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Abstract

The rates of catalytic reactions have been observed to be dramatically different in zeolites,
depending on if they are hydrophobic or hydrophilic. Hypotheses aimed at explaining this behavior
have pointed to various solvent molecule and zeolite properties as having influence on entropy.
Herein, the influence of various solvent and adsorbate properties on the solvation energies,
entropies, and free energies of eleven C;-C; oxygenates in hydrophobic and hydrophilic pores
within a hydrophilic model of Ti-FAU zeolite are tested. The results indicate significant variation
in the calculated solvation thermodynamics depending on the adsorbate type, as well as if it is
bound within a hydrophobic or hydrophilic pore. Further, while solvation energies are related to
solvent-adsorbate interactions, solvation entropies have multiple contributions, and these differ

depending on if the adsorbate is in a hydrophobic or hydrophilic pore. Specifically, solvation
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entropies in hydrophobic pores are related to solvent structural properties, whereas solvation
entropies in hydrophilic pores are related to adsorbate polarity. The large range of results obtained
from two different pores within one zeolite model with minimal unique adsorption sites suggests
that solvation behavior in zeolites is complicated and that the phenomena that control observed

performance depend on the zeolite, reaction, and solvent.

1. Introduction

Liquid phase catalytic processes play a critical role in sustainable chemistries such as biomass
conversion and electrocatalysis.!> Solvents have profound effects on the chemistry of these
reactions, for example, by influencing the thermodynamics, kinetics, and coverages of interfacial
species,> which in turn can alter catalytic mechanisms.®® The presence of solvent can also control

selectivity, for example, by promoting certain reaction pathways while inhibiting others®!!.

Complicating this, solvent effects in confined spaces are different than in unconfined spaces.!?-!4
For example, there are fewer interactions between water molecules in nanosized pores than in
unconfined “bulk” water.!>!¢ Further, water structures are influenced by pore geometries!’, and
this can influence the free energies of interfacial species!®. Variations in the size and shape of the
pores, as well as different chemical properties of the pore environment can also influence catalytic

phenomena, %1419-24

Zeolites are excellent materials for learning about the roles of solvents in microporous
catalysts. Zeolites are microporous crystalline materials primarily comprised of silica tetrahedra.?>
27 Their catalytic activity and selectivity can be tuned via their compositions and/or pore

topologies.?®?? Zeolites can further be made more or less hydrophilic (or hydrophobic) in order to

tune performance through solvent effects.!>3%3! Strategies for tuning zeolite hydrophilicity include
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the formation of metal-OH groups by substituting framework Si atoms with lower-valent metal
atoms, which results in compensating protons, as well as the hydrolysis of Si-O-Si bridges, which

)'2,31

creates silanol groups (Si-OH).>3!* The hydroxyl groups are hydrophilic and hence promote

clustering of water molecules.!732-33

Effects of solvents on zeolite catalysis have been investigated with different distributions
and ratios of hydroxyl groups to learn the influence of pore hydrophilicity (or hydrophobicity) on
reaction kinetics.>*® Studies have found that aldol addition®®, hydrogenation*®, and glucose

isomerization10-41

reactions exhibit higher rates when fewer hydroxyl groups are present (i.e.,
more hydrophobic zeolites), whereas alkene epoxidation?®4># exhibits higher conversions, rates,
and selectivities when more hydroxyl groups are present (i.e., more hydrophilic zeolites). The
difference in performance between hydrophobic and hydrophilic zeolites has been suggested to
result from differences in water molecule densities within the zeolite pores. For example, the better
performance of hydrophilic zeolites for alkene epoxidation has been attributed to large and positive
changes in entropies of solvation caused by destruction of water molecule clusters within the pores
due to formation of a transition state.?’ Additionally, the better performance of hydrophobic
zeolites for glucose isomerization has been attributed to the relatively larger mobilities of the
intermediate species within the pores due to less confinement by water molecule clusters compared
to in hydrophilic pores.!? Further, ab initio molecular dynamics (AIMD) simulations suggest that
the existence of extended hydrogen bonding networks around the reactant species in hydrophilic
pores hinders the formation of intermediate species.* Clearly, zeolite hydrophilicity influences
observed catalytic phenomena. However, solvent effects for any given reaction seem to be reaction

specific. To provide insights into these differences, computational studies have investigated

solvent structures within zeolite pores and how they influence species free energies.*>*~48 Density
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functional theory (DFT) calculations indicate that water molecule adsorption energies increase
(become more negative) as the water density increases.*’ However, the origin of the different ways

that solvents influence catalytic performance in zeolites remains unresolved.

Our goal in this work is to provide further insights into the molecular phenomena that
control solvent effects in zeolites. Since catalytic performance can be traced to solvation
thermodynamics, we specifically evaluate the influences of pore hydrophilicity, solvent molecule
structure and mobility, and adsorbate properties on the solvation thermodynamics of species bound
in zeolite pores. To do this, we use our previously developed method of multiscale sampling
(MSS)*, which combines force field molecular dynamics (MD) and DFT. We compute the
energies, entropies, and free energies of solvation of eleven Ci-C3 oxygenate species in Ti-FAU
zeolite in water solvent. To investigate the influence of hydrophilicity, we compute these values
in pores with and without hydroxyl groups. In other words, we investigate the influence of pore
hydrophilicity/hydrophobicity on the solvation thermodynamics of species adsorbed within a
hydrophilic zeolite. This is done since a zeolite model without any hydroxyl groups (or other
defects) is perfectly hydrophobic, hence preventing solvation in our simulations. Our simulations
show that free energies of solvation can be positive or negative, depending on whether the
adsorbate is located within a hydrophilic or hydrophobic pore. They further suggest that pore
hydrophilicity impacts water molecule mobility, but that there is not an obvious correlation with
solvation thermodynamics. Instead, our results suggest that entropy within hydrophilic pores is
more related to adsorbate properties, while entropy within hydrophobic pores is more related to

solvent structure.
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2. Methodology

2.1 Model building

FAU is chosen as a model because it comprises only one symmetrically unique tetrahedral site. It
hence allows us to focus on the influence of hydrophilicity rather than various possible adsorption
sites. The structure of FAU is obtained from the International Zeolite Association Database®®, and
a 1x1x2 supercell is cleaved from that structure>*. The active site is constructed by replacing one
tetrahedral Si atom with a Ti atom (Figure 1a). The cell parameters are then relaxed in DFT, which
yields final optimized values of x =y = 24.433 A, z = 48.866 A, and a. = B = y = 90°. Hydroxyl
groups are incorporated by removing another Si atom and saturating the four broken bonds with
H atoms. In hydrophilic pore models, the Si atom that is coordinated to the Ti atom is removed
(Figure 1b) whereas in hydrophobic pores, a Si atom at least 7 A away from the Ti atom is removed.
Adsorbates are bonded to the Ti sites in both models. To obtain adsorbate geometries, the adsorbate
structure, Ti atom, O atoms coordinated to the Ti atom, and the hydroxyl groups in the hydrophilic
pore are relaxed in DFT. We refer to this group of atoms as the “relaxed region” in the remainder

of this manuscript. A flow diagram of this procedure is provided in Figure S3.
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Figure 1. a) Adsorbate binding site in the hydrophobic pore model. b) Adsorbate binding site in
the hydrophilic pore model. ¢) Zeolite model used in molecular dynamics simulations. d)
Truncated zeolite model used in density functional theory calculations. Ti = silver, O = red, Si =
beige, C = gray, H = white. Atoms shown in ball and stick representation versus wireframe are for
visual clarity.

Water is introduced to the zeolite as follows. A water column is created in a separate super
cell by adding 1200 H,O molecules to a simulation box with dimensions x =y = 24.433 A, z =
110 A, and o = B =y = 90° using the MCPIiQ code.* The density of H>O in this box is equilibrated
in MD in the isothermal isobaric (NPT) ensemble at 300 K and 1 atm, which results in a height of
z = 68.134 A. The zeolite is then cleaved in the z direction, and 70 A vacuum space is added
between periodic images. The water column is then inserted into this space. In cleaving the zeolite,
the cut is made such that the Ti site is at least 12 A from the zeolite/water interface. This is done
to avoid interfacial effects at the Ti site (see Supporting Information S1.2 for more details).
Following incorporation into the zeolite supercell, the density of water in the middle of the water
column is re-equilibrated in the NPT ensemble. During this simulation, water molecules from the

water column are pushed into the zeolite (Figure 1c¢), resulting in a decrease in the supercell height.
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Final values of z range between 86 A and 88 A (Figure S4), depending on the adsorbate.
Configurations of H>O molecules are generated in MD using this model. However, this model
comprises 1200 HoO molecules, which is computationally intractable for DFT. Hence, this
supercell is truncated into a 1x1x1 supercell and most of the H,O molecules are removed (Figure
1d) prior to DFT calculations. Specifically, all HoO molecules with center of mass farther than 7
A from the center of mass of the adsorbate are removed, leaving ~ 20-25 H>O molecules,
depending on the adsorbate. Further details about the DFT model are provided in Supporting

Information Section S1.5.

2.2 Adsorbates

Eleven Ci-C; alcohol, aldehyde, and polyol species are considered in this study. These are chosen
to study the influence of -OH functional groups (or lack thereof) on solvation thermodynamics,
since our prior work indicates that -OH groups can induce significant solvation effects®!. Further,
we consider adsorbates with stoichiometry ranging from C;-C; in order to learn the influence of
adsorbate size (modeled using solvent accessible surface area, or SASA; see below) on solvation
thermodynamics in confined systems. Conformations of adsorbates used in this work are depicted
in Figure 2 for the hydrophilic pore and in Figure S6 for the hydrophobic pore. In general, we find
that species bind to Ti via their oxygen atoms. As polyol species comprise multiple oxygen atoms,
we include multiple conformers for each polyol. Further, since the -OH groups of polyols can
interact with the hydroxyl groups in hydrophilic pores, additional conformations with different
degrees of interaction with the pore are also included. However, we do not endeavor to identify all
possible conformations of each adsorbate in this work to maintain computational tractability and
instead focus on understanding how pore hydrophilicity, solvent structure and mobility, and

adsorbate properties influence solvation thermodynamics. In total, we consider two conformations
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of ethylene glycol (Figures 2h and 2i and S6h and S6i), three conformations of propylene glycol

(Figures 2j-21 and S6j-S61) and glycerol (Figures 2q-2s and S6q-S6s), and four conformations of

1,3-propanediol (Figures 2m-2p and S6m-S6p) within each pore.

Figure 2. Adsorbate structures in the hydrophilic pore model. a) Methanol, b) Ethanol, ¢) Propanol,
d) Isopropanol, e) Formaldehyde, f) Acetaldehyde, g) Propionaldehyde, h) Ethylene Glycol
(Geometry 1), 1) Ethylene Glycol (Geometry 2), j) Propylene Glycol (Geometry 1), k) Propylene
Glycol (Geometry 2), 1) Propylene Glycol (Geometry 3), m) 1,3-Propanediol (Geometry 1), n) 1,3-
Propanediol (Geometry 2), o) 1,3-Propanediol (Geometry 3), p) 1,3-Propanediol (Geometry 4), q)
Glycerol (Geometry 1), r) Glycerol (Geometry 2), s) Glycerol (Geometry 3). Ti = silver, O = red,
Si = beige, C = gray, H = white.
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2.3 Free Energies

Free energies of solvation are calculated using the method of MSS similar to our prior work:3%3
AFMSS — AEDFT —TASMD (1)

where AFMSS is Helmholtz free energy of solvation, AEPFT is the water-adsorbate interaction
energy calculated with DFT, T'is temperature, and AS™P is the water-adsorbate interaction entropy

calculated with MD. AEPFT is an average over ten configurations of HO molecules (generated in

MD; see Section 2.3.1):

DFT _ (( %4 g aq g
AE - ((Eads+zeo - Eads+zeo) - (Ezeo - EZ@O)> (2)
where E,q .. . is the electronic energy of the zeolite with the adsorbate in water, E agds +ze0 18

electronic energy of the zeolite with adsorbate (no water molecules), E,. electronic energy of

the zeolite and water molecules (no adsorbate), and EZ,,is electronic energy of the zeolite (no

adsorbate or water molecules). Details about how these are obtained are provided in Section 2.3.2.
The water-adsorbate interaction entropy is calculated by equation (3)
TASMP = AEMD — AFMD 3)

where AEMP

is the average energy of interaction calculated between the water molecules and the
adsorbate in MD and AF™MP is Helmholtz free energy of solvation calculated using the method of

thermodynamic integration in MD (see Section 2.3.1). Free energies of adsorption are calculated

by adding the free energy of solvation to the gas phase adsorption energy:

AF*? = AE9Y, 4+ AFMSS 4)

ads ads
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:Eg g

g _ _r9 g g g . .
AE CHy 0+ EcxHyoz E., where EcxHyoz*’ EcxHyoz’ and E, are the electronic energies

ads

of the absorbed structure, isolated molecule, and “clean” (i.e., adsorbate-free) zeolite in vacuum.

2.3.1 MD simulations

MD simulations are performed using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) software®* on the system illustrated in Figure 1c. In all MD simulations,
the zeolite and adsorbate atoms are held fixed, and the H,O molecules are moved according to
Newton’s equations of motion. All MD simulations utilize a time step of 1 fs, and all begin with
an energy minimization until the energy is converged to within 10~ eV. Following addition of the
adsorbate, a simulation in the NPT ensemble is carried out at 300 K and 1 atm for 10 ns, where the
pressure and temperature are maintained by the Nosé-Hoover thermostat and barostat. Following
this step, the density of water 10-20 A from the zeolite surface is 1.02~1.05 g/cm? (Figure S2),
which is comparable to the bulk density of the water force field>. Next, simulations in the
canonical (NVT) ensemble are performed at 300 K for 10 ns to equilibrate H,O molecule
configurations. Production runs of 5 ns are then carried out and sampled as follows. Configurations

used to compute AEPFT are sampled every 0.5 ns and AEPFT is computed via Equation 2.

EMD EMD

Configurations used to compute A are sampled every 0.001 ns and A is computed as the
average water-adsorbate interaction energy. Configurations used to compute the number of
adsorbate-H>O hydrogen bonds and H>O-H>O hydrogen bonds are sampled every 0.05 ns and
hydrogen bonds are counted according to the geometric criteria that the distance between the
oxygen atom on the hydrogen bond acceptor and the oxygen atom on the hydrogen bond donor is

less than 3.5 A and that the hydrogen bond acceptor oxygen-hydrogen-hydrogen bond donor

oxygen angle is between 150° and 180°. Configurations used to compute the numbers of water

10
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molecules in the pores are sampled every 0.05 ns and counted as those water molecules with center
of mass within 10 A of the framework Ti atom. Configurations used to compute the total dipole-
dipole time correlation function (TCF) are sampled every 100 fs and the ensemble average is

calculated as>®>7

C(t) — (M(t+i0) 'Mz(to)) (5)
([M(to)]")

where M = Y. 1; and y; are dipole moment vectors summed over the i H>O molecules with center

of mass within 10 A of the framework Ti atom. ﬁ)(t + ty) and M (to) are the total dipole
moments at time ¢ and initial time t,, respectively. In this notation, a new interval is started every

0.1 ps, and ¢ is the time elapsed since t, taken in 0.1 ps intervals up to a total interval time of 12

ps.
2.3.1.1 Force field and partial charge of atoms

Pairwise interaction energies are computed using Lennard-Jones + Coulomb (LJ+C) potentials. LJ
interactions are computed to a cutoff of 7 A. The TIP3P/CHARMM model*® is used for H,O
molecules, which are held rigid using the SHAKE algorithm. LJ parameters for adsorbate and
zeolite atoms are constructed as follows. The TraPPE-Zeo force field>® is used for framework Si
atoms and O atoms, with the exceptions of the O atom coordinated to the Ti atom and the O atoms
in the hydroxyl groups. The O and H atoms in the hydroxyl groups employ parameters from the
OPLS-AA® force field for alcohols. The O atom coordinated to the Ti atom and the Ti atom
employ a LJ potential created by Matsui and Akaogi for a TiO> slab.61%2 We specifically use the
parameters converted into a LJ potential by Lyubartsev et al.5! Justification of this choice is

provided in Supporting Information Section S1.6. L] parameters for absorbates are modeled with
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the OPLS-AA® force field. Parameters for all atom types are listed in Supporting Information
Section S1.7. Lorentz-Berthelot mixing rules are used to compute cross-terms between the zeolite
and water molecules, and geometric mixing rules are employed to compute cross-terms between
adsorbates and water molecules. Long-range Coulombic interactions are calculated with the
particle-particle particle-mesh (PPPM) method. To take into account charge transfer between the
adsorbate and zeolite, the DFT-calculated partial charges are used as the Coulomb charges on
adsorbate and zeolite atoms. We find that charge transfer is small in all cases (maximum charge
transfer to any adsorbate is |0.14| h") and that most of the transferred charge resides within the
relaxed region. We hence restrict all the charge transfer to the relaxed region by evenly distributing
the partial charge of the adsorbate over the atoms in this region, leaving the partial charges on the
framework Si atoms and all other O atoms fixed at the values calculated in the absence of the

adsorbate. An example of this procedure is provided in Supporting Information Section S1.8.

2.3.1.2 Helmholtz free energy of solvation

Helmbholtz free energy of solvation calculations are performed in the NVT ensemble using the
finite-difference thermodynamic integration (FDTI) method of Mezei®. In these calculations, the
LJ interactions between all water molecules and the adsorbate and Coulomb interactions between
all water molecules and the adsorbate and the relaxed region of the zeolite model are “scaled” with
scaling parameter A in 51 equally spaced steps. For each value of A, an NVT simulation is carried
out for 300 ps, where the first 50 ps is used to equilibrate the system. A free energy difference of
each step is then calculated using a perturbation method over A to obtain the free energy of
solvation. A soft-core potential is used to avoid a singularity when A=0.%* To isolate the
contribution due to the water-adsorbate interaction, the free energy of the clean zeolite is subtracted

out:
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AFMP = AFCIL\:I£+260 - AFZIgOD (6)

where AFMP_ .. includes scaling of the L] and Coulomb potentials, and AEMP involves scaling

only of the Coulomb potential.

2.3.2 DFT calculations

Periodic DFT simulations are carried out with the CP2K program® using the Perdew—Burke-
Ernzerhof (PBE) form of the generalized gradient approximation (GGA), DZVP-MOLOPT-SR-
GTH basis set for valence electrons, and Goedecker-Teter-Hutter (GTH) pseudopotentials for core
electrons. Plane waves are included to a cutoff energy of 360 Ry. Grimme’s D3 dispersion
corrections with Becke—Johnson damping® are employed. Electronic energies are calculated self-
consistently at the I'-point and are considered to be converged when the difference in energy
between subsequent steps falls below 10° Ha. Atomic partial charges are derived from the
calculated electronic structures using the DDEC6 program®’ . Geometry relaxations are carried out
until the maximum force and root-mean-square displacement fall below 5x 10~ Bohr/Ha and
0.0005 Bohr, respectively. Geometry relaxations are carried out as follows. To obtain the structure
for the Ti-substituted zeolite, all atom coordinates and cell vectors are relaxed, while the cell angles
are held fixed. Following addition of the adsorbate, the adsorbate and atoms in the relaxed region

are relaxed, while all remaining atoms as well as the cell vectors and angles are held fixed. To

aq

ads+zeo’ while all other

compute AEPFT | adsorbate atoms are allowed to relax when calculating E

atoms and the zeolite framework are held fixed. To compute the remaining terms in AEPFT, all

aq

ads+zeo Calculation.

atoms are held fixed with positions adopted from the E
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2.4 Adsorbates dipole moments

Adsorbate dipole moments are computed from the atomic positions and partial charges calculated
in DFT using the standard equation for dipole moment, i.e., 0 = Y; q; * 1;, where i is over atoms,
q are DFT calculated partial charges, and r are the x, y, z coordinates of the nuclei. Because
adsorbates have non-zero partial charges, dipole moments depend on the coordinate system. The

adsorbate center of mass of is used as the reference origin.

2.5 Solvent Accessible Surface Area (SASA)

We find that adsorbate solvent accessible surface areas (SASAs) are loosely correlated to solvation
thermodynamics. We calculate these values using the PyMOL package.®® Specifically, a sphere
with a radius of 1.4 A (equal to the kinetic diameter of a H,O molecule) is “rolled” over the zeolite
surface and the SASA is computed. Simulations are performed with and without the adsorbate and

subtracted to estimate the adsorbate surface area that is accessible to a HoO molecule.
3. Results

3.1 Free energies of adsorption

Calculated values of AF. L are tabulated in Table 1. For each adsorbate type, AF. .. for the

ads ads

conformation that minimizes AF, . is plotted in Figure 3a. We note that the conformation with the

lowest AF L can differ depending on whether the pore is hydrophilic or hydrophobic. In general,

ads

values of AF 5. span from —0.27 eV to —0.96 eV in the hydrophilic pore and from —0.39 eV to —

ads

0.87 eV in the hydrophobic pore. These values are within the range of values reported in the

literature.®~7 In general, AF, . for alcohols and aldehydes are more negative in the hydrophobic
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pore, while AF, . for polyols are more negative in the hydrophilic pore; however, there is only

slight distinction between AF, .. for C3 polyols.

Table 1: Calculated free energies of adsorption, free energies of solvation, energies of solvation,
and entropies of solvation multiplied by temperature for the conformers studied in this work in the
hydrophilic and hydrophobic pore models in units of eV at 300 K.

Hydrophilic Pore Hydrophobic Pore
aq DFT MD
Name AF. AFMSS  AEPFT | TASMD Afaas  ppmss AE ras
Methanol -0.36* 0.14 —-022 -037 -0.72* —0.19 -0.52 —0.34
Ethanol —0.55* 0.17 -029 -046 -0.87* -0.25 -0.58 —0.33
Propanol —0.67* 0.18 —-036 -0.54 -0.84* —0.17 -0.59 —0.43
Isopropanol -0.69* 0.12 -0.28 —0.40 —0.71* -0.08 -0.54 —0.46

Formaldehyde @ -0.27* 0.27 —-031 -0.58 -0.39* -0.02 -0.32 -0.30
Acetaldehyde -0.43* 021 -047 -0.68 —0.63* -0.15 -052 —0.36
Propionaldehyde —0.42* 031 -040 -0.71 -0.67* -0.07 -0.50 -0.42

Bthylene Glycol 234 002 —073  -076 -051* 005 067 -0.62
(Geometry 1)
Ethylene Glycol =459 013 -054  —0.66 —-049 —0.19 —0.88 —0.69
(Geometry 2)
Propylene Glycol g ggx 004 -087 084 066 -006 -076 —0.70
(Geometry 1)
Propylene Glycol 39 0os  —0.60 -077 -044 -012 085 —0.73
(Geometry 2)
Propylene Glycol = ¢7 o015 -055 040 -0.81* —036 —095 —0.59
(Geometry 3)

1,3-Propanediol
(Geometry 1)
1,3-Propanediol

-0.62 0.10 —0.64 -0.74 -0.80* -—0.16 —0.55 —0.40

-0.77 011 -075 -086 —0.68 —0.02 -0.73 —0.70

(Geometry 2)

IL3-Propanediol g ¢35 019 —072 083 -0.63 006 -0.65 —0.59
(Geometry 3)

I3-Propanediol o o 15 083 097 069 -004 -0.70 —0.66
(Geometry 4)
Glycerol -0.69 0.09 -096 -105 -070 -026 -1.10 —0.84
(Geometry 1)
Glycerol -0.96* —021 —0.87 —0.66 —0.86* -0.38 —0.95 —0.57
(Geometry 2)
Glycerol -0.68 —0.14 —0.83 —0.69 —0.75 -0.30 -0.97 —0.67
(Geometry 3)

*Conformer with the lowest value of AF%Y

ads-*
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Figure 3. Free energies of adsorption (a), free energies of solvation (b), energies of solvation (c),
and entropies of solvation multiplied by temperature (d) for the conformers with the lowest free
energies of adsorption (i.e., the *’ed species in Table 1) in the hydrophilic (black triangles) and
hydrophobic (gray circles) pore models. Lines connecting the data points are for visual purposes
only.
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3.2 Free energies of solvation

Values of AFMSS are tabulated in Table 1 and plotted for the conformation that minimizes AF, .

in Figure 3b. AFMSS

span from —0.02 eV to —0.38 eV and are in general less than 0 in the
hydrophobic pore. In the hydrophilic pore, AFMSS span from —0.21 eV to +0.31 eV. In contrast to
the hydrophobic pore, AF™SS in the hydrophilic pore are positive, except for propylene glycol and
glycerol. These results indicate that AFMSS stabilizes species in the hydrophobic pore but
destabilizes species in the hydrophilic pore. These results are in agreement with our prior work

which compared AFMSS for species adsorbed to hydrophobic (Pt(111), negative AFM5S) and

hydrophilic (Pt/Al>Os, positive AFMSS) slabs.>!

Differences in species stabilization has been hypothesized to account for differences in
activity observed in hydrophilic versus hydrophobic zeolites. While we have not specifically
examined hydrophobic zeolites, we can provide some insights into such systems. Specifically, in
a perfectly hydrophobic zeolite, there would be no free energy of solvation. Hence, a distinction
between a perfectly hydrophobic zeolite and a hydrophilic zeolite such as the one studied in this

work can be made by considering the free energy of solvation. We find that AFM5S

are positive in
the hydrophilic pore and negative in the hydrophobic pore. Water hence stabilizes species in the

hydrophobic pore and destabilizes species in the hydrophilic pore.
3.3 Energies and entropies of solvation

AEPFT and TASMP are tabulated in Table 1 and plotted for the conformation that minimizes AF, .

in Figures 3¢ and 3d, respectively. AEPFT span from —0.22 eV to —0.95 ¢V and are for the most
part similar in hydrophobic and hydrophilic pores, with the exception of monoalcohol species,

EDFT

where A are more negative in the hydrophobic pore. TAS™P span from —0.37 eV to —0.84 eV
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in the hydrophilic pore and from —0.30 eV to —0.62 eV in the hydrophobic pore. In contrast to
AEPFT | values of TASMP are similar for monoalcohols in hydrophobic and hydrophilic pores,

while for aldehydes and polyols, TASMP

are more negative in the hydrophilic pore. The difference
in AFMSS observed between hydrophobic and hydrophilic pores is hence due to AEPFT for

monoalcohols and TASMP for aldehydes and polyols.

Differences in energies and entropies of solvation between hydrophilic and hydrophobic
zeolites have been shown to result in differences in catalytic performance. Further, these
differences have been suggested to result from various molecular level phenomena, including
differences in solvent molecule density and displacement and solvent molecule and species
mobilities. Using our calculated values for AEPFT and TASMP, we have interrogated several of
these phenomena plus others and their relationship to AEPFT and TASMP . Unsurprisingly, we find
that AEPFT is related to solvent-species interactions. These results are discussed in Supporting

Information Figure S14. We find that TAS™P has more complex origins which are discussed below.

3.4 Entropy relationship to adsorbate and solvent properties

3.4.1 Water density

Density of H2O molecules in zeolite pores has been suggested to influence catalytic activity in
hydrophilic zeolites through various effects caused by the creation and destruction of water
molecule clusters.!%?° To probe the relationship between water molecule density and solvation
entropy, we calculate the average number of water molecules in our hydrophilic and hydrophobic
pore models (Figure 4a). Specifically, Figure 4a shows the number of H,O molecules in the
hydrophilic (black) and hydrophobic (gray) pore with and without an adsorbate. We specifically

use 1,3-propanediol and isopropanol as illustrative adsorbates, since 1,3-propanediol exhibits the
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same AEPFT but different TASMP in the hydrophilic vs hydrophobic pore, whereas isopropanol
exhibits different AEPFT but the same TASMP.

Figure 4a tells us two things. First, when no adsorbate is present, the numbers of water
molecules in the hydrophobic and hydrophilic pores are equal, illustrated by the solid black and
gray bars. We also find equal numbers of H>O-H>O hydrogen bonds when no adsorbate is present
(Figure 4b), suggesting that the sizes of water molecule clusters in the absence of an adsorbate are
similar regardless of the pore model. Hence, in our hydrophilic zeolite model, H>O molecule
densities and the sizes of H>O molecule clusters do not depend on whether the pore is hydrophobic
or hydrophilic. Second, when adsorbates are introduced, the number of water molecules in each
type of pore indeed decreases, and the amount by which this number decreases is indeed larger in
the hydrophilic pore (however, the change in the number of water molecules is similar to the
standard deviations, which are caused by fluctuations in the water structures). For example, the
number of water molecules decreases by 4.3 and 3.2 when 1,3-propanediol is introduced into the
hydrophilic and hydrophobic pore, respectively, and by 4.7 and 3.6 when isopropanol is introduced
into the hydrophilic and hydrophobic pore, respectively. Interestingly, the changes in the numbers
of water molecules are the same for 1,3-propanediol and isopropanol. In contrast, these two
adsorbates exhibit opposite trends in AEPFT and TASMP. While these results cannot be used to
rationalize differences in behavior between hydrophilic and hydrophobic zeolites (since we have
not studied a hydrophobic zeolite), they do suggest that solvation thermodynamics have origins

other than H>O molecule density and cluster size.
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Figure 4. Number of water molecules (a) and number of H>O-H>O hydrogen bonds (b) in the
hydrophilic (black) and hydrophobic (gray) pore models in the absence (solid fill) and presence
(hashed fill) of isopropanol (forward hashes) and 1,3-propanediol (backward hashes). Error bars
(red) are the standard deviations.

3.4.2 Water molecule mobilities

Another possibility is that solvation thermodynamics are related to H-O molecule mobilities.!%3*

Specifically, HoO molecules that are liberated from hydrophilic zeolites when an adsorbate is
present are hypothesized to have greater mobilities, which is hypothesized to give rise to an
entropic effect.!” To investigate this, TCFs are plotted in Figure 5. In a TCF plot, values closer to
1 indicate more restricted relaxation (here, of the dipole moments of the water molecules around
the adsorbates)’ and hence lower mobilities. Adsorbates in Figure 5 are grouped by type and their

TCFs are compared with the clean zeolite pores, represented by the bold gray and bold black lines
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in Figures 5a and 5b, respectively. From Figure 5, HO molecule mobilities exhibit varying
behaviors. In the hydrophobic pore model, all adsorbates except for 1,3-propanediol and
isopropanol restrict HO molecule mobilities with respect to the adsorbate-free analog (Figure 5a).
In contrast, H>O molecules in the hydrophilic pore model can exhibit lower, similar or higher
mobilities in the presence of adsorbate than in the adsorbate-free analog. While H>O molecules in
the presence of alcohols and polyols can exhibit higher or lower mobilities, H>O molecules in the
presence of aldehyde adsorbates exhibit similar or higher mobilities. The higher mobilities when
adsorbates are present supports the hypothesis that the presence of adsorbates increases H>O
molecule mobilities in hydrophilic pores, which was hypothesized to be the reason for the larger

activity observed in hydrophilic zeolites for alkene epoxidation.
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Figure 5. Calculated time correlation function illustrating the orientational mobilities of the water
molecules in the hydrophobic (a) and hydrophilic (b) pore models in the presences and absence of
adsorbates. The solid red lines indicate values for bulk liquid water for comparison.

To investigate if correlation exists between H.O molecule mobility and adsorbate entropy,
we decomposed the TCFs in Figure 5 into relaxation times by fitting to bi-exponential functions
(see Supporting Information Section S2.11).7* Specifically, we determined the short- and long-
time relaxation times for the H,O molecules that solvate all adsorbates in both the hydrophilic and

hydrophobic pores and then attempted to correlate these values to TASMP (see Supporting
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Information Figures S10). We find no correlation between either the short- or long-time relaxation
times and TASMP . We also find no correlation between TASMP and the value of TCF (see
Supporting Information Table S6). While this does not rule out solvent molecule mobility as a
contribution to observed catalytic behavior, it does suggest that solvation entropy has contributions

from other phenomena.

3.4.3 H20 molecule displacement

Another suggestion is that breaking up of H,O molecule clusters increases entropy. To investigate
this, we calculated the number of H>O molecules that are displaced by an adsorbate and plotted

SMD in Figure 6a. These correlations give R? values of 0.4 and 0.2 for the

this value against TA
hydrophobic and hydrophilic pore, respectively, suggesting weak at best correlation. Further,
TASMP decreases (becomes more negative) as the number of displaced H>O molecules increases,

which is the opposite of what would be expected if breaking up H>O molecule clusters led to an

increase in entropy.
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Figure 6. Temperature times entropy of solvation versus number of displaced water molecules
(a), the number of H>O-H>O hydrogen bonds (b), and the number of adsorbate-H>O hydrogen
bonds (c) for the hydrophilic (black triangles) and hydrophobic (gray circles) models. Lines are
the least squares best fit lines and R? values are the correlation coefficients. T = 300 K.
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Another possibility is that disruptions to the HoO molecule hydrogen bonding network due
to introduction of adsorbates influences H>O structural disorder and hence increases entropy. To

SMD

investigate this, TA versus the number of H>O-H>O hydrogen bonds is plotted in Figure 6b.

For comparison, TASMP

versus the number of adsorbate-H>O hydrogen bonds is plotted in Figure
6¢. R? values for TASMP versus the number of HO-H>O hydrogen bonds and adsorbate-H>O
hydrogen bonds are 0.6 and 0.5, respectively, for the hydrophobic pore, and 0.1 and 0.3,

SMD

respectively for the hydrophilic pore. Hence, TA is reasonably correlated to H2O molecule

hydrogen bonds in the hydrophobic pore, but not in the hydrophilic pore. We find that TASMP
increases (becomes more positive) with the number of water-water hydrogen bonds and decreases
(becomes more negative) with the number of water-adsorbate hydrogen bonds in the hydrophobic
pore. In other words, in hydrophobic pores, H2O molecules that are hydrogen bonded to adsorbates
have more negative TASM? than H>O molecules that are hydrogen bonded to other H,O molecules.

These results suggest that entropy of solvation is related to breaking and forming of hydrogen

bonds between H>O molecules and adsorbates in hydrophobic pores.

3.4.4 Adsorbate properties

Given the lack of clear quantitative relationship with TASMP in hydrophilic pores, we investigated
if adsorbate properties show correlation with TASMP. A full list of properties that we considered
is provided in Table S6. The adsorbate properties that give the largest correlation with TASMP are
SASA, dipole moment, and partial charge. These are plotted in Figure 7. We find R? values of 0.5,
0.2, and 0.3 for TASMP with SASA, dipole moment, and partial charge, respectively, in
hydrophobic pores and 0.4, 0.5, and 0.5 for TASMP with SASA, dipole moment, and partial charge,

respectively, in hydrophilic pores. Considering R? values equal to or greater than 0.4 as showing
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potential correlation, TASMP

in hydrophobic pores is related to SASA, with larger adsorbates
exhibiting more negative TASMP | This agrees with the analysis above which indicates that
adsorbates that displace more H>O molecules exhibit more negative TASP in hydrophobic pores.
These two findings suggest that larger adsorbates exhibit more negative TASMP in hydrophobic

pores. Hence an entropic gain could be realized through a decomposition reaction in a hydrophobic

pore, while entropic loss could be realized by an addition reaction in a hydrophobic pore.

In contrast, TAS™P in hydrophilic pores is related to adsorbate dipole moment and partial
charge, with TASMP decreasing (becoming more negative) as adsorbate dipole moment and partial
charge increase. This suggests that the field created by the adsorbate contributes to TASMP in
hydrophilic pores, with stronger fields having a larger decrease on entropy. Interestingly,
experiments have suggested an influence of polarity in hydrophilic zeolites, but this has been

39,75,76

attributed to the pore , Whereas our results point to the polarity of the adsorbate. Based on

this explanation, entropic gain should be realized in hydrophilic pores through conversion of a less

polar species from a more polar one.
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4. Discussion

Our simulations indicate significant differences in solvation energies, entropies, and free energies
between our hydrophobic and hydrophilic pore models in hydrophilic Ti-FAU zeolite. Further, we
find that solvation entropy (and hence free energy) has different origins, depending on whether the
pore is hydrophobic or hydrophilic. In hydrophobic pores, a solvent structural property,
specifically whether H2O molecules are hydrogen bonding with an adsorbate or other H.O
molecules, influences entropy of solvation, whereas in hydrophilic pores, an adsorbate property,
specifically related to adsorbate polarity, influences entropy of solvation. These results illustrate
that solvation phenomena in confined systems are complicated, as well that it is unsurprising that
experimental observations of different reactions in different zeolites using different solvents would
result in seemingly conflicting behaviors. Our results show that solvation entropy (and hence free
energy) depends on multiple phenomena. Further, we have only examined slight variations in
zeolite active site. The influence of pore size, topology, and shape as well as contributions from
reactant molecule mobility and the effect of cosolvents should be examined. These things are the

topics of ongoing work.

5. Conclusions

In this work, we studied the solvation thermodynamics of Ci-C3; oxygenates adsorbed to
hydrophobic and hydrophilic pores within a hydrophilic zeolite, along with their relationships to
solvent structure, solvent mobility, and adsorbate properties. Based on our results, which examine
two different pores within one zeolite that has minimal unique adsorption sites, solvation
thermodynamics vary significantly based on the pore environment and adsorbate, and solvation

entropies (and hence solvation free energies) have different origins, depending on the pore
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environment. There are multiple molecular level phenomena that contribute to solvation behavior
in zeolites; the ones that are observed in catalysis experiments will depend on adsorbate, pore, and

solvent properties, at least, as well as the particular rate determining features in the reaction.
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