Figures 2 and 3), where the latter does not account for
intrinsic Al energies. A simple correlation to predict the relative
Al exchange energy is given by

αΔ = + Δ +− −E k
q q

r
E ce

i j

ij
TPA Al Al

(6)

where ke is Coulomb’s constant, α is a factor that scales the
Coulombic interaction, and c is an arbitrary constant for these
relative energies. This correlation provides excellent agreement
(mean absolute error (MAE) = 2.0 kJ mol−1) with calculated
values (parity plot in Figure S28a, SI) with residual scatter
likely arising from the restructuring of TPA+ or the framework
that may occur for certain TPA−Al arrangements. Coulombic
interactions within a periodic model are best handled through
Ewald summations, which combine real and reciprocal space
interactions to include long-range Coulombic effects.92 Here, a
correlation based on Ewald summations is also computed

βΔ = + Δ +− −E E E cTPA Al Ewald Al (7)

where β scales the Ewald summation term and gives a MAE of
1.8 kJ mol−1 (parity plot in Figure S28b, SI).
Previous work examining interactions between the N,N,N-

trimethyl-1-adamantylammonium (TMAda+) SDA and Al−

sites in the CHA framework showed that implicit solvation
models decrease the energy of substituting Al farther from the
cationic N center of the SDA.119 Similar long-range
interactions in MFI between framework Al− and TPA+ are
attenuated by implicit solvation, such that TPA-form structures
with larger N+−Al− distances have lower relative energies with
solvation included (Table 2). The preferences for substitution
at each of the unique T-site locations, however, remain largely
unchanged; T12 remains the preferred site for Al based on
ΔEAl−, and the relative energies of Al at T3, T2, T8, T4, and
T11 remain <10 kJ mol−1 (Table 2). These lower relative
energies and similar trends indicate that implicit solvation
screens electrostatic interactions. As such, the amount that the
Coulombic interaction (keqiqj/rij in eq 6 or EEwald in eq 7)
governs the relative energies (ΔETPA−Al) decreases with
solvation included, as demonstrated by decreases in α and β
by factors of ∼3 in fitted forms of eqs 6 and 7, respectively
(Table 3); the quality of the fits, as represented by the MAE, is

largely unaffected by the type of model or the presence or
absence of solvation. Thus, we focus on calculations that have
been performed without solvation for the remainder of this
work, understanding that solvation will typically attenuate
energy differences between structures that are calculated in
vacuum, and therefore, the energy differences we compute are
likely overestimates of the energy differences present in real
systems.
Upon examining the energetics of all 96 Al locations, the

substitution of Al in locations >6.5 Å from the N center of the
TPA+ results in structures that are >20 kJ mol−1 less stable
without solvent (>14 kJ mol−1 with solvent) than the most
stable TPA−Al configuration (Figure 3a). This indicates that
an approximate radial cutoff of 6.5 Å can be applied to identify
reasonable locations for siting Al around a TPA+ cation (Figure
3c and 3d).

3.1.3. Preferred Al Configurations with Two TPA+ in the
MFI Unit Cell. Next, we investigate the stability of Al−Al pair
configurations, which require two charge-compensating TPA+

cations to be placed within the four channel interactions of the
MFI unit cell. If two TPA+ are occluded in the MFI unit cell,
three unique configurations of TPA+ are possible (Figure 4),
wherein the propyl branches of two adjacent TPA+ share a
straight channel or a sinusoidal channel or do not share a
common channel. There are 13 680 possible ways to place two
Al in these various two TPA+ structures (3 × 96 × 95 × 0.5,
given by 3 two-TPA+ configurations, 96 T-sites locations for
the first Al, 95 for the second, and 0.5 because these two Al are
interchangeable). However, based on the calculations
performed with one TPA+ (section 3.1.2), Al atoms were
initially only substituted such that no Al or N centers were

Table 3. Parameters for Models Used To Predict TPA-Form
Energies with One TPA+ in the MFI Unit Cell Based on a
Coulombic Model (eq 6) and Ewald Summations (eq 7)

Coulombic model Ewald summation

vacuum ε = 80 vacuum ε = 80

scaling parameter, α or β 0.22 0.085 0.066 0.027
MAE (kJ mol−1) 2.0 1.9 1.8 1.5
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located more than 6.5 Å away from their nearest N or Al
counterion; for T4, this distance was extended to 7.5 Å because
all N+−Al− distances are >7 Å for Al substitution at T4 (Table
2). In addition, we included Al−Al pairs in nearest neighbor
(NN), next-nearest neighbor (NNN), and next-next-nearest
neighbor (NNNN) configurations for the most stable 1-TPA+

structures identified in Table 2, regardless of N+−Al−
distances, to analyze the stability of proximal Al that do not
conform to this distance cutoff. Al−Al pairs in NN
configurations are unlikely to form during synthesis because
of Löwenstein’s rule but were modeled to examine how Al−Al
distances influenced energies. These criteria identify a total of
1773 TPA2−Al2 configurations that were examined out of the
13 680 total possibilities.
The relative Al exchange energies, as discussed in section

3.1.2, predominantly reflect the Coulombic interactions
between TPA+ and Al− as well as the intrinsic stabilities of
Al at the symmetry-distinct lattice sites. Prior work in CHA has
shown that the energy of the framework with two Al decreases
(becomes more stable) as the Al−Al distance increases in a
manner consistent with a purely Coulombic interaction (i.e.,
the energy correlates linearly with the inverse of the Al−Al
distance).118 Anion energies in MFI, however, are convoluted
by the intrinsic Al-siting preferences among the 12 T-sites,
which is a complication absent in CHA because it has a single
crystallographic T-site. TPA2−Al2 structures have 6 ionic
interactions (4 attractive, 2 repulsive), neglecting long-range
periodic interactions. Thus, the relative E0 of a TPA2−Al2
arrangement (ΔETPA2−Al2) correlates with the sum of these
Coulombic interactions

∑Δ ∝−E k
q q

ri j
e

i j

ij
TPA Al

,
2 2

(8)

as shown in Figure 5a. Additional variation in the relative TPA-
form energy arises from intrinsic Al site preferences as shown

by adapting the correlation used for the TPA−Al structures
(eq 6) to describe these TPA2−Al2 structures

∑ ∑αΔ = + Δ +− −E k
q q

r
E c

i j
e

i j

ij i
TPA Al

,
Ali2 2

(9)

where α is a scaling constant and ΔEAli
− reflects the intrinsic

site preference of each Al in the structure (Table 2) in the
absence of cations or a second Al (to avoid anion−anion
interactions, which are included in the Coulombic expression).
This correlation yields a MAE of 6.1 kJ mol−1, indicating that
the energies of TPA2−Al2 structures are also predominantly
governed by Coulombic interactions (Figure S29, SI) and
intrinsic Al− stabilities. This MAE (6.1 kJ mol−1) is slightly

Figure 4. Three unique configurations of two TPA+ in a MFI unit cell: (a) colocation of a propyl branch in the straight channel or (b) sinusoidal
channel or (c) no colocation in any channel. All views are shown down the c vector (top) and b vector (bottom) of MFI, and boundaries of the unit
cell are highlighted with a dashed black line. The 6.5 Å cutoff is shown around each TPA+ with a black circle.

Figure 5. DFT-calculated relative TPA-form E0 (ΔETPA2−Al2) for
configurations at nearest-neighbor (NN) positions that violate
Löwenstein’s rule (NN pairs, red, n = 42) and those that do not
(Al−(O−Si)x−O−Al, blue, n = 1731) as a function of (a) the sum of
Coulombic interactions (term contained within eq 9) and (b) the
predicted energy from an Ewald summation and intrinsic Al stability
(eq 10). Dashed line in a represents a linear fit, while in b the dashed
line represents parity.
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higher than that for the fit of single TPA−Al data (MAE = 2.0
kJ mol−1; eq 6), which may reflect the fact that the intrinsic Al−

term in eq 9 is based on isolated Al− calculations and thus
would not capture any effects of Al−Al interactions on intrinsic
Al− stabilities, such as changes in the local geometry of each Al
arising from the presence of the other Al in the unit cell. The
trends in Al site preferences, however, do not appear
significantly affected by the presence of two Al in the MFI
unit cell (additional discussion in section S10, SI).
Ewald summations can be applied to TPA2−Al2 to predict

relative stabilities similarly to those used to predict energies of
1-TPA+ structures

∑βΔ = + Δ +− −E E E c
i

TPA Al Ewald Ali2 2
(10)

This correlation using Ewald summations is in good agreement
with DFT-calculated relative energies of TPA2−Al2 structures
(parity plot in Figure 5b) with a MAE of 5.2 kJ mol−1, similar
to that fit from eq 9. Energies predicted by eqs 9 and 10
(Figure 5) are nearly always underpredicted for NN pairs,
suggesting that treating the intrinsic Al− terms based on
isolated Al data excludes an additional penalty associated with
NN pairs.
The relative energies of TPA2−Al2 structures (ΔETPA2−Al2)

are generally higher when Al−Al distances are smaller because
short Al−Al distances result in greater Coulombic repulsion
between Al− (Figure 6), consistent with prior work.118 Short
Al−Al distances also result in larger Al−N distances, on
average, as the TPA+ are constrained to intersection positions
(Figure 3). Configurations with two Al violating Löwenstein’s
rule are very unstable with ΔETPA2−Al2 > 100 kJ mol−1 for all 42
structures, reflecting strong anion−anion repulsion. Implicit
solvation simply reduces the influence of the electrostatic
terms in eqs 6 and 7 in determining relative TPA−Al energies
but does not significantly change preferences for Al positions,
as observed for the single TPA−Al configurations in section
3.1.2. Therefore, while we do not directly compute these

values, we anticipate that solvation would not alter the
preference for Al−Al pairs separated by larger distances but
could reduce the relative energies of other configurations.
Importantly, Al sites can be close to one another (within ∼5

Å) while remaining close to the TPA+ (within ∼7 Å). Some of
these arrangements have relatively low ΔETPA2−Al2 near 40 kJ
mol−1, which should decrease with solvation. This Al−Al
distance serves as an important reference point as Al pairs
arranged in the 6-MR of CHA are 5.3−6.1 Å apart and have
been shown to selectively bind Co2+ ions.52,67 Identification of
stable configurations that place two Al separated by <5 Å,
given that our models were constrained to only two TPA+ in
the unit cell and N+−Al− distances < 6.5 Å, indicates that such
configurations can be stabilized using only TPA+ as the charge-
compensating cation. Next, Co2+ titration of MFI synthesized
with TPA+ as the sole SDA is used to provide experimental
evidence for the formation of these proximal Al−Al
configurations suggested by DFT.

3.2. Influence of TPA+ on the Formation of Proximal
Al Sites in MFI. 3.2.1. Experimental Co2+ Titration Protocols
To Quantify Proximal Al Sites in MFI. Co2+ ion exchange has
been used to indicate the fraction of Al sites in close proximity
to one another, yet the conditions reported to achieve
saturated Co2+ exchange of MFI samples vary widely among
these literature reports (0.02−0.5 M Co2+, 298−353 K, 6−24
h, 1−3 sequential exchanges with fresh Co2+ ion-exchange
solutions).14,45,48,53−61 Thus, we built on our prior work58 to
perform an extensive set of aqueous-phase Co2+ ion-exchange
experiments under a variety of conditions (i.e., temperature,
molarity, time, number of sequential exchanges) to measure
Co2+ ion-exchange isotherms on Na-forms of a commercial
MFI sample (MFI(13,C)) to determine when Co2+ saturation
was achieved (section S.7, SI). The resulting Co/Na-form MFI
zeolites were characterized by a cation site balance to provide
evidence for a 2:1 Co2+ exchange stoichiometry at saturation
(Figure S.20b, SI), which together with DRUV−vis spectra of
the dehydrated Co/Na-MFI indicate that cobalt oxides are

Figure 6. (a) Relative TPA-form E0 (ΔETPA2−Al2) for all calculated configurations of two Al atoms in the MFI unit cell in NN configurations
(violating Lowenstein’s rule, red) and in other (blue) configurations. (b) Most stable TPA-form structure (a T12−T12 pair) and (c) an unstable
TPA-form structure (T6−T8 pair) viewed along the c vector (top) and along the b vector (bottom) of MFI. Al−Al distances (black) and N−Al
distances (blue) for each TPA+ are shown.
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absent (or present in minority amounts65 relative to Co2+ ions)
on all Co-exchanged MFI samples (section S.8, SI);
importantly, such spectra were not inappropriately used to
identify or quantify distinct Co2+ species.65

Our findings indicate that full Co2+ titration of all available
binding sites in MFI was only achieved from ion exchange
performed at 353 K (section S.7, SI). In our hands, aqueous-
phase Co2+ ion exchange did not result in saturation of all
binding sites in MFI at the commonly used ambient
temperature conditions previously reported in the literature.
This provides a reminder that Co-exchanged zeolites need to
be prepared under varying exchange conditions and sub-
sequently characterized by spectroscopic and titration methods
to validate that Co2+ saturation of all possible binding sites is
achieved. This validation ensures that Co2+ can be used as a
quantitative titrant of proximal framework Al sites in a manner
that can be reproduced by an independent laboratory and is
agnostic to the specific method used to introduce Co2+ ions to
MFI samples. Thus, we conclude that quantitative interpreta-
tions regarding Al proximity in MFI zeolites may be inaccurate
if Co2+ ion exchange is performed at ambient temperatures or
otherwise performed without the requisite spectroscopic and
titration data to validate that Co2+ saturation of all available
binding sites been achieved. Our data indicate that saturation
levels of Co2+ ion exchange of MFI zeolites can be achieved at
353 K (section S.7, SI), which is taken as a functional estimate
of the number of accessible proximal Al sites that serve as a
favorable binding site for Co2+ (herein referred to as paired Al
sites). The difference between the number of H+ sites on the
parent H-MFI sample and the number of paired Al sites is
taken as an estimate of the number of isolated framework Al
sites.
Co2+ titration was used to quantify the number of paired Al

sites for MFI samples crystallized using only TPA+ as the SDA
(UV−vis spectra showing Co2+ d−d transition bands without
formation of cobalt oxides in section S.8, SI), which increased
with the bulk Al content in the zeolite. Values of Co2+/Altot
were essentially undetectable on samples with dilute Al content
in the limit of <1 per unit cell (Si/Al > 95), which contain
predominantly isolated Al sites, and increased systematically
over a range of ∼10× as the Al content became more
concentrated (1−2.5 Al per unit cell; Si/Al = 37−95). With
increasing bulk Al content, the probability of siting two Al in
close proximity is expected to increase.120 Interestingly, a finite
fraction of paired Al sites form on MFI samples with
substoichiometric amounts of Al− relative to TPA+ (Figure
7), as also reported previously (6−66% proximal Al, Si/Al =
29−60).45
The presence of a finite number of Co2+-titratable Al−Al

pair sites on MFI zeolites crystallized using only an organic
SDA (TPA+) contrasts our prior reports of CHA zeolites
crystallized using only a bulky organic SDA (TMAda+).67 In
CHA zeolites, the use of TMAda+ as the sole SDA results in
negligible Co2+ uptake, indicating that such protocols form
zeolites with only isolated Al sites. Previous work has
demonstrated that Co2+ preferentially exchanges with proximal
Al sites at the NNN or NNNN positions located within the 6-
MR of CHA.52 In contrast to CHA zeolites, the specific
binding sites for Co2+ in dehydrated states of MFI zeolites
remain unclear,4 and they cannot be identified in a
straightforward manner by analyzing experimental DRUV−
vis spectra. Thus, we turn to DFT to identify MFI lattice
binding sites that are candidate hosts for bare Co2+ ions and to

evaluate the properties of Al−Al pair configurations that
endow favorable Co2+ exchange energies. Importantly, the Al−
Al site pairs that are evaluated next are a subset of all
configurations with two TPA+ cations (section 3.1.3); thus,
they directly indicate that MFI zeolites crystallized only with
TPA+ can stabilize Al−Al pair configurations that are Co2+

titratable.
3.2.2. DFT Predictions of Co2+ Binding Sites in MFI. The

specificity of Co2+ titration has been established for CHA
zeolites, in which Al−Al pairs within a 6-MR are selectively
titrated by Co2+ at both ambient (ca. 298 K) and elevated (353
K) temperatures (Figure S19, SI).52,67 Such specificity should
identify the range of plausible H+/Co2+ exchange energies
(ΔECo‑exch, eq 3) for which Co2+ titration of Al−Al site pairs is
likely to occur. Therefore, we first calculate Co2+ exchange
energies in CHA to benchmark those in MFI by examining
Co2+ cations exchanged into all possible proximal Al sites in
NNN or NNNN arrangements or sharing 4-, 6-, and 8-MR in
the CHA unit cell. We also optimized the H-form of each
structure, examining all 16 possible O-site combinations for the
pair of H+, from which Co2+ exchange energies were calculated
using eq 3. DFT-calculated Co2+ exchange energies in CHA
corroborate prior experimental67 and theoretical52,121 evi-
dence, indicating that Co2+ preferentially titrates two Al in an
NNNN configuration (ΔECo‑exch = 38 kJ mol−1, Figure 8). The
Co2+ ion is 4-fold coordinated to O atoms in the 6-MR,
consistent with similar reports of Co-form CHA (Figure S30,
SI).52,122 Two Al in NNN configurations have ΔECo‑exch values
of 50 and 56 kJ mol−1, indicating that Co2+ is slightly less stable
than in NNNN environments, as also found in prior work.52

All additional configurations tested have ΔECo‑exch values > 95
kJ mol−1, which are >40 kJ mol−1 higher than the 6-MR Al−Al
site pairs, consistent with results comparing Co-form energies
(not exchange energies) in prior work.52 On the basis of these
Co2+ exchange energies (Figure 8), sites that have ΔECo‑exch <
60 kJ mol−1 are most likely to be titrated by Co2+ and sites with
ΔECo‑exch > 90 kJ mol−1 are unlikely to be titrated; the
threshold exchange energy (between 60 and 90 kJ mol−1) that
dictates whether or not Co2+ exchanges at the Al−Al site pair is
unknown based on these data.

Figure 7. Co2+-saturation exchange levels on MFI crystallized only in
the presence of TPA+ as a function of framework Al content. Error
bars represent ±0.02.
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There are many proximal Al site motifs in MFI at which to
examine H+/Co2+ exchange: Al separated by short (<7 Å)
distances that violate (Figure 9a) or do not violate Löw-
enstein’s rule and are within small 4−6-MR (Figure 9b) or do
not share rings (Figure 9c), or Al separated by large distances
(>7 Å) (Figure 9d). These site motifs are likely to provide a
dominant influence on the Co2+ exchange behavior. Co2+

exchanges into a 6-MR with an energy of 5 kJ mol−1 (Figure
9b), while the other example structures within these motifs

exchanged Co2+ with energies > 50 kJ mol−1. These examples
suggest that, as in the case of CHA, Co2+ prefers to exchange
within small ring structures of MFI50 where it can
simultaneously interact with two Al− at short distances.
To systematically examine a range of likely Co2+ exchange

sites, we generated and optimized Co-form MFI for many Al−
Al configurations. There are 612 distinct two-Al configurations
in the 96 T-site orthorhombic MFI unit cell, accounting for
symmetry; of those, we examined the 135 configurations that
have Al−Al distances < 7 Å in which both Al− may
simultaneously stabilize Co2+. We also optimized 67 two-Al
configurations with Al−Al distances > 7 Å to examine the
ability of Co2+ to exchange Al−Al pairs within 10-MR
structures, across intersections, or generally at larger distances.
This resulted in a data set of 202 Co-form MFI structures. As
with CHA, we optimized the 16 H-form structures for each of
the 202 Al−Al pairs and computed ΔECo‑exch using eq 3. These
Co2+ exchange energies in MFI, when compared to those for
CHA, were then used to suggest which Al site pair locations
are likely (ΔECo‑exch < 60 kJ mol−1), possible (60−90 kJ
mol−1), or unlikely (>90 kJ mol−1) to result in Co2+ exchange.
Al−Al pairs in 6-MR and in NNNN arrangements have the

lowest exchange energies (5−90 kJ mol−1 and an average of 47
kJ mol−1; Figure 10b). This preference is the same as that
found for CHA (Figure 8), confirming that 6-MR possesses the
optimal size to host Co2+ ions and that NNNN pairs provide a
preferred environment for Co2+ to coordinate with four O
atoms associated with the two Al− tetrahedra. Not all 6-MR
NNNN Al−Al pairs have ΔECo‑exch values < 60 kJ mol−1 that
represent likely exchange sites; of the 19 structures in this
category, 12 have ΔECo‑exch < 60 kJ mol−1 and the remaining 7
have ΔECo‑exch between 60 and 90 kJ mol−1 (Table S7, SI),
indicating that changes to the geometry of the 6-MR can
engender a wide range in Co2+ exchange energies, which may

Figure 8. Energy to exchange two protons for one Co2+ from
Co(NO3)2 (ΔECo‑exch, eq 3) at Al−Al pairs in CHA (▲) for pairs
sharing 4-MR (orange), pairs sharing 6-MR and separated by 1 Si
linker (6-MR NNN, green), pairs sharing 6-MR and separated by 2 Si
linkers (6-MR NNNN, light blue), pairs sharing the di-6-MR and
separated by 2 Si linkers (subunit, navy), and pairs sharing larger 8-
MR (purple).

Figure 9. Al−Al pairs with the lowest ΔECo‑exch that (a) that violate Löwenstein’s rule (NN pair), (b) share a 4-, 5-, or 6-MR, (c) are separated by 2
Si linkers but do not share a ring, and (d) are separated by >2 Si linkers and do not share a ring. Each structure is shown along the c vector of MFI
(top) and in detail at the location of the Co2+ (bottom). T-site identities of the Al in each structure are labeled in the top image, and Al−Al distance
is shown in the bottom image in pm. Relative energy of the TPA form (ΔETPA2−Al2) and Co2+ exchange energy (ΔECo‑exch) are shown in kJ mol−1

beneath each structure.
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rationalize why Co2+ titration of MFI is far more sensitive to
the exact conditions of experimental Co2+ ion exchange than
CHA (section S7, SI). ΔECo‑exch values within the subset of 6-
MR NNNN structures do not strongly correlate with O−Co−
O angles, the perimeter formed by the four O atoms
coordinated with the Co2+, or Co−Al or Co−O distances.
The two Al−Al pairs with the lowest ΔECo‑exch both include T4
sites (Figure 10b) and are located at NNNN positions in 6-MR
of the cas subunit. Importantly, the distances between the Al in
these pairs are shorter (5.52 and 4.91 Å for T4-T4 and T4-
T10, respectively) than that found in the preferred 6-MR
NNNN configuration in CHA (6.08 Å). Such proximity
reduces ΔECo‑exch values further among these 6-MR NNNN

species, from 38 kJ mol−1 in CHA to 5 kJ mol−1 at these two
Al−Al pairs in MFI.
Co2+ exchange at Al in 6- and 5-MR at NNN positions is

slightly less favorable with average ΔECo‑exch values of 68 and
61 kJ mol−1, respectively (Table S7, SI). Co2+ in these
environments still coordinate to four O atoms attached to Al−

tetrahedra (Figure 11b and 11c); however, these environments
do not solvate Co2+ as effectively as Al in 6-MR NNNN
structures. There is only one unique 4-MR in MFI and, as
such, only one site pair at a 4-MR NNN position that
exchanges Co2+ with an energy of 77 kJ mol−1, which is higher
than the average values for exchange at Al pairs in 5- and 6-MR
(Figure 11a). Among the 80 Al pairs residing in NNN and
NNNN arrangements within 4-, 5-, and 6-MR (structures
shown in Figures S31−S36, SI), 42 (53%) have ΔECo‑exch
values < 60 kJ mol−1 corresponding to their likely titration and
34 (42%) have ΔECo‑exch values of 60−90 kJ mol−1 that
indicate possible titration, while only 5% have ΔECo‑exch > 90 kJ
mol−1 that indicate unlikely titration.
NN Al−Al pairs have higher Co2+ exchange energies than

NNN or NNNN arrangements with an average ΔECo‑exch of
134 kJ mol−1. Only 3 of the 26 NN pairs (12%) have ΔECo‑exch
< 90 kJ mol−1. Despite the proximity of the two Al− to the
Co2+ cation, exchange energies remain high because these NN
Al−Al pairs do not surround the Co2+ with anionic charge as
NNN and NNNN pairs often do, leading to unstable Co-form
structures. This instability of Co forms coupled with the
stability of NN pair H forms, previously shown in CHA,121

result in high ΔECo‑exch values.
The 31 Al−Al pairs sharing MFI subunits without sharing a

small ring have an average ΔECo‑exch value of 120 kJ mol−1;
only one such pair has ΔECo‑exch < 60 kJ mol−1 (Figure 9c),
while 9 (30%) had a value between 60 and 90 kJ mol−1, which
indicate possible titration sites. The only arrangement in this
motif with ΔECo‑exch < 60 kJ mol−1 includes a T4 species, like
the preferred Co2+ exchange locations in 6-MR NNNN Al−Al
pairs. These data indicate that Co2+ is significantly less likely to
titrate subunit Al pairs that do not also share a ring compared
to those that do share a ring. Increasing separation distance
and shared ring size further destabilize the Co-form, leading to
concomitantly higher ΔECo‑exch values. All Al arrangements
with Al−Al distances > 7 Å have ΔECo‑exch > 90 kJ mol−1

(Figure 10), further implicating structures with short Al−Al
distances that share rings as the most probable hosts of Co2+

ions.
From these data we conclude that Co2+ prefers to titrate 5-

and 6-MR within MFI, a finding that is seemingly consistent
with the ring structures in MFI identified as dominant Co2+

binding sites in models developed previously by Dedecek and
co-workers.15 Of the 89 structures examined with ΔECo‑exch <
90 kJ mol−1, all but 13 are in a 5- or 6-MR, indicating that 85%
of the structures likely or even possibly titrated by Co2+ are in
these environments. Despite this preference for small rings,
there is still a wider variety of possible binding sites that Co2+

can titrate in low-symmetry MFI than in CHA (where it binds
selectively at NNN or NNNN sites in 6-MR). These small
rings in MFI often comprise the walls of accessible pores, and
we use this to define the environment (e.g., intersection or
channel) of such pairs (Figure 12 and Table S6, SI). Notably,
not all Al−Al pairs are directly accessible from these pore
environments in the MFI topology. For example, some Al−Al
pairs share a ring that spans a subunit connecting two pores
and does not interface directly with an environment accessible

Figure 10. (a) Energy to exchange two protons for one Co2+ from
Co(NO3)2 (ΔECo‑exch, eq 3) at Al−Al pairs in MFI. Distinct exchange
locations in MFI are shown separately: Al in NN arrangements (red),
Al−Al pair sharing a 4-MR (dark purple), 5-MR (yellow), or 6-MR
and separated by 1 Si linker (6-MR NNN, dark blue) or by 2 Si
linkers (6-MR NNNN, light blue), Al−Al pairs sharing MFI subunits
but no ring (Subunit, green), Al−Al pairs sharing 10-MR (light
purple), and Al−Al pairs sharing no ring (Far, brown). Larger dots
show average values within each set. (b) Detailed view of a,
emphasizing sites where Co titration is most likely to occur. Two Al−
Al pairs with the lowest ΔECo‑exch are shown with their Al locations
labeled.
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to larger guest molecules. These Al−Al pairs sharing rings that
span subunits are treated distinctly from Al−Al pairs that share
subunits but not rings. These sequestered rings (25 pairs;
Figure 12) have the lowest average ΔECo‑exch value (47 kJ
mol−1) of any environment in which Al−Al pairs may be
accessed and the largest percentage of possible pairs that are
likely hosts of Co2+ based on ΔECo‑exch (76%). Despite this
moniker, sequestered Co2+ sites may still be titrated; here, we
are simply reporting that the Co2+ is centered within a subunit

of MFI (e.g., the cas subunit for Figure 9b). Al−Al pairs that
are located at the interface with channel intersections produce
some similarly preferred structures with low Co2+ exchange
energies, but some Al−Al pairs sharing small rings in these
environments are also unlikely Co2+ exchange locations. This
leads to a higher average exchange value for Al−Al pairs in
intersections than for sequestered pairs. Finally, Al−Al pairs
that are located on the walls of the straight or sinusoidal
channel have the largest average exchange values (ΔECo‑exch =
66 and 66 kJ mol−1, respectively) but much smaller ranges of
exchange energies (29−91 and 39−90 kJ mol−1, respectively).
These data indicate that stable Co2+ binding sites are
distributed widely among the various environments of MFI,
but many are located in subunits that are not directly accessible
without first requiring Co2+ diffusion through 5- or 6-MR,
which may rationalize the higher Co2+ titration values achieved
at higher exchange temperatures (353 K; section 3.2.1).
In summary, we have fully characterized the types of sites

(predominantly Al sharing 5- and 6-MR) that may be observed
by experimental Co2+ titration methods, indicating that many
Al−Al pair configurations present in all void environments in
MFI are likely to be titrated by Co2+. However, our
calculations indicate that many of these two-Al structures are
unfavorable in the presence of TPA+ because of their short Al−
Al distances, which generally result in less stable ionic
arrangements. Indeed, only a small fraction of the Al−Al
pairs that give exchange energies < 90 kJ mol−1 (6% of 89)
have TPA2−Al2 structures within 40 kJ mol−1 of the most
stable arrangement with an additional 58% having relative
TPA2−Al2 energies < 80 kJ mol−1. These large relative TPA2−
Al2 indicate that such Al arrangements are unlikely to form if
the TPA2−Al2 calculations faithfully represent synthesis
conditions (Table 4). Critically, Al siting during MFI synthesis
depends on a mixture of thermodynamics and kinetics, the
latter of which is not considered in this initial probe of the
TPA2−Al2 energy landscape. Furthermore, the TPA+ content
in these DFT calculations is lower (2 TPA+ per MFI unit cell)

Figure 11. Al−Al pairs with the lowest ΔECo‑exch sharing (a) a 4-MR, (b) a 5-MR, (c) a 6-MR in a NNN configuration, and (d) Al−Al pair with the
second lowest ΔECo‑exch sharing 6-MR in a NNNN configuration. Each structure is shown along the c vector of MFI (top) and in detail at the
location of the Co2+ (bottom). T-site identities of the Al in each structure are labeled in the top image, and Al−Al distance is shown in the bottom
image in pm. Relative energy of the TPA form (ΔETPA2−Al2) and Co2+ exchange energy (ΔECo‑exch) are shown in kJ mol−1 beneath each structure.

Figure 12. Co2+ exchange energies (ΔECo‑exch) of Al−Al pairs in 4-, 5-,
and 6-MR occupying different environments in MFI defined based on
the accessibility of Co2+ to the micropore: sequestered from one
location (Seq ), intersection (Int.), straight channel (Str.), and
sinusoidal channel (Sin.). Co2+ binding sites are categorized as “likely”
(ΔECo‑exch < 60 kJ mol−1), “possible” (ΔECo‑exch = 60−90 kJ mol−1),
or “unlikely” (ΔECo‑exch > 90 kJ mol−1) exchange sites. n indicates the
number of unique Al−Al pairs in each location, and x̅ indicates the
average ΔECo‑exch value among the n configurations at each location.
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than observed by TGA in experimentally synthesized samples
(∼4 TPA+ per MFI unit cell, Figure 1), and the presence and
role of defect siloxy (SiO−) groups was not considered. In
addition, the presence of solvent and additional ionic species in
and around the framework is likely to reduce the degree to
which Al arrangements with large Al−Al distances are favored,
as discussed in section 3.1.3. The presence of up to 34% of Al−

in Co2+-titratable locations in TPA-only MFI syntheses (Table
1) indicates that kinetic factors during crystallization, the
presence of a solvent, and the formation of defect sites may
play a major role in screening the Coulombic interactions that
are captured in our calculations and seek to bias Al siting in
isolated positions.
3.3. Influence of TPA+ and Na+ co-SDAs on Al

Proximity in MFI. We next study the influence of using
different SDAs and their combinations on the number of
isolated and paired Al sites formed in MFI zeolites. First,
synthesis gels were prepared to contain varying amounts of
Na+ (Na+/TPA+ = 0.25−5), an inorganic cation with a higher
charge density than TPA+, while holding constant the total
cationic charge ((Na+ + TPA+)/Al = 30) and Al content (Si/
Al = 50). Crystalline MFI products were obtained with
essentially constant Si/Al = 50−57 with XRD patterns (Figure
S2, SI) and micropore volumes consistent with the MFI
topology (0.12−0.15 cm3 g−1, Table 1, Figure S6, SI). The Na+

content on the as-made MFI samples was measured by
elemental analysis, and the TPA+ content was calculated from
organic weight loss measured by TGA. Both of these values are
plotted in Figure 13 along with the total cation (Na+ + TPA+)
content with the data for the MFI-TPA(50,0) sample (Figure
1) crystallized using only TPA+ also plotted for comparison.
Interestingly, addition of Na+ to the synthesis gel crystallized

MFI zeolites with ∼5 cations occluded per unit cell (Figure 13,
filled circles) for the entire gel composition studied here (Na+/
TPA+ = 0.25−5), which sharply contrasts the 4 TPA+ cations
occluded per unit cell for the TPA-only suite of MFI samples
(Figure 1). As the Na+/TPA+ present in the synthesis gel
increased from 0.25 to 5, the occluded TPA+ content generally
decreased from ∼4 to ∼3.2 per unit cell (Figure 13, open
squares), while the occluded Na+ content generally increased
from ∼1.1 to ∼2.3 per unit cell (Figure 13, filled gray squares),
consistent with prior reports.48 All zeolite products crystallized
under these conditions contained at least 1 Na+ per unit cell,
and the relative amounts of co-occluded TPA+ and Na+ (>5
per unit cell) indicate that Na+ does not fully compete with
TPA+ for occupancy in MFI channel intersections. Rather, Na+

likely first occludes within the smaller channels of MFI as
previously hypothesized46−48 and only appears to begin
replacing TPA+ at a higher Na+ content in the gel (>0.75
Na+/TPA+

gel). At higher Na
+ contents in the synthesis gel, it is

possible that Na-rich phases of MFI may crystallize given prior
reports that MFI can crystallize using only Na+ as the
SDA.123−127

The fraction of paired Al as measured by Co2+ titration
(DRUV−vis spectra in section S.8, SI) is plotted in Figure 14
for the MFI samples crystallized with 5 cations occluded per
unit cell (using Na+ and TPA+ as co-SDAs, Figure 13) and
generally increased with the amount of Na+ retained on the
crystalline MFI product (Figure 14, filled squares). The
occlusion of larger amounts of higher charge-density cations
(e.g., Na+) has previously been attributed to incorporate more
Al into zeolite structures,106−108 which in turn should increase
Al−Al proximity on average.120 Importantly, the samples
studied here were purposefully synthesized to restrict the total
Al content to an essentially constant value (Si/Al = 50) as
more Na+ was incorporated within the crystalline MFI
products (Figure S16, SI), indicating that Na+ co-occlusion
with TPA+ influences Al proximity. Recently, we combined
experimental material synthesis and characterization together
with DFT calculations and Monte Carlo simulations to provide
evidence that Na+ co-occludes with the OSDA (TMAda+) in
CHA to favor formation of proximal Al sites (2 Al in 1 6-
MR).52 Applying these same computational approaches to
investigate the influence of Na+ and TPA+ in the MFI unit cell
on Al distribution is intractable here given the diverse
configurational space of lattice binding sites and SDA
configurations and the presence of lattice defects that could
also balance these cations. We surmise, however, that Na+ may
similarly promote formation of paired Al configurations when
co-occluded with TPA+ in the MFI unit cell, as it does when
co-occluded with TMAda+ in the CHA unit cell. As a point of
reference, the data point for MFI-TPA(50,0) is also plotted in
Figure 14 (gray triangle); however, this sample should not be
expected to behave according to the synthesis−structure

Table 4. Number of Structures That Are Likely,a Possible,b

or Unlikelyc To Be Titrated by Co2+ and Structures with
Low, Intermediate, and High TPA-Form Energies

TPA-form energy, ΔETPA2−Al2

ΔECo‑exch
category

Low
<40 kJ mol−1

Intermediate
40−80 kJ mol−1

High
>80 kJ mol−1

likelya 3 26 14
possibleb 2 26 18
unlikelyc 19 61 33

aΔECo-exch <60 kJ mol−1. bΔECo-exch <60−90 kJ mol−1. cΔECo-exch >90
kJ mol−1.

Figure 13. Occluded TPA+ content as measured by TGA on the
series of MFI (Si/Algel = 50, Na+/TPA+

gel = 0−5, open squares). Na+

content measured by elemental analysis on the solid crystalline
product after washing and oxidative treatment (gray squares). Total
cation content (Na+ + TPA+, filled circles) also shown for reference.
Dashed line corresponds to 1 TPA+ per MFI channel intersection (96
T-site unit cell). Error bars are ±10%.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c03154
Chem. Mater. XXXX, XXX, XXX−XXX

O

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03154/suppl_file/cm0c03154_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03154/suppl_file/cm0c03154_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03154/suppl_file/cm0c03154_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03154/suppl_file/cm0c03154_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03154?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03154?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03154?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03154?fig=fig13&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03154?ref=pdf


relation for the MFI samples synthesized with a mixture of Na+

and TPA+ because it contains 4 SDA cations occluded per unit
cell, while the latter suite of samples contains 5 (Figure 13),
which likely influences the energies to form different
framework Al−Al arrangements given the sensitivity of such
energies to electrostatic interactions (Figure 2).
3.4. Influence of Neutral Organics and Na+ co-SDAs

on Al Proximity in MFI. We hypothesized that using charge-
neutral OSDAs should occlude intraporous void spaces
without providing charge compensation for framework Al
centers, thereby influencing Al proximity differently than when
using cationic TPA+ as the OSDA. To study the effects of using
charge-neutral OSDAs together with Na+ in zeolite synthesis
media on the resulting Al distribution in MFI, we performed
two sets of synthesis experiments to crystallize MFI samples of
similar Si/Al ratio as the MFI-TPA(50,Y) series but using
either PETP or a mixture of DABCO and methylamine
(Scheme 1). The zeolite products from these crystallization
experiments were consistent with the MFI framework topology
(XRD patterns, micropore volumes, and 27Al MAS NMR
spectra in sections S.1−S.3, SI).
In the case of PETP as the charge-neutral OSDA, a recipe

adapted from Park et al.68 using a Na+/PETP of 0.5 in the
synthesis media resulted in crystallizing a solid MFI product
with Si/Al = 43 (MFI-PETP(43,0.5), Table 1). We note that
the lower than expected micropore volume (0.11 cm3 g−1,
Table 1; 0.13 cm3 g−1 reported by Park et al.68) and some
broad features in the XRD pattern (2θ = 32−40°, Figure S3,
SI) suggest that this MFI sample may not be fully crystalline
and may contain some amorphous domains. The MFI-

PETP(43,0.5) sample contained approximately 1 Na+ per
unit cell (Figure 14), similar to the MFI-TPA(52,0.25) sample,
yet contained less than one-half the amount of OSDA per unit
cell (1.95 PETP per unit cell Table S2, section S.5, SI), similar
to previous reports (2.4 PETP per unit cell).48,68 These
findings suggest that PETP, unlike TPA+, only occupies one-
half of the intersections in MFI on average. The MFI-
PETP(43,0.5) sample also had a lower fraction of proximal Al
(Co/Altot = 0.03, Figure 14) than any of the MFI-TPA samples
of similar bulk Si/Al. This result may be rationalized by
considering PETP to behave as a charge-neutral molecule that
occupies intraporous void spaces48,68 and separates occluded
cationic species (including Na+) at larger average distances
relative to one another, which may facilitate the separation of
framework Al centers.
We also performed two replicate crystallization experiments

using DABCO as the primary charge-neutral OSDA with
synthesis solutions of nominally identical composition (Na+/
DABCO = 0.04) that contained Na+ and a mixture of DABCO
and methylamine. These two replicate samples, referred to as
MFI-DABCO(44,0.04)-1 and MFI-DABCO(44,0.04)-2, re-
sulted in crystallizing a solid MFI product with Si/Al = 44
(Table 1). Previous reports have indicated that DABCO alone
does not behave as an OSDA for MFI126 but that it can be
derivatized to prepare organic molecules that do behave as
OSDAs for MFI;128,129 thus, crystallization of MFI using
DABCO as an organic reagent (albeit with another organic
molecule, methylamine, also present) was unexpected. TGA
estimates of the OSDA per unit cell (4.24 and 3.69 OSDA per
unit cell for samples −1 and −2, respectively, Table S2, section
S.5, SI) indicate that each MFI intersection was filled with one
DABCO molecule, suggesting that it is more efficient at
occluding intraporous void spaces than PETP, and behaves
similarly to TPA+. The two replicate DABCO-assisted MFI
synthesis experiments, however, resulted in differences in the
amount of occluded Na+ on the crystalline solids (Figure 14)
with one sample with significantly lower Na+ content (0.25 Na
per unit cell, Figure 14) than measured on any of the MFI-
TPA+ samples. These findings are consistent with our prior
work on crystallization of CHA zeolites in which replicate
crystallization experiments using a synthesis medium with a
given Na+ content may result in crystallization of solid zeolite
phase with varying Na+ content.52,67 Interestingly, the fraction
of proximal Al formed on the DABCO-assisted MFI materials
shows a positive correlation with the amount of Na+ occluded
on the solid products (Figure 14), similar to the MFI-TPA
series (Figure 14). The Na+/OSDA ratios used in the synthesis
media to crystallize an MFI product with a specific amount of
occluded Na+ per unit cell (e.g., ∼1; Figure 14) was
significantly lower for the case of DABCO (0.04) than TPA+

(0.25−5), illustrating that crystallizing MFI zeolites with a
targeted amount of proximal Al sites can require different
relative amounts of inorganic and organic SDAs in the
synthesis mixture, providing opportunities to design routes
that do so while minimizing OSDA usage if so desired.
The data in Figure 14 reflect MFI samples of similar bulk Al

content (Si/Al = 43−58), allowing for direct comparisons of
the influence of cationic (TPA+) and charge-neutral (PETP,
DABCO) OSDAs when used together with Na+ as an
inorganic co-SDA. The Na+ content occluded in the solid
MFI products crystallized using cationic and charge-neutral co-
SDAs generally correlated to the amount of proximal Al−Al
site pairs formed (Figure 14). Such low contents of occluded

Figure 14. Dependence of the number of Al−Al pairs titrated by Co2+
among MFI samples of similar Si/Al ratio (43−58) on the Na+

content retained on the crystalline product for the samples
synthesized with PETP (○), DABCO (◇), and TPA+ (■) as the
primary OSDA. MFI-TPA(50,0) is also shown (gray triangle) but
contains 4 SDA cations occluded per unit cell in the synthesized form
(Figure 13) and thus should behave according to a different
synthesis−structure relation than the Na-containing TPA samples
that contain 5 SDA cations occluded per unit cell in the synthesized
form (Figure 13). Error bars are ±10%.
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Na+ in MFI crystallized using charge-neutral OSDAs (<1 per
unit cell, Figure 14) are typically not observed in literature
(3.8−4.8 Na per unit cell);48 however, commonly reported
synthesis mixtures are intended to crystallize samples with
higher Al content, which may require occluding more Na+ in
crystalline solids. We hypothesize the lower fraction of paired
Al−Al in the neutral OSDA MFI samples, compared to the
MFI-TPA series, indicates that cationic charge centers (e.g.,
Na+) were spatially separated at larger average distances in
intraporous void spaces, thereby separating the anionic Al− in
the framework.
Finally, we note that the presence of a finite number of Co2+-

titratable Al−Al pair sites on MFI zeolites crystallized using
only TPA+ at an Si/Al = 50 (24% Al in proximal
configurations, Table 1) or with TPA+ and Na+ at similar
composition (Si/Al = 50−58, 12−44% Al in proximal
configurations, Table 1) provides a sharp contrast to our
prior report of using mixtures of TPA+ and ethylenediamine
(EDA) to crystallize B-Al-MFI materials of similar composition
(Si/Al ≈ 50) but with undetectable amounts of Co2+-titratable
Al−Al pair sites (<5% Al in proximal configurations, Hur et al.,
Figure 4).58 In our prior B-Al-MFI synthesis work, we
proposed that complexes formed between two B heteroatoms
and one EDA become occluded within microporous voids of
MFI, competing with the occlusion of TPA+ so as to cause its
dilution within the crystallizing framework and the siting of
framework Al at larger average distances.58 The occlusion of a
space-filling organic moiety (PETP, DABCO) or an organic−
inorganic complex (2B-EDA), which may site B atoms in the
lattice that are unable to compensate for Co2+ or generate
proton sites as strong as those generated by Al−,58 appears to
provide a similar influence on the ability to spatially separate
framework Al and associated H+ active sites that are relevant
for most Brønsted acid-catalyzed reactions.

4. CONCLUSIONS

Given the emerging recognition that using mixtures of
structure-directing agents (SDAs) of different molecular
structure and cationic charge is a promising route to influence
Al siting and substitution patterns in zeolite frameworks, we
explored this concept for MFI zeolites to identify synthesis−
structure relations that can describe how different SDAs and
SDA mixtures influence Al proximity in MFI. In contrast to
high-symmetry frameworks such as CHA, efforts to first define
and then quantify Al−Al site pairs in MFI zeolites are impeded
by the combinatorial complexity resulting from its low-
symmetry framework (12 unique T-sites), which generates
13 680 unique arrangements of TPA2−Al2 structures in a 96 T-
site MFI unit cell. DFT calculations for 1 framework Al− site
and occluded TPA+ cation reveal the dominant influence of
N+−Al− electrostatic interactions on lattice Al-siting energies.
This finding allowed enforcing a rough N+−Al− distance cutoff
criterion of < 6.5 Å to reduce the number of TPA2−Al2 pair
configurations by nearly an order of magnitude to identify
1773 possible Al−Al pair configurations formed by TPA+ to
exhaustively study by DFT to examine TPA−Al, Al−Al, and
Al2−Co interactions. Al−Al site pairs in shared ring structures,
most commonly in the 5-MR and 6-MR, provide 43 different
configurations (including all of the 12 symmetrically unique T-
sites) that can favorably host Co2+ ions, rationalizing the
observation that a finite fraction of Al−Al pairs form in MFI
when using TPA+ as the sole SDA, revealing the diverse range

of Al−Al pair configurations that may be quantified by
experimental Co2+ titration.
Experimental protocols to reproducibly quantify Al−Al site

pairs on MFI zeolites using aqueous Co2+ ion exchange have
remained imprecisely described in the literature and vary
widely among prior reports. This required us to perform
extensive experimentation to develop an experimental Co2+

titration protocol for MFI zeolites (aqueous ion exchange with
0.5 M Co(NO3)2 for 24 h at 353 K on Na-form MFI samples),
validated by spectroscopic and site balance data to confirm that
Co2+ saturation uptakes have been achieved. Importantly,
diffuse reflectance UV−vis spectroscopy can only be used as a
qualitative characterization method to confirm that absorbance
features for Co2+ d−d transitions are present and those for
Co−oxides are absent, and it cannot be used in a
straightforward manner to distinguish or quantify various
Co2+ binding site environments, given the finite temperature
restructuring of transition metal ions in (alumino)siloxane
rings that give rise to multiple coordination complexes (and
d−d transitions, in turn) even for a single ion site in a single X-
MR. The lack of a robust experimental method to reliably
quantify Al−Al site pairs in MFI frameworks or any zeolite
framework in general will confuse efforts that attempt to
develop synthesis−structure relations that describe how SDAs
influence Al proximity.
MFI zeolites crystallized using only tetrapropylammonium

(TPA+) as the sole organic SDA resulted in samples with
varying Al content (Si/Al = 37−180; 0.52−2.52 Al per unit
cell), as expected from the occlusion of one TPA+ per MFI
channel intersection and with predictions from charge density
mismatch theory. Such MFI samples contained fractions of Al
in paired configurations (0−34%) that increased systematically
with Al content, consistent with DFT predictions that 2 TPA+

cations can charge-compensate Al−Al site pairs that are in
these arrangements with N+−Al− distances < 6.5 Å. These
findings rationalize previous reports45 indicating that finite
fractions of Al−Al site pairs can form in MFI zeolites
crystallized using only TPA+. They also provide a striking
contrast to our previous report of using mixtures of TPA+ and
ethylenediamine to crystallize B-Al-MFI materials of similar
bulk Al content (Si/Al ≈ 50)58 but with undetectable amounts
of Al−Al site pairs titratable by Co2+; MFI zeolites of such Al
arrangement and composition were not accessible using only
TPA+ and Al as the framework heteroatom under the synthesis
conditions studied in this work.
The use of mixtures of cationic (TPA+) or charge-neutral

(PETP, DABCO) OSDAs, together with Na+ as a co-SDA,
crystallized MFI zeolites with similar Al content (Si/Al ≈ 50)
but with fractions of Al in paired configurations (6−44%) that
generally increased with the co-occluded Na+ content retained
on the crystalline solids. This correlation constitutes a
synthesis−structure relation that resembles and extends our
prior relation for CHA zeolites using mixtures of TMAda+ and
Na+ cations to systematically vary Al−Al site pairing at fixed
composition.52,67 Replacement of TPA+ with charge-neutral
OSDAs (PETP, DABCO), intended to occupy void space
without providing the capacity to charge-compensate frame-
work Al−, resulted in forming fewer numbers of Al−Al pairs
without altering the total Al content, suggesting that charge-
neutral molecules can be exploited to occupy microporous
voids during crystallization to bias toward forming isolated
framework Al sites. We expect that the methodology described
herein, combining DFT calculations of SDA−Al− interactions
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to suggest Al-siting preferences and titrant exchange energies
to determine structural criteria can be applied to provide a
reasonable number of candidate Al pairs detected in an
experimental material, can be adapted for other SDAs and
framework topologies. These findings also highlight how
experiment and theory can be combined to develop robust
Al−Al proximity models in zeolites that can be exercised to
interrogate samples synthesized using different SDAs and SDA
combinations in order to aid in developing synthetic strategies
that crystallize zeolites with varying framework Al arrange-
ments, even at fixed bulk Al composition (if so desired), to
engineer changes in their catalytic and adsorption properties.
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