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acid sites within channels. Measured propene dimerization rates

(per HY, 315 kPa C;Hy, 503 K, 1.6 H*/u.c.) are ~9 times higher on MFI-DABCO/MFI-EDA than MFI-TPA. Because propene
oligomerization is transport-limited in MFI at these conditions, experimentally measured rates are proportional to both effective
kinetic (ko) and diffusion (D,) constants. DFT was therefore used to investigate the kinetic influences of void environment in
isolation of transport effects. Adsorption free energies for C; and Cg alkenes and dimerization free energy barriers were calculated at
all 12 T-sites present in the MFI framework and all accessible O-sites around each T-site. C; preferentially adsorbs as H-bonded
propene with similar energies in all void environments, while Cg4 alkenes are destabilized by 10—56 kJ mol™" and dimerization
transition states are destabilized by 29—102 kJ mol™', on average, in the channels relative to intersections. The stability of C; and Cy4
alkenes and dimerization transition states is largely governed by steric penalties arising from distortion of the MFI framework that
outweigh stronger dispersive interactions with decreasing void size, even for species as small as C;. Given that DFT predicts k.
values are lower at acid sites in smaller channel voids of MFI, higher measured rates on MFI samples synthesized using DABCO or
EDA must reflect less severe diffusion restrictions and, in turn, higher D, values.
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1. INTRODUCTION and transition states to varying extents when these moieties
have different sizes and structures, leading to rates or selectivity
that depend on void size.”'”"® Prior experimental work has
typically studied confinement by varying the framework

1315717 or using post-synthetic methods to selectively
18,19

Microporous aluminosilicate zeolites are commonly used as
solid Bronsted acid catalysts,' > with ~250 unique crystalline
topologies that can be synthesized with distinct pore
environments and interconnectivity.4 Even within a given tf)P ology e . }
zeolite framework, multiple pore environments may exist; for titrate anst.ed ac’q s1t.es 1 sp egﬁc env1ronments_.
example, the MFI framework consists of smaller ten-membered Pr?pene ohgomenzagon 15 an 1nte.rc$)nnected serlgs—paréllel
ring (10-MR) straight and sinusoidal channels (~5.5 A diam.) r.eactlon network that includes ﬂ—sc1.ssmn and co—oh.gomenza—
and larger channel intersections (~7 A diam.).”> As such, tion pathways that produce a Wlde. range of linear énd
extensive effort has been devoted to examining how the size branched alkene products (C,—Cy,) suitable as transportation

and shape of the zeolitic pore impact reactive intermediates

and transition states, and thus reaction rates, selectivities, and Received: January 17, 2025
stabilities.® > As the void size approaches that of the confined Revised: ~ March 18, 2025
species, there is a trade-off between enthalpic stabilization via Accepted:  April 4, 2025

dispersive interactions and destabilization from the structural
distortion of the zeolitic framework to accommodate
adsorbates.”*'>'* Confining voids may stabilize intermediates
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fuels,”®™** and is one reaction for which confinement effects
were previously studied by varying the zeolite framework
topology.'”** Pseudo first-order rate constants for propene
dimerization (per H, 503 K, <5% C;H, conversion) increased
with decreasing void size among TON (one-dimensional (1D),
5.7 A diameter channels), MFI (3D, 5.5 A diameter channels
and 7.0 A diameter intersections), BEA (3D, 6.9 A diameter
channels), FAU (3D, 11.9 A diameter cages), and amorphous
silica—alumina (ASA, >20 A diameter pores).”> Propene
dimerization barriers and dispersive (van der Waals)
interactions between adsorbates and the zeolite framework
were estimated using DFT-D3 methods at one O-site in a
TON channel (5.7 A), an MFI intersection (7.0 A), and a FAU
cage (119 A)."’ Dispersive interaction energies became
increasingly exothermic as void size decreased, correlating
with the increase in measured rate constants, leading to the
interpretation that smaller void sizes preferentially stabilized
the larger dimerization transition state (CgH;;) over the
smaller propXI—Z reactant (C;H,) through van der Waals
interactions.” Subsequent work demonstrated the presence of
strong transport limitations in medium pore, 10-MR zeolites
arising from the occlusion of heavier molecular weight
products formed during propene oligomerization, indicating
that observed rate constants on medium-pore zeolites reflect a
convolution of kinetic and transport effects at virtually all
reaction conditions of interest.”* A separate study comparing
TON and MFI similarly reported higher propene dimerization
rate constants on TON (per H*, 10—600 kPa C;H,, 503 K)
and suggested that these increases were caused by more
effective stabilization of dimerization transition states and by
the alleviation of transport restrictions caused by a shift in
product selectivity to lighter molecular weight products
(<Cy).”* Although these prior data suggest that 10-MR
channels stabilize dimerization transition states more effec-
tively than larger 10-MR intersections or 12-MR channels,
experimental rate measurements convolute transport and
kinetic influences, motivating a theoretical study that can
isolate kinetic behavior.

Transition state stability is influenced by confinement
among different zeolite topologies and, by extension, confine-
ment among different void environments within the same
topology. Low-symmetry MFI zeolites have 12 crystallo-
graphically unique tetrahedral sites (T-sites) where Al atoms
can reside, providing access to both channel and intersection
environments. While MFI is typically synthesized with tetra-n-
propylammonium (TPA') as the organic structure directing
agent (OSDA), which biases the location of Brensted acid sites
near MFI intersections, recent work has shown that other
OSDAs can alter acid site distributions.”>~>” MFI zeolites
synthesized with nonconventional OSDAs—either 1,4-diaza-
bicyclo [2.2.2] octane (DABCO) mixed with methylamine
(1:1); or ethylenediamine (EDA) mixed with small amounts of
TPA" (15:1)—demonstrated 4—9x lower toluene methylation
rates (per H', 4 kPa toluene, 66 kPa dimethyl ether, 403 K)
and higher selectivity to para-xylene (~80%) compared to
MFI samples synthesized with TPA* (~30% para-xylene
selectivity).” These toluene methylation data, unlike propene
oligomerization, are measured at conditions of strict kinetic
control and therefore uncorrupted by intrazeolite transport
rates, as evidenced by invariant rates and selectivities across
large changes in zeolite crystallite size (0.1—3.3 pm) within
each family of MFI materials and invariant selectivities upon
titration of external acid sites by 2,6-ditertbutylpyridine
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(DTBP). The kinetic differences observed between the
TPA*-based MFI samples and those derived from nonconven-
tional OSDAs were attributed to shifts in acid site distribution
with the assistance of DFT-predicted SDA—AI interaction
energies and arene alkylation barriers. DFT-predicted barriers
for toluene methylation transition states to form all three
xylene isomers were higher in MFI channels compared to the
larger intersections, consistent with lower overall rates, but
para-xylene transition states were destabilized to a lesser extent
in the channels compared to the larger meta-xylene and ortho-
xylene isomers, consistent with higher para-xylene selectivity.
DFT-predicted SDA—AI interaction energies, similarly, pre-
dicted more favorable Al-siting energies in channels using
DABCO-methylamine™ as the SDA complex as compared to
using TPA*,”° which strongly favors Al siting at near-
intersection T-sites. This study provides an example for how
catalytic rate measurements can be combined with computa-
tional DFT to study the influence of void environment in MFI
on kinetic rate constants, as we extend here to a coupled
reaction-diffusion system.

Here, we measure propene dimerization rates on MFI
samples (H'/u.c. = ~1.3) synthesized with TPA*, DABCO,
and EDA that are predicted to generate materials with acid
sites primarily located in intersections (TPA*-based) and or in
channels (DABCO- and EDA-based). Propene dimerization
rates (per H', 503 K) were ~9X higher on MFI samples
synthesized with EDA or DABCO compared to samples
synthesized with TPA*. Given that experimental measurements
of propene oligomerization rates reflect coupled kinetic and
transport influences, the kinetic influences of void environment
were investigated independently using DFT. Adsorption
energies of propene and all 13 hexene isomers were calculated
with DFT at all accessible sites among the 48 T-O site-pairs in
MFL Transition states for propene dimerization, the first and
likely rate-determining step in the oligomerization reaction
network, were also studied at all accessible O-sites. Our results
suggest C; most likely adsorbs as H-bonded propene, rather
than as a bound alkyl (i.e., alkoxide), and that there is a weak
influence of void environment on the stability of H-bonded
propene. Hexene isomers are more stable in MFI intersections
compared to channels and are more sensitive to void
environment than propene as they are larger and more
susceptible to steric penalties when confined in smaller void
environments. Propene dimerization transition states are
destabilized, relative to H-bonded propene precursors, in
channels compared to the intersection, suggesting that the
energetic penalty of framework distortions outweighs the
stabilizing effects of enhanced dispersive interactions. These
DFT data predict lower dimerization rate constants in smaller
channel voids, suggesting that observed rate increases in
DABCO- and EDA-based MFI over TPA*-based samples
reflect increases in effective propene diffusivities that exceed
concomitant decreases in intrinsic rate constants.

2. METHODS

2.1. Experimental Methods. The MFI zeolite samples
tested in this study were synthesized using different
combinations of organic and inorganic SDAs according to
previously reported protocols.”””” Furthermore, TON and
MFI samples showed for comgarison in this study were
reported in previous publications.”*** Powder X-ray diffraction
(XRD) and calculated micropore volumes from N, adsorption
isotherms (77 K) were used to verify the framework topology
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Table 1. Characterization Data of MFI Zeolites Synthesized With Different SDAs

sample” SDAs” Si/ Al (solid)
MFL-DABCO-3.3 DABCO, MA, Na* 44
MFL-DABCO-12.7 DABCO, MA, Na* 44
MFI-EDA-8.2 EDA, TPA* 58
MFL-Cie-0.03 Coeer Na* 47
MFI-TPA-0.06 TPA*,Na* 54
MFI-TPA-0.33 TPA*,Na* RN

HY/AlL," H*/u.c.’ Al"/Total NMR visible AV length®/um
0.95 1.9 0.98 3.3 £ 06
0.85 1.8 0.98 12.7 £ 2.1
0.92 1.6 0.97 82 + 1.6
0.81 1.3 0.97 0.03 + 0.01
0.80 1.4 0.06 + 0.01
0.84 1.4 0.33 + 0.07

“Sample nomenclature is MFI-X-Y, where X indicates the major organic OSDA, and Y denotes the crystallite size measure by SEM. YSDAs used
during synthesis. “Determined by ICP-OES. Uncertainty is +£10%. “Determined from liquid-phase NH, ion exchange followed by NH,; TPD.
Uncertainty is +10%. “Calculated from elemental analysis and unit cell formula. /Calculated from ?’Al solid-state NMR. AI"Y corresponds to the 56
ppm signal and spinning side bands and uncertainty is +0.05. $Average crystallite size estimated by SEM. Uncertainties are represented by standard

deviation.

and crystallinity of MFI and TON samples. The number of
proton sites initially present on each sample prior to reaction
(H{) was quantified by NH, temperature-programmed
desorption (NH; TPD). NH; TPD experiments were not
used to assess acid strength to avoid the previously
documented difficulties with interpreting NH; TPD pro-
files, " but the individual profiles are reported in Section
S2.3 of the Supporting Information. Elemental analysis was
performed to quantify the corresponding amounts of Si and Al
present in each sample. Detailed synthesis procedures and
characterization techniques are discussed in Section S1 and S2
of the Supporting Information. Propene oligomerization
reactions were performed in a stainless-steel tubular reactor
where the effluent composition was analyzed using a gas
chromatograph (GC). Dimerization rates were estimated from
rates of product formation using eq I:

1
Tm = Tg + Ty + E(r4 + 1o+ 1, 4 g+ 1) 0

where r, corresponds to the rate of formation of products of
carbon number n to consider the formation of products
different than dimers (detailed discussion of eq 1 can be found
in previous reports”">*). We do not report a carbon balance as
the difference in propene peak areas quantified by the GC
before and during the reaction is within experimental error at
the low conversions we studied (X < 1%).

Absolute errors in measured rates were calculated by
propagating the uncertainties relating the quantification of
the number of Hj sites, the amount of catalyst loaded, and the
errors from fluctuations in the reactant GC peak areas
compared to the internal standard when bypassing the reactor.
Moreover, steady-state rate was reported as the value measured
after dimerization rates changed <4% over 8 ks to account for
samples that continued to decrease slightly over time. More
information about the reactor setup and data analysis is
provided in Section S3 of the Supporting Information.

2.2. Computational Methods. DFT calculations were
performed using the Vienna ab initio simulation package
(VASP)**™ executed in the computational catalysis interface
(CCI).* Projector augmented wave (PAW) potentials were
used to build planewaves with an energy cutoff of 400 eV.”’
The Perdew—Burke—Ernzerhof (PBE) exchange correlation
functional®® was used with the DFT-D3 method with Becke—
Johnson (D3BJ) damping to capture dispersive interac-
tions.*”*

DFT calculations were performed using the MFI unit cell
obtained from van Koningsveld"' with fixed unit cell
parameters (a = 20.090 A, b = 19.738 A, ¢ = 14.7670 A, a =

B =7 =90°) because this zeolite structure is less susceptible to
restructuring during optimization.*” MFI has 12 crystallo-
graphically unique T-sites each bound to 4 O-sites, generating
48 T/O site-pairs. Cj-derived adsorbates (1-propyl-Z, 2-
propyl—Z, and H-bonded propene), C4 H-bonded alkenes (n-
hexene, 2-methylpentene, 3-methylpentene, 2,3-dimethylbu-
tene, and 3,3-dimethylbutene) and dimerization transition
states were examined at all accessible O-sites. T-sites and O-
sites were labeled according to the indices from the
International Zeolite Association (IZA).* This index, along
with the corresponding labeling from van Koningsveld,*' is
listed in Table S2 of the Supporting Information. Gas phase
calculations of propene and Cg alkene isomers were modeled
in a 15 X 15 X 15 A® vacuum unit cell. No atoms were
constrained (frozen) during structural optimizations, pathway
calculations, or transition state searches.

Structures were optimized in a two-step process using a fast
Fourier transform (FFT) grid to calculate forces. Structures
were first converged to <107* eV energy variation between
iterations and a max force of <0.05 eV A™! per atom with an
FFT cutoff 1.5X the planewave cutoff. They were subsequently
converged with an energy variation of <10™® eV between
iterations and the same max force of <0.05 eV A™! with a cutoff
2X the planewave cutoff. This method was chosen because it is
~3% more efficient than a single-step optimization.”® The
Brillouin zone was sampled at the gamma point.*

Propene dimerization was modeled at O25 of T11 using the
nudged elastic band (NEB) method** with 16 images and
converged until forces on all atoms were <0.5 eV A™" per atom.
The dimerization transition state was then isolated using the
Dimer method* and optimized using the two-step method
described above until the force per atom was <0.05 eV A™".
The O25 dimerization transition state structure was then
relocated and reoptimized at the remaining 47 O-sites using
the two-step optimization method.

All optimized adsorbate and transition state structures were
systematically reoriented according to the method detailed in
our prior study®® to increase the probability of finding the
global energy minima and most energetically favorable
transition states. Reorientations were performed based on the
interactions of each state with the framework. Although this
method does not guarantee the global minima will be obtained,
it was shown to decrease DFT energies from user-generated
structures by 10—50 kJ mol™ while being ~100X less
computationally expensive than ab initio molecular dynamics
and is readily accessible to rigorous transition state searches
absent any constraints.
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Figure 1. Dimerization rates measured at 503 K, 315 kPa C;Hg plotted against time on stream for (a) MFI-DABCO (dark blue) and MFI-EDA
(light blue) series used in this study and for (b) MFI-TPA series with different crystal sizes adapted from Bickel et al.”® Copyright 2023 American

Chemical Society. Error bars reflect absolute values.
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Figure 2. Measured dimerization rates (503 K, 315 kPa) initially (dark blue or dark gray) and after regeneration in flowing Ar (50 ks, light blue or
light gray) on (a) MFI-DABCO-12.7 (triangles) and (b) MFI-EDA-8.2 (diamonds) used in this study and (c) MFI-TPA-0.06 (circles) adapted
from Bickel et al.** Copyright 2023 American Chemical Society. Error bars reflect absolute values.

Vibrational frequencies were calculated for the lowest energy
structures of all states using a fixed displacement method,
wherein all adsorbate atoms and the T-site (AlO,”) were
displaced. Vibrational frequencies were then used to calculate
zero-point vibrational energies (ZPVE) and temperature-
corrected enthalpies (H), entropies (S) and free energies
(G) according to the equations in Section S6 of the Supporting
Information. Except for imaginary modes along the reaction
coordinate, low frequency vibrational modes (<60 cm™) were
replaced with 60 cm™ to improve the accuracy of entropy
estimations, as done in previous studies.”” ™%

3. RESULTS AND DISCUSSION

3.1. Experimental Results. A summary of the phys-
icochemical properties of MFI zeolites synthesized with
different SDAs and varied crystal sizes (0.06—3.3 um) is
shown in Table 1. MFI samples have similar H* content (Si/Al
~ 50, H*/u.c. ~ 1.6) and the majority of Al incorporated in the

7124

framework as quantified by NH; TPD (Hj/Al,, > 0.80) and
YAl solid-state NMR (AI"/Total NMR visible Al > 0.97)
from,” but were synthesized with different combinations of
organic and inorganic SDAs (synthesis details and character-
ization data, Sections S1 and S2, Supporting Information).
MFI-DABCO samples were synthesized using a 1:1 mixture of
DABCO and methylamine, while MFI-EDA was prepared with
EDA and minor quantities of TPA" as the co-OSDA (EDA/
TPA* = 15). Additionally, MFI-TPA samples (previously
reported in studies of propene oligomerization reactions”**")
prepared using the conventional OSDA (TPA") and a TPA'-
like diquaternary ammonium OSDA (Cgg) are shown in Table
1. While NMR spectra were not measured directly on all
samples, our previous work examining toluene methylation
kinetics showed that AI'Y/Al,, values did not vary systemati-
cally between the TPA-based materials (0.96—0.98) and the
materials synthesized using EDA (0.97—0.99) or DABCO
(0.98).>> Based on this previous work using these same

https://doi.org/10.1021/acscatal.5c00392
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Scheme 1. Reaction Scheme for Propene Dimerization on the Zeolite Acid Site (H—Z)
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materials,” we conclude these MFI samples contain similar H*
site density (H"/u.c. ~1.7) and varied crystal sizes (0.03—12.7
pum), wherein MFI-TPA samples contain predominantly H*
sites in larger channel intersections while MFI-DABCO/MFI-
EDA samples contain significant fraction of H* sites in smaller
channel environments. Our MFI-TPA samples (0.06—0.33
um) are expected to behave similarly to commercial MFI
samples with comparable crystal size based on our prior
comparisons between commercially sourced samples and TPA-
synthesized materials.'>*>*%>°

Propene dimerization rates (per Hj, 503 K, 16—605 kPa
C;Hy, conversion <1%) were measured on MFI-DABCO and
MFI-EDA samples of varied crystallite size (3.3—12.7 ym).
Dimerization rates decreased with time-on-stream and
approached steady-state values for all samples at 315 kPa
C;H (Figure 1a) and at other propene pressures (16 and 615
kPa C;Hy, Figure S16, Supporting Information). After purging
in Ar at reaction temperature (503 K), initial rates and
subsequent transient decrease with time-on-stream were
recovered (Figure 2). Regeneration of the catalyst in an inert
gas, in contrast to a high temperature (>793 K) oxidative
treatment, indicates deactivation caused by the accumulation
of highly saturated products (e.g, alkenes) and not the
blocking of acid sites by highly unsaturated polyaromatic coke
precursors. Regeneration in an inert or vacuum treatment (673
K) following alkene oligomerization was similarly observed in
prior studies on MFL>""* as well as in our own work,”**® and
attributed to the removal of an occluded hydrocarbon phase.

These occluded products inhibit the diffusion of propene
and alkene products by decreasing their effective diffusivities,
thereby imposing diffusional constraints on measured rates.”*
Transport limitations are evident from steady-state dimeriza-
tion rates (per Hj, 503 K) that systematically decrease with
increasing crystallite size within either the MFI-DABCO or
MFI-EDA series of samples (Figure la), and as reported
previously for MFI-TPA series of samples (Figure 1b),”* as
expected when measured rates are limited by intrazeolite
diffusion. Furthermore, the extent of the imposed transport
limitations is dependent on the composition of the intrapore
alkene phase, which was shown to be sensitive to reaction
conditions (temperature and pressure) and zeolite properties
(acid site density and framework topology).”****

The derivation of an effective rate constant (k) for propene
dimerization, measured coupled with diffusion, was discussed
in previous literature and will be summarized here.”* DFT-
calculated barriers are higher for C—C coupling compared to
product desorption,"”>* and isotopic scrambling experiments
demonstrating facile double bond isomerization are consistent
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with C—C bond formation as the rate-determining step.”*
C;Hj first adsorbs at a bare H=Z site (K4c,):
HZ + C;Hq(g) = (C;Hy) — HZ (2)

followed by a second adsorption of gas-phase C;Hg near a
C;Hg—Z species (I<ads,C3,C3*)

I<ads, C3

C;H¢ — HZ + C;H(g) = (C3Hy), — HZ

3)

and the subsequent dimerization of the two C;H4 molecules
(kdim)
(C,H,), — HZ > CH,, - HZ

I<ads,C3,C3*

(4)

as outlined in Scheme 1. The absence of IR features associated
with OH stretching in MFI (10 kPa C;Hy) suggests the surface
is covered,'® and measured first-order rates are consistent with
a surface covered in a C;H-derived species, likely a H-bonded
propene or a propyl species bound to the zeolite framework O
atom. We can then write the following rate equation for C;Hg
dimerization on a C;Hg-covered surface

2
Kads,C31<ads, C3,C3 *kdim[C3H6]

I<ads, CS[C3H6]

= Kias,c3,c35Kdiml C3Hgl = kg C3Hgl

kdim

dim _
L

(5)

where K; and k; terms are defined for eqs 2—4 above, [C;H,] is
the pressure of propene (normalized by 1 bar standard
pressure), and ke (=K,goc,c,*kaim) is the effective first-order

rate constant for the reaction under kinetically controlled
conditions. This effective rate constant can be written in terms
of the difference in free energy of the transition state relative to
the first adsorbed C;H species (AG*)

k. = kT o~ AGH/RT
T (6)

As described above, propene oligomerization rates at steady-
state are influenced by intrazeolite diffusion restrictions caused
by transport barriers introduced by accumulation of large
alkene products within the zeolite pores. Therefore, effective-
ness factor formalisms were used to examine the dependence
of measured dimerization rates on crystallite size. In the limit
of strong mass transport limitations, the effectiveness factor
becomes the inverse of the Thiele modulus (®), irrespective of
catalyst geometry, such that the observed rate can be written as
a function of a characteristic path length, L:*®
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—_—

kgD, ( 2 )
i = —|C
dim, obs \/ L 3,5

[Hg]
where [H{] is the number of active sites per crystallite volume,
L is the characteristic path length for diffusion (taken here as
the average length of the shortest dimension of the crystallite),
and D, is the effective intrazeolite diffusivity of propene within
the zeolite micropore. Rearrangement of eq 7 gives a linear

()

expression
+41/2
rdim,obs[HO] % 1
= effDe -
2C3,S L (8)

such that normalized rates are linearly proportional to L7,
with a slope that reflects a convolution of kinetic and transport

effects: /k.4D,. Measured rates on MFI-DABCO and MFI-
EDA samples, and for MFI-TPA and TON samples reported in
previous work,”**" indeed depend on L™ as shown for 315
kPa C;Hj in Figure 3 (and at 16 and 60S kPa, Figure S16 of
Supporting Information).

Values of \/kD, on MFI samples synthesized with TPA
were ~9X lower than MFI samples synthesized using either
EDA or DABCO and were ~54X lower than on TON (Figure
3b). MFI channels are similar in diameter (~5.5 A diameter)
to the unidirectional straight channels of TON (~5.7 A diam),
and MFI-EDA and MFI-DABCO materials were shown to
have similar p-xylene selectivities to TON materials in our
prior study of toluene methylation kinetics.”® Taken altogether,

koD, values increase as the size of confining voids around H*
sites decrease (Table 2), and this is also observed at lower (16

kPa) and higher (60S kPa) propene pressures (Table 2),
suggesting that MFI-EDA and MFI-DABCO materials

consistently have higher \/k 4D, values than MFI-TPA zeolites.

Variations in ,/keffDe values across pressures arise because

Table 2. Steady-State ,/k.4D, Values for Propene
Dimerization (503 K) at Different C;H¢ Pressures

kgD /(m3molH3'_ls_2)l/2 pm

sample
16 kPa C;Hy 315 kPa C;Hg 605 kPa C;H,
MFI-TPA 213 x 1073 320 x 1074 1.82 x 107
MFI-DABCO/EDA 5.05 X 1072 273 X 1073 2.08 X 1073
8.57 X 1072 1.73 X 1072 141 x 1072

TON

propene pressure influences product distributions and there-
fore the nature of the occluded alkenes that fill MFI pores, and

thus would influence D, values.

This increase in \/kgD, values with decreasing void size is
consistent with prior work, where rate constants followed a
trend based on void size as TON > MFI > BEA > FAU >
ASA."” This was rationalized by stronger van der Waals
interactions in smaller void environments that preferentially
stabilized the dimerization transition state relative to the
propene-derived precursor.”> However, these measured
propene dimerization rates, as evident in their dependence
on crystallite size in Figure 3a, reflect a convolution of kinetic
and transport properties. To distinguish between these
influences, we next turn to DFT to assess the kinetic influences
of acid site location in MFI on propene dimerization reactions

to gain insights into the changes in \/k 4D, measured between
MFI-EDA/MFI-DABCO and MFI-TPA samples.

3.2. Adsorption Energies of Propene. As shown in
Scheme 1, k. values depend on the stability of a bound
propene, as well as the stability of the dimerization transition
state, such that an effective free energy barrier (AG*) can be
described as the energy difference between these two states

©)

t_
AG" = Giet-z 7 — Ger — Gengy)
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Therefore, we start by considering how acid site location
influences propene adsorption energies.

Upon propene adsorption at a Bronsted acid site, its C=C
double bond can interact with the proton to form a H-bonded
propene (Figure 4a), or a C atom can react with the proton to

"’( NS b)( NN NN Y]
3 —¥ | g %/ ¥R %
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Figure 4. Adsorption free energies (AG,g, ¢, k] mol ™, eq 10) at 503 K

for propene adsorbed as (a) H-bonded propene, (b) 1-propyl—Z, and
(c) 2-propyl-Z at MFI 025/T12 viewed through the sinusoidal
(top) and straight (bottom) channels.

form a chemisorbed primary 1-propyl-Z (Figure 4b) or
secondary 2-propyl—Z (Figure 4c) bound to a lattice oxygen.
We evaluated how the void environment influences the
individual and relative stabilities of all three species by
calculating adsorption Gibbs free energies (AG, 4, ¢, k] mol™):

AGads,C3 = Gepr — (Gyz + GC3H6(g)) (10)

for 1-propyl—Z, 2-propyl—Z, and H-bonded propene at all
accessible O-sites in MFI (Figure Sa). Of the 48 T/O-sites, 6
(those at 04, 020, and O24) are inaccessible to propene as
they are in 4-MR and 5-MR subunits of MFL. DFT calculations
suggest H-bonded propene is the most stable adsorbate at 40
out of the 42 remaining O-sites, and 2-propyl—Z is the most
stable at the remaining 2 O-sites (Figure S). Prior
oligomerization literature suggested 2-propyl—Z as the most

likely C; intermediate, based on binding free energies (503 K)
at O3/T2 on TON from DFT"® and binding enthalpies (513
K) at T12 in MFI from ab initio QM/MM calculations®”
indicating 2-propyl—Z was ~10 kJ mol™" more stable than H-
bonded propene. Computational studies comparing the
stability of H-bonded alkenes, alkeniums, and alkoxides using
DFT with an MP2 correction predicted more favorable
adsorption free energies for H-bonded alkenes compared to
alkoxides for C3—CS species in FER (323 and 623 K)*® an
C,—C, species in CHA (673 K).*” Our static DFT calculatlons
predict H-bonded propene as the more favorable binding
mode compared to prior DFT work likely because our
adsorbate-specific reorientations found more stable structures
by considering numerous configurations, demonstrating that
the accuracy of DFT can be improved through this
reorientation method. Although much work has been devoted
to elucidating the binding mode of these adsorbates,
experiments indicate alkene protonation and deprotonation is
rapid compared to C—C bond formation and cleavage over a
wide temperature range (473—856 K); thus, interconversion
between surface-bound alkyls and H-bonded alkenes should be
facile.”#**7%° It is therefore reasonable to assume that C,
adsorbates are quasi-equilibrated, can interconvert between
alkyl and H-bonded alkenes, and can easily alternate between
the accessible O-sites at each T-site.

O-sites were categorized based on the void environment
within which they reside (Table S2, Supporting Information),
but it is important to note that although framework O atoms
can be assigned to a specific environment, it does not prevent
an adsorbate from accessing a different environment nearby.
On average, AG,q,c, values (for all three forms of C;) are
lower in intersections compared to the straight or sinusoidal
channel environments. Comparing intersections to channels,
AG,q4,c, values of H-bonded propene are 9 kJ mol ™ lower
(indicating more favorable adsorption) in intersections than in
either channel, indicating a weak preference for intersection
environments. AGq,c, values of 2-propyl—Z and 1-propyl—7,

in contrast, are ~20—40 kJ mol™’ less stable in channels than

90
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Figure S. (a) Adsorption free energies (AG,qc, k] mol™, eq 10) for 1-propyl—Z (circles), 2-propyl—Z (squares), and H-bonded propene

(triangles) in the sinusoidal channel (dark blue), straight channel (light blue), and intersection (green) at 503 K. Average AG,4,c, per C; adsorbate

in each environment are denoted with lines (dotted for 1-propyl—Z, dashed for 2-propyl—Z, and long dashes for H-bonded propene). (b) The

difference between the adsorption free energy of 1-propyl—Z and H-bonded propene (AG
— AG 45 H-bonded propene) at all T/O-sites. (c) The lowest AG, g, c, of all C; adsorbates per T-site. A

propyl—Z and H-bonded propene (AG

ads,2-propyl-Z

ads,1-propyl-Z AGacls,H-bonded propene) and between 2-

reorganized version of this figure organized by T-site instead of O-site (Figure S19) and structural images of the best C; adsorbate per T-site

(Figures S22 and S$33) are included in the Supporting Information.
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in the intersections, indicating a greater extent of destabiliza-
tion for both alkyls relative to H-bonded propene in the more
confined channels. This is alternatively evinced by plotting the
differences in adsorption energies between the propyl and H-
bonded propene forms (Figure Sb). In sinusoidal and straight
channels, the propyl—Z forms are ~20 to ~40 kJ mol™" less
stable than their H-bonded propene counterparts, and 1-
propyl—Z is more stable than 2-propyl, which is more sterically
hindered. In intersections, the propyls are only slightly less
stable (5—10 kJ mol™" shifts in average AG 4, values) than

their propene counterparts, and 2-propyl—Z is more stable on
average than 1-propyl, as expected for an unconfined site
because the secondary C in 2-propyl-Z is more suited to
handle its partial positive charge.

Given that C; adsorbates are expected to be quasi-
equilibrated across the accessible O-sites at each T-site,
AG,q4,c, were plotted to show the most favorable binding

location (O-site) and form (H-bonded alkene or surface-
bound alkyl) for each T-site (Figure Sc). Our calculations
indicate that propene should adsorb as H-bonded propene at
11 out of 12 T-sites in MFI and bind as 2-propyl—Z at TS in
the MFI intersection. We also observe that propene binds most
favorably in the intersection at 9 T-sites, in the sinusoidal
channel at T4 and T7, and in the straight channel at T3. This
result is partly because most of the 23 accessible O-sites are in
the intersection (15) compared to the sinusoidal (5) and
straight (3) channels, but there is a slight preference for C,
adsorption in intersections as seen in Figure Sa. Overall, C;
adsorption energies vary by 19 kJ mol™' comparing the
strongest-binding site (T12) and weakest binding site (T8),
both of which bind propene in intersections.

To gain insights into the factors impacting propene
adsorption energies, we constructed a thermochemical cycle
that decomposes the adsorption energy into S steps:

AE,, = DPE + AE;,, + PA + AE

chem

+ AEclisp (11)

DPE is the deprotonation energy of the acid site, AE gy iS
the energy to distort the zeolite framework in the presence of
the corresponding adsorbate, PA is the proton affinity of
propene to form the adsorbate species, AEg., is the
chemisorption energy of the corresponding protonated species,
and AEy, is the dispersive component of the adsorption.
Among these, PA is a gas-phase reaction that converts propene
into cationic 1-propyl and 2-propyl species in the case of
adsorptions to form 1-propyl-Z and 2-propyl—Z. H-bonded
propene is not protonated, such that its PA is 0. These large
differences in PA between alkyl and H-bonded alkenes are
offset by large differences in AE.,, which reflects a
combination of confinement and the strength of the O—H
bond formed in the case of H-bonded propene and the O—C
bond formed in the case of propyl—Z species. To facilitate
comparisons among these three species in how confinement
effects influence their adsorption energies, we will combine PA
with AEg,,, steps (Scheme 2)

AEalds = DPE + AEdistort + AEPA+chem + AEdisp (12)

DPE was calculated at all O-sites in MFI and ranges ~30 kJ
mol™!, consistent with prior predictions for MFL®' DPE
averages across each void environment are within 6 kJ mol™"
(1649 kJ mol™ in the intersection, 1651 kJ mol™" in the
sinusoidal channel, and 1655 kJ mol™" in the straight channel),
suggesting acid strength is not a function of confinement.
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Scheme 2. Thermochemical Cycle for Adsorption of C;Hg
Near an Acid Site as H-Bonded Propene or a Surface Bound
Alkyl

C3He(q) + H'(g) + Zgist

AEdistort,CB AEPA+chem,C3
C3HG(9) + H+(g) +2Z" C3H70_rzdist
C3Hg---HZ it
DPE AE gisp c3

C3H7_Zdlst disp
C3H6"'szlst disp

AEads,CS

Because changes in DPE are compensated by changes in
AEg,.., as demonstrated in prior work,”” and do not vary
systematically with void environment, these modest changes in
DPE are not likely to significantly govern trends in C;
adsorption. The three remaining energies, AEgon AEgy
and AEpy, ey are reported for each C; adsorbate and
averaged across O-sites in each void environment (Figure 6).
The distortion energy for a C; adsorbate, AEgnc, reflects

the energetic penalty to contort the flexible zeolite framework
to either mitigate steric constraints or maximize dispersive
interactions.'”***° To calculate AEgigon,c, at each T-site, the

adsorbed C;* species was removed and the energy of the
empty distorted anionic framework (Edisp,C3, Z;‘) was calculated

relative to the optimized (nondistorted) structure:

AEclis'(or'(,C3 = Edisp,CA,Z;“ - EZ7

(13)
The average AEg . c, for each C; adsorbate across all the

T/O-sites in a given environment is shown in Figure 6b. The
average AEg.. c, for all C; species is lowest in the intersection

(88—92 kJ mol™") compared to the straight (97—107 kJ
mol™") and sinusoidal channels (99—103 kJ mol ™), indicating
that channels distort more upon C; adsorption, despite the
small size of C; adsorbates. It is important clarify that this
distortion is likely not caused by the zeolite framework flexing
to “fit” these small species in the channels, but rather local
distortion of the acid site related to the nature of the
interaction between the adsorbate and O-site, as discussed
further in Section 3.4. Among binding modes, H-bonded
propene has the lowest AEg ., in all three void environ-

ments, as expected, because the O—H bond is not replaced
with an O—C bond as done in the propyl forms and H-bonded
propene can therefore access more stable confirmations with
minimal acid site distortion.

The effect of stabilizing adsorbate—framework interactions
was assessed by calculating AEy, ¢, (kJ mol™):

Edisp,C3(g) + Edisp,H+(g))
(14)
using the dispersive energy component of the total DFT-

predicted energy for each state, analogous to previous
calculations."? Although van der Waals interactions include

AEclisp,C3 = Eclisp,C;k - (Edisp,Z‘gﬁ'm +
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Figure 6. (a) Average AG,q,c, (eq 10) at 503 K, (b) average AE o c, (eq 13) relative to an empty unit cell, (c) average AE g, (eq 14), and (d)
average AEpa, hemc, (€q 15) for 1-propyl—Z (circles), 2-propyl—Z (squares), and H-bonded propene (triangles) in the sinusoidal channel (dark

blue), straight channel (light blue), and intersection (green).

steric repulsion, the dispersive component accounts for only
the stabilizing forces and therefore will only become more
negative as confinement increases. A more negative AEdiSP‘C3
corresponds to stronger dispersive interactions and greater
stabilization, and C; species in the intersection are less
stabilized (by ~10 k] mol™") on average than species in either
channel (Figure 6¢). These AEg, c, values decrease within the
more-confined MFI channels, despite adsorption energies
being lower in intersections than in channels (Figure 6a),
because they only describe attractive forces that become more
exothermic as void size decreases and do not account for the
distortion energies previously discussed. These trends in
AEgor,c, and AEg, ¢, indicate that propene species bound
in the intersection minimize framework distortions at the
expense of weakening dispersive interactions, while binding in
the channels strengthens dispersive interactions at the cost of
increased distortion. Similar compensations have been
reported in prior studies of confinement effects.””' Here,
these effects nearly cancel out for H-bonded propene, resulting
in approximately constant AG,4c, values across the three
environments (Figure 6a), but lead to higher average AG 4.,
in the channels for the more sterically restricted 1-propyl—Z
and 2-propyl—Z species.

The remaining component of the thermochemical cycle,
AEpa;chemcy can be calculated by subtracting AE g0, and

AEy,c, from AE 4 c.:
AEPA+chem,C3 = AEads,C3 - AEdistort,C3 - AEdisp,C3 — DPE
(15)
In the case of H-bonded propene, with a PA of 0, AEp,, ghem,c,
solely reflects the chemisorption energy, or the strength of the
interaction between the adsorbate and the acid site as well as
steric interactions between the adsorbate and the framework.
For 1-propyl—Z or 2-propyl—Z, AEps,emc, also reflects the
protonation and rearrangement of gas phase propene to form
these species. Given the different definitions, AEpa,chem,c,
values between the three species cannot be readily compared.
The average AEpy.chem,c, across the three void environments
varies by only 7 kJ mol™ for H-bonded propene but is more
sensitive to environment for 1-propyl-Z and 2-propyl-Z
(Figure 6d). This suggests surface-bound alkyls incur greater
steric penalties in the smaller channels, which would result in
less negative AEps,hem,c, Values, likely because the covalent
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bond constrain these adsorbates closer to the framework
compared to H-bonded propene and restricts these species in
the confirmations they can adopt. This is further supported by
the higher average AEpy. chem,c, Of 2-propyl—Z, which has fewer

degrees of freedom because of the covalent bond to the second
carbon atom, compared to l-propyl—Z in the straight and
sinusoidal channels (Figure 6d).

Opverall, this thermochemical cycle shows how the flexibility
of H-bonded propene results in it being less sensitive to the
binding environment than either alkyl form, which are
particularly penalized in channel environments. Furthermore,
it demonstrates how dispersive interactions are more
exothermic in the tighter channel environments than in the
less-confined MFI intersections, but that these benefits are—
for H-bonded propene—nearly exactly offset by larger
distortions of the MFI framework and its resulting energy
penalties.

3.3. Hexene-Derived Adsorbates. C; propene dimeriza-
tion products—hexenes—may serve as a proxy to dimerization
transition states and can assess how alkene size and shape
(through Cg's distinct skeletal isomers) affect trends in
thermodynamic stability. Only the H-bonded form of Cg
alkenes were examined to simplify the configurational space
to analyze, given that there are 13 C4 alkene isomers to
consider, and because an H-bonded complex is likely the most
stable configuration based on assessment of C; adsorbate
binding (Figure 5). Formation free energies (AGiymc, kK

mol™") were calculated relative to a bare acid site and two gas
phase propene species:

AGform,C6 = GC: - (GH—Z + Z*GC3H6(g)) (16)
for each of the 13 C4 H-bonded alkene isomers at all accessible
T/O-sites. The reference state of two gas-phase propene
molecules was chosen, rather than the corresponding gaseous
C, alkene, so that each bound C4 isomer would have the same
reference state. Previous experimental work demonstrated
double bond isomerization is facile relative to C—C bond
formation at propene oligomerization conditions;>**%~
therefore, we show here the most favorable double bond
isomer for each of the 5 C4 alkene skeletal isomers at each T-
site (Figure 7). Of the S skeletal isomers, four were estimated
to be equilibrated with one another in MFI, with only 2,2-
dimethylbutene present at lower-than-expected concentra-
tions.”* In agreement with that finding, our calculated AGgymc,

values are largest for 2,2-dimethylbutene, consistent with its
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Figure 7. Adsorption free energy (AGgom,c, KJ mol™!, eq 16) at 503 K

for the most favorable of each of the 5 skeletal C4 H-bonded alkene
isomers per T-site and in the gas-phase: n-hexene (light red), 2-
methylpentene (orange), 3-methylpentene (red), 2,3-dimethylbutene
(dark red) and 2,2-dimethylbutene (black). All alkenes are at O-sites
in the intersection except those with a star, which are in the sinusoidal
channel. The corresponding images of the C4 H-bonded alkene
structures are in Figures S34—S45 in the Supporting Information.

inability to form in equilibrium with the other four skeletal
isomers, which have much more similar AGg,, c, values and

generally trend as 2,3-dimethylbutene > n-hexenes >2-
methylpentenes >3-methylpentenes. These trends among
isomers do not significantly vary with changing Al site. The
relative stability of C4 isomers is generally consistent with the
gas phase formation energies, except for 2,3-dimethylbutene,
which is the most thermodynamically favored in the gas-phase
but is destabilized relative to the other isomers upon
confinement. In comparing T-sites, AGg,n,c, values vary

more for bulkier isomers, such as 2,2-dimethylbutene (a
range of 42 kJ mol™"), than for less-bulky isomers, such as n-
hexenes (a range of 30 kJ mol™"). This, like the variations in
adsorption energies observed for C;, indicates that the zeolite
void environment has larger impacts on bulky or sterically
hindered adsorbates than those that have greater flexibility.
Generally, formation energies of these Cg species are more
sensitive to acid site location than H-bonded propene.
Furthermore, Cg species, like propene, prefer to reside in
MFI intersections over MFI channels, with only T4 (the sole

T-site without access to the intersection) and some isomers at
T7 preferring adsorption at O-sites within the sinusoidal
channel as counter-examples.

The same thermochemical cycle proposed for C; adsorption
(Scheme 2) was applied to Cg alkene formation (Scheme S1).
Similarly to H-bonded propene, there is no protonation of the
H-bonded C4 alkene, but there is rearrangement of the 2
propene molecules to form a C4, which corresponds to the gas-
phase formation energy (AGg,mc, Figure 7). The analogous

form of eq 15 was applied to C4 alkenes to obtain a
AEpp,chem,cy Where PA is actually gas-phase AEg,, ¢, and the

gas-phase formation energy of the corresponding isomer was
subtracted to obtain AEge,c. The values of AGg,c,
AEgorcy AEgip,c, and AEg c, for the best isomer per O-
site were averaged across the three void environments for all
five Cg structural isomers (Figure 8). Following the same trend
observed for C, adsorbates, the strongest binding (lowest
AGgymc,), the smallest distortion energies, and the weakest

(least negative) dispersive energies are in MFI intersections.
Whereas H-bonded propene had comparable average AG,q4c,
values across the three void environments (Figure 6a), the
average AG,,c, of all C4 isomers increases by 10—56 kJ

mol™" in the sinusoidal channel and 20—43 kJ mol™ in the
straight channel compared to the intersection (Figure 8a). Just
as surface-bound propyl—Z structures appear to exacerbate the
effect of confinement on AG,c, compared to H-bonded

propene, increasing the pi-bonded alkene size from C; to Cg,
and increasing its branching, similarly results in consistently
higher average AGg,,c, values in the more confined MFI
channels.

Comparing AEg ¢, (Figure 8b), bulkier 2,2-dimethylbu-
tene and 2,3-dimethylbutene have larger distortion energies in
MFI channels than n-hexenes, 3-methylpentenes, or 2-
methylpentenes. Distortion energies are generally lower in
intersections, as expected, and show less variation among these
skeletal isomers, indicating that MFI intersections are large
enough to accommodate all isomers without significant
distortions of the framework. As expected from propene
adsorption data, the MFI intersection has the weakest
dispersive interactions among the three environments and is
nearly constant for all five isomers, suggesting they experience
similar stabilization in the larger void environment despite
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Figure 8. (a) Average AGi,mc, (eq 16) at 503 K, (b) average AEg ¢, (eq SS) relative to an empty unit cell, (c) average AEggc, (eq S6), and
(eq S7) in the sinusoidal channel, straight channel, and intersection for each of the 5 skeletal C; H-bonded alkene isomers: n-
hexene (light red), 2-methylpentene (orange), 3-methylpentene (red), 2,3-dimethylbutene (dark red) and 2,2-dimethylbutene (black).
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Scheme 3. Propene Dimerization Between a (a, b) 1° Alkyl and Propene or (c, d) a 2° Alkyl and Propene. Our DFT
Calculations Predict the Lowest AG* (eq 9) for the Pathway Highlighted in Blue.
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Figure 9. C;H, dimerization transition state structure at (a) T4/011 and (b) T12/025 viewed through the sinusoidal (top) and straight (bottom)
channels. Reaction coordinate diagram for C;H, dimerization at (c) T4 and (d) T12 with effective and intrinsic (italics) free energy barriers at 503

K.

different degrees of branching. More negative average AEg,c,

values are observed in the channels for all species, but the
range is isomer dependent, with n-hexene being the least
stabilized compared to the intersection while 2,3-dimethylbu-
tene is the most stabilized. For Cg species, given the propene
reference states, the AEy.,c, values reflect less negative

chemisorption in the channels for all isomers, except n-hexene
with approximately constant values, consistent with greater
unfavorable steric interactions between the framework and
adsorbate that are exacerbated by increased branching. These
results demonstrate that H-bonded Cg alkenes are destabilized
in the smaller channel environments relative to the intersection
with bulkier isomers such as 2,2-dimethylbutene and 2,3-
dimethylbutene penalized to an even greater extent.

3.4. Propene Dimerization. Next, we studied the
influence of void environment on propene dimerization
barriers. Propene dimerization has been proposed to occur
through one of two routes. In the “sequential” route, a H-
bonded propene is protonated to form a surface-bound alkyl,
followed by the alkyl detaching from the framework to form a
carbocation that interacts with the C=C bond of a vicinal
propene to form a CgH;3" carbocation, which can then
deprotonate to form a Cg alkene.’***** In the ‘concerted’
route, an H-bonded propene is protonated to form a Cj
carbocation that reacts with a vicinal propene to form the same
6364 These transition states, in our view,
generally have no “memory” of whether they proceeded
through a bound-alkyl intermediate or not, such that the
discussion of whether the mechanism occurs by a sequential or
concerted route is likely irrelevant. As soon as the alkyl leaves
the surface (in the sequential route) or the H-bonded alkene is
protonated (in the concerted route), a C; carbocation is

Cg carbocation.
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formed that, from that point forward, interacts with a propene
to dimerize.”*** The C, carbocation can either be primary or
secondary, depending on which C atom is protonated, and that
carbocation can interact with either the primary or secondary
C atom in the C=C double bond. This results in four possible
transition states (Scheme 3) that vary in the substitution of the
C; and the C4 carbocations involved and produce distinct
skeletal isomers. However, as mentioned, these four skeletal
isomers can likely undergo isomerization reactions to form an
equilibrated mixture such that the selectivities among these
isomers should not necessarily reflect kinetic preferences
among their formation pathways.

The first-order effective free energy barrier (AG? kJ mol ™,
eq 9) was calculated for all 4 possible dimerization transition
state structures at two representative T-sites: T4, with O-sites
exclusively in the sinusoidal channel, and T12, with O-sites in
the intersection (Figure S48). Because the transition state is
agnostic to whether the mechanism is sequential or concerted,
we chose the most stable C; adsorbate as the reference state.
This state is H-bonded propene at all T-sites except TS, where
2-propyl—Z is the most stable C; adsorbate. At each T/O-site
considered, the transition state between a 2° carbocation and
the 1 °C of C;H had the lowest AG,* (Figure $48); therefore,
the remainder of our study investigates this transition state
structure. This transition state forms 2-methylhexenes, there-
fore AGgymc, for those isomers may be most indicative of

transition state stabilities.

We first compared T4 and T12, selected because both T-
sites have O-sites in a single void environment (the sinusoidal
channels and the intersection, respectively). The most stable
propene dimerization transition state for T4 occurs at O11
and, although O11 resides in the sinusoidal channel, the
transition state complex is preferentially located at the edge of
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in the Supporting Information.

the sinusoidal channel and the intersection (Figure 9a). This
suggests that even at T4—the only T-site nominally without
access to the intersection—adsorbates may be able to access
the boundary of the intersection, albeit with an energetic
penalty, depending on their size and the nature of their
interactions with the acid site, which may be a pertinent
distinction between T4 of MFI and T-sites of TON. At T12,
the most favorable transition state resides in the intersection
and is associated with 025 (Figure 9b). Propene dimerization
has a AG* of 111 kJ mol™ (Figure 9c) at T4/O11 and 70 kJ
mol™" (Figure 9d) at T12/025. This 41 k] mol™" difference in
AG* may be partly attributed to framework distortion at T4/
O11 to allow the transition state to access the intersection and
suggests propene dimerization transition states may prefer to
form in the intersection instead of the more restrictive
sinusoidal channel. We next expand our analysis of propene
dimerization effective barriers to all accessible O-sites in MFI
(35 sites out of 48 total O-sites) to more completely capture
the effect of void environment on the dimerization transition
state.

O-sites in the intersection have consistently lower AG*
values (70—111 kJ mol™") compared to the sinusoidal channel
(106—202 kJ mol™") and the straight channel (168—214 kJ
mol™') (Figure 10a). The average AG? value across all 15
intersection O-sites (87 kJ mol™) is 29 k] mol™ and 102 kJ
mol™" lower than those for the sinusoidal and straight
channels, respectively (Figure 10a). The intersection, similarly,
had the lowest average AG 4, for H-bonded propene and the

lowest AGyym c, for 2-methylhexenes (and all other isomers);

however, the differences among AG* values are significantly
exacerbated between the void environments compared to
AGysc, or AGgc, suggesting confinement effects are

substantially more pronounced for the Cg transition states
than for the Cg4 products or the smaller C; adsorbates. This
could suggest that the Cg dimerization transition state is larger
than the C4 product, given that the C—C bond is not yet
formed in the transition state (which also has one additional H
than the product). Despite both void environments comprising
10-MRs, AG? values for reactions at O-sites in the sinusoidal
channel are significantly lower than those in the straight
channel. This is somewhat misleading, as many of the
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dimerization transition states interacting with sinusoidal O
sites are able to reach the MFI intersection, such that the
transition state exists at the interface between the sinusoidal
channel and intersection (e.g, Figure 9a), leading to lower
AG¥ values.

Given that there are multiple accessible O-sites for a given
T-site, and we consider all transition states for those O-sites to
be accessible at rates proportional to their free energies, we
focus on the transition state with the lowest AG* per T-site
(Figure 10b). In contrast to AG,4.c, for C; species, which

sampled all 3 void environments, the most favorable transition
states for dimerization are in the MFI intersection for all T-
sites except T4, the only T-site without access to the
intersection. The most favorable dimerization transition state
with at T4 is at the interface between the sinusoidal channel
and the MFI intersection, as shown in Figure 9a, and this has
the highest AG* among all T-sites (111 kJ mol™"), 16 kJ mol™
greater than the next highest AG* at T7 (95 kJ mol™’, Figure
10b) and 41 kJ mol™ higher than the lowest AG* at TI.
Similar trends in AG* with void environment were also
observed when calculated relative to a bare site instead of H-
bonded propene (i.e., the second-order barrier, Figure SS3).
Previous DFT calculations predict that TPA* will preferentially
site Al to T12 while DABCO biases Al to T4.”*® As such,
these transition state energies would predict lower propene
dimerization rates on samples synthesized with DABCO or
EDA as the Al distribution is shifted from T12, with a AG* of
70 kJ mol™, to T4, with a AG* of 111 kJ mol™" (Figure 10b).
More generally, our prior work on toluene methylation
strongly suggests that DABCO and EDA bias protons toward
confined channels.” Here, our data suggests, again, that those
channels would result in higher activation energies and lower
rates for propene dimerization. However, this is the opposite of
the trend we observe for experimentally measured dimerization
rates: TON > MFI-DABCO/MFI-EDA > MFI-TPA (Figure 3
and Table 2). To further understand the trends in the DFT
data, we again utilize a thermochemical cycle for AGH as we
did earlier for propene and hexene adsorption energies, to
describe these AG* values in terms of distortion, dispersion,
and chemisorptive (and electrostatic) interaction energies.
The AG¥ is relative to a C; adsorbate, therefore, the relevant
distortion, dispersion, and chemisorptive energies are also
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relative to a C; adsorbate (see Scheme S2, Supporting
Information for more details). For example, the relevant
distortion energy for AG* is the difference between the
distortions required to accommodate the dimerization
transition state (AEidistm) relative to a protonated surface
and that to accommodate H-bonded propene (AEgorc,):

AAE(:itistort = AEZ:liclistort - AEclistort,C3 (17)
with similar AAE? values that can be constructed for dispersive
interactions and chemisorptive/electrostatic interactions
(lumped, as before, with gas-phase proton affinities).

The differences in distortion energies between the
dimerization transition state and bound propene, AAE% ..
are negative, counterintuitively, because the Cy transition state
complexes require less framework distortion than the C,
adsorbates despite their larger size. This arises because of the
different nature of interactions between the two adsorbates and
the confining framework. C;Hg interacts with a proton through
H-bonding, while the cationic transition state interacts
electrostatically with an anionic framework oxygen formed
upon lattice deprotonation. The cationic transition state can
thus move further away from lattice atoms, allowing it to reside
in the middle of the pore to alleviate steric penalties with
minimal local distortion of the AI—-O—Si bonds comprising the
active site (Figure S54). AAE}, values are more negative for
transition states in the intersection than those in the straight or
sinusoidal channels, as expected, because the transition states
distort the framework less when located in the larger MFI
intersections. AG* values generally decrease as AEg..
becomes more negative (Figure 11a), again consistent with
our expectations, as AG* values will be lower for transition
states (in MFI intersections) that cause less distortion of the
anionic framework. These result are consistent with trends
observed for C; and C4 adsorption energies, suggesting
minimal framework distortion in the intersection corresponds
to more favorable average AG,c, and AGg,,c, values

compared to the more confined straight and sinusoidal
channels.

We also calculated the difference in dispersive interaction
energies, AAEEEP;

AAEdiisp = AEZ:ljdisp - AEclisp,C3 (18)
and these values can be compared to Eypy reported in
previous work."? AAE;‘EEP values are negative at all O-sites,
indicating the transition state has more dispersive interactions
than the C; precursor, as expected given its larger size. In the
previous work, reported Eypyy values (approximately —115 kJ
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mol ™" for TON, —50 kJ mol™" for MFI, and —15 kJ mol™" for
FAU) became less negative with increasing void size because of
weaker adsorbate—framework interactions, and the value for
MFI reflected its intersections."” Our AAE;inSP values (Figure
9b) range from —103 to —43 kJ mol ™" across the 12 T-sites in
MFI (Figure 11b) with values in the MFI intersections (avg:
—57 kJ mol™") being close to that reported in previous work
(=50 k] mol™"), and our values in MFI channels (avg: —82 kJ
mol™") closer to that reported for TON in previous work
(=115 kJ mol™"). This wide range in AAEﬁiSP in MFI further
indicates the heterogeneity in low-symmetry frameworks that
becomes apparent when all T/O-sites are considered.
Counterintuitively, AG* values increase as AAEﬁiSP values
become more negative, suggesting that greater dispersive
stabilization does not lower barriers. This negative correlation
was also observed for C; and Cg4 adsorption energies, and
simply reflects that dispersive contributions are only attractive
and do not include the repulsive interactions (e.g, steric
constraints) that are also present in van der Waals forces. This
is because those repulsive interactions are captured by DFT
without the need for additional terms (i.e., without the need
for DFT-Dx methods) and thus are within the chemisorptive
terms of our thermochemical cycle, along with electrostatic
interactions. The trade-off between stabilizing dispersive
interactions and destabilizing repulsive interactions as the
adsorbate size approaches that of the void has been thoroughly
studied,”"? and our results indicate that propene dimerization
transition states in the sinusoidal and straight channels of MFI
are in the regime in which the steric penalties outweigh the
benefit of enhanced dispersive interactions.

Lastly, AAE} 4, chem is calculated by adding AEips,hem and

- AEPA+chem,C3:

AAEli’:A+chem = AEZi,PA+cl'1em — AE (19)

chem,C;

Its values are positive at all T/O-sites (Figure 11c) because
the electrostatic interactions between the cationic transition
state and the anionic framework are weaker than the covalent
and H-bonding interactions associated with the formation of
the O—H bond present in the H-bonded propene reference
state. Although DPE, strictly speaking, cancels out in the
thermochemical cycle used to represent the first-order barriers
(Scheme S2), acid strength still influences the barrier because
DPE strongly correlates to the strength of the electrostatic
interactions between cationic transition states and anionic
conjugate bases, as described in prior work.””®® Comparing
different MFI environments, AAE}p,, e values are generally
lower in the intersection (105—139 kJ mol™') compared to the
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sinusoidal (134—222 kJ mol™") and straight (175—230 kJ
mol™") channels. Higher AE},, . Values in the channels, and
their correlation with higher AG] values, is likely indicative of
greater steric repulsions experienced by the transition states in
the tighter channels compared to the intersection.

Overall, the trends among AG* values resemble those
observed for hexene adsorption energies, with distortion and
steric constraints showing that tighter confinement within MFI
channels results in higher barriers and less-favorable
adsorption, respectively. In contrast, dispersive interactions,
when taken alone, give misleading results and negatively
correlate with barriers and adsorption energies. As stated
above, these computational predictions suggest that kinetically
determined rates should be lower in TON than in MFI, and
lower in EDA- or DABCO-based MFI samples than in TPA-
based MFI samples, in contradiction to experimentally
measured data. However, measured data (Figure 3) reflect
convolutions of kinetic and transport effects, and the slopes in

Figure 3 represent / kD, values in the limit of severe mass

transport limitations. Evidence for such intrazeolite mass
transport limitations have been shown in our previous work;”’
for example, propene dimerization rates on TON increased
with increasing inverse crystallite size (per H*, 503 K, 16—607
kPa C;Hg, 0.19—1.1 um™). Thus, given that DFT suggests
that k. decreases with void size, then D, must increase with
decreasing void size by larger amounts than k. decreases to
rationalize the increase in ./k4D, values with decreasing void
size as shown in Figure 3. Again, this is a counterintuitive result
considering only the transport barriers imposed by the
inorganic framework and pore structure, which would suggest
that effective diffusivities would be lower (or at least similar) in
TON than in MFI, given that diffusion in either framework
requires transport through 10-MR pores.

These apparent inconsistencies are resolved, as discussed in
greater detail in our prior work,”>**°® by recognizing that the
effective diffusivity of propene depends strongly on the
presence of intrapore heavier alkene products, formed during
oligomerization catalysis, that slowly diffuse out of the zeolite.
These intrapore product alkenes lead to apparent deactivation
behavior as reaction rates decrease with time-on-stream, which
actually reflects an approach toward steady-state behavior as
their intrapore concentrations increase (thus, decreasing D,).
Transients in propene dimerization rates persistent over many
turnovers upon step changes in reaction temperature or
propene pressure demonstrate that the extent of diffusional
constraints depends on the composition of the intrapore alkene
phase (Figure S55, Supporting Information).”** Therefore,
zeolite materials (or reaction conditions) that favor dimeriza-
tion over the formation of heavier products (Cs,) should lead
to higher D, values, which might offset decreases in k. and
result in the larger \/k D, observed in Figure 3. Indeed, TON
has a higher measured selectivity to dimers over Csq products
and higher ,/k 4D, values (Figure 3) compared to TPA-based
MFL> Differences in product distribution at iso-conversion
are also observed for EDA- or DABCO-based MFI samples
compared to TPA-based MFI, which would indicate changes
to the composition of intrapore occluded hydrocarbons and, in
turn, D, values (discussed in more detail in Section S20,
Supporting Information). Altogether, this suggests that trans-
port and selectivity effects, which are intertwined, dominate

the differences in observed rates (and ,/k4D,) among TON
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and MFI samples synthesized with different SDAs, and at
different propene pressures (Table 2).

4. CONCLUSIONS

Propene dimerization turnover rates (per H*, 315 kPa C;H,,
503 K) were ~9% lower on MFI-TPA, with Al sites biased to
the intersections, than on MFI-DABCO and MFI-EDA, with
Al sites biased to the channels. Because of the convolution of
kinetic and transport processes within zeolite pores, higher
measured rates on MFI-DABCO and MFI-EDA samples
compared to MFI-TPA may reflect an increase in the intrinsic
dimerization rate constants, the alleviation of diffusion
limitations, or both. Therefore, DFT was used to isolate and
assess the influence of void size on propene dimerization
kinetics.

DFT-predicted adsorption energies indicate that H-bonded
propene is the most favorable C; adsorbate in all void
environments, and that surface-bound 1-propyl-Z and 2-
propyl—Z are destabilized relative to H-bonded propene to a
greater extent in the channels compared to the intersection.
Although the effect of void environment on H-bonded propene
is minimal, average AGy,,, c, values for all C4 H-bonded alkene

isomers are 10—56 kJ mol™' lower in the intersection
compared to the channels, with highly branched Cg4 isomers
destabilized to a greater extent in the channels relative to more
linear C4 isomers. Propene dimerization transition states are
also destabilized relative to C; precursors in the channels, and
the most favorable transition state per T-site is in the
intersection at all T-sites except T4, the only T-site without
direct access to the intersection. Trends in the stability of C;
adsorbates, C4 H-bonded alkenes, and dimerization transition
states with void environment were further analyzed by using
thermochemical cycles to isolate the contributions of frame-
work distortion (AEg;y), dispersive interactions (AEy,), and
the gas-phase rearrangement and chemisorption (AEpa, qem)-
Although dispersive energies for the transition state structures
were more negative in the channels, corresponding to stronger
dispersive stabilizations, the effective free energy barriers were
higher. Combined with a decrease in effective free energy
barriers with decreasing distortion energies, this suggests that
increased steric hindrance and framework distortion plays a
larger role than enhanced dispersive interactions on the
adsorbate stability with increasing confinement.

These DFT data suggest that the higher turnover rates in
DABCO- and EDA-synthesized MFI compared to TPA-based
MFI occur despite decreases in intrinsic rates, suggesting a
strong alleviation of mass transport effects through increasing
the effective diffusivity of propene. This also suggests that
higher turnover rates in TON compared to all MFI samples are
similarly caused by alleviations of mass transport limitations
through higher propene diffusivities rather than by increases in
intrinsic dimerization rates. These increases in effective
diffusivities in DABCO- and EDA-synthesized MFI are likely
caused by changes in product selectivity to species with
different carbon number or branching, as preliminarily evinced
by shifts in the product distribution at iso-conversion among
TON, MFI-EDA/DABCO, and MFI-TPA. More generally,
this study uses DFT to isolate the effect of Al location on
intrinsic kinetics in heterogeneous MFI zeolites. This approach
illustrates how to quantitatively describe trade-offs between
stabilizing dispersive interactions and destabilizing steric
penalties with increasing confinement for propene dimerization
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transition states and reactive intermediates, revealing that steric
interactions and framework distortion can exert stronger
influences on the stability of smaller adsorbates that are
charge-neutral and thus reside more closely to the lattice than
larger cationic species.
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