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ABSTRACT 22 

Zeolites are used in the chemical and separation industries for their exceptional 23 

selectivity, adsorption capacity, regenerability, and stability in gas and liquid phase 24 

processing. Here, we developed an explicit solvation method for predicting 25 

solvent/condensed phase effects on adsorption free energies in microporous media such as 26 

zeolites based on the hybrid quantum mechanical/molecular mechanical free energy 27 

perturbation (QM/MM-FEP) technique.  Our explicit solvation method for zeolite systems, 28 

called eSZS, aims to capture site-specific interactions during the adsorption process at the 29 

Brønsted acid sites of H-MFI zeolite while still considering the diverse configuration space 30 

of the solvent molecules.  This strategy is ideal for chemical reactions or adsorbates that 31 

interact with the microporous medium in few distinct adsorbate/transition state 32 

configurations, i.e., the harmonic or similar approximations are acceptable for the 33 

adsorbate/transition state while such approximations break down for the solvent molecules 34 

that require extensive configuration space sampling.  In this way, our approach effectively 35 

overcomes the limitations of implicit solvation models and classical force field methods 36 

for describing solvation effects on chemical reactions within porous materials such as 37 

zeolites.  Specifically, in this study, we investigated various aspects of our hybrid QM/MM 38 

approach, including QM cluster size dependencies in a periodic electrostatically embedded 39 

cluster model (PEECM), rules for link atoms at the QM/MM boundary, and functional and 40 

basis set considerations for converged and reasonably accurate gas and aqueous phase 41 

methanol and ethanol adsorption free energy predictions in H-MFI. For gas phase 42 

adsorption of methanol and ethanol in H-MFI at a Brønsted acid site in T12 position, we 43 

compute adsorption free energies at 298 K of -0.61 eV and -0.75 eV, respectively, using a 44 
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PEECM containing 50 Si and 1 Al atom with ωB97x-D/def2-TZVP level of theory.  For 45 

solvent effect calculations, we sample the aqueous phase using grand canonical Monte 46 

Carlo (GCMC) simulations to (1) obtain a mean field of electrostatic interactions in the 47 

reaction system and (2) perform a rigorous free energy perturbation calculation.  Similar 48 

to the experimentally and computationally observed endergonic solvation effects observed 49 

for hydrocarbon adsorption on metal surfaces, we also observe that a condensed aqueous 50 

environment destabilizes methanol and ethanol at these acid sites in H-MFI at 298 K. 51 

Specifically, the computed solvation free energies of adsorption (ΔΔGsolv) for methanol 52 

and ethanol are +0.44 eV and +0.54 eV, respectively. From this study, it is evident that 53 

adsorbates (methanol and ethanol) are competing with water for adsorption space inside 54 

the H-MFI zeolite, leading to an endergonic solvation effect. We expect that the 55 

endergonic, aqueous solvent effect during adsorption in microporous zeolites is highly 56 

tunable by changing the pore size and hydrophobicity of the microporous material as this 57 

will affect the water density inside the pore structure.  58 

 59 

  60 
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2.  INTRODUCTION 61 

Understanding adsorption and desorption of molecules in and out of hydrophilic 62 

and hydrophobic zeolites in the presence of solvents is essential for improving wastewater 63 

purification, catalysis, and separation technologies.1,2 Solvents such as liquid water affect 64 

the thermodynamics, rate, and selectivity of adsorption without being engaged in chemical 65 

transformations.3 Both the adsorbate and adsorption site, e.g., the Brønsted acid site in a 66 

zeolite, are affected by the solvent interactions, and it is difficult to predict the solvent 67 

influence on adsorption and desorption of a complex adsorbate in a porous zeolite 68 

framework.4 Zeolite materials are one of the most important proton-exchanged acid-base 69 

catalysts in the petrochemical industry because of their well-defined active sites and 70 

microporous structure.5-9 Structurally, zeolites are made of corner-sharing tetrahedrally 71 

coordinated silicate (SiO4) units, where the substitution of Si atoms by Al atoms induces a 72 

negative charge in the framework that is charge-balanced by cations, such as protons 73 

(H+).These protons (H+) bond to framework oxygen, which is coordinated to tetrahedral 74 

Al, thereby rendering the zeolite framework hydrophilic.  Adsorption and chemical 75 

reaction occurring inside the complex zeolite micropores are challenging to understand and 76 

model in the presence of solvent molecules because of the non-uniform distribution of 77 

solvent molecules inside the zeolite pores.  A few research studies used IR and NMR 78 

spectroscopies, temperature-programmed desorption, and microcalorimetry to investigate 79 

zeolite acidity, adsorption capacity, and adsorption energies in vapor phase and from 80 

solution.10-20 In addition, adsorption, diffusion, and chemical reactions in zeolites can be 81 

studied by molecular simulations, filling the gaps not covered by experiments.21,22 For 82 

example, several computational studies ranging from electronic structures calculations, 83 
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molecular dynamics and Monte Carlo simulations have revealed catalytic activity, 84 

adsorption, and diffusion trends.23-25 Specifically of relevance to this study, researchers 85 

have investigated water adsorption in hydrophilic and hydrophobic zeolites of FAU, MFI, 86 

MOR structure (different Si/Al ratio) by force field-based Grand Canonical Monte Carlo 87 

(GCMC) simulations, with an emphasis on describing and understanding the cation 88 

adsorption sites and their sensitivity to force field parameters.26-30  89 

To model reactions in the zeolite micropores, density functionals with empirical or 90 

semi-empirical corrections are typically used, as there are no reliable force fields available 91 

that can describe chemical reactions.31,32 However, due to the large size of the periodic 92 

zeolite structure, only a cluster of the zeolite framework is often described at the DFT 93 

level.33-37 While periodic DFT calculations—that can consider the long-range interactions 94 

in these systems have been performed for small zeolite unit cells, they are often limited to 95 

generalized gradient approximation (GGA) functionals that are not ideal for describing the 96 

interactions in insulators such as zeolites.38,39 We note that the computational time 97 

requirements increase significantly with an increasing number of water molecules and 98 

zeolite atoms in the simulation system needed to capture the dispersive and electrostatic 99 

interactions.  100 

The use of quantum mechanical/molecular mechanical models of the extended 101 

zeolite framework surrounding the active sites has also been practiced.  In this study, we 102 

modeled an extended zeolite framework via hybrid quantum mechanical/molecular 103 

mechanical (QM/MM) simulations in vapor and condensed aqueous phases.  Zeolite cluster 104 

models are subdivided into two regions: a reactive portion consisting of the active site and 105 

the adsorbate, which is described by DFT/QM, and an inactive region – which includes the 106 
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zeolite framework atoms and the water molecules that are described by a molecular 107 

mechanics (MM) force field. This hybrid QM/MM scheme is computationally far more 108 

efficient than a pure DFT description and, hence, ideally suited for studying large zeolite 109 

frameworks in the presence of water molecules. We note that bond-breaking and/or bond-110 

formation are described at the DFT or QM level of theory while other crucial but distant 111 

interactions, such as the long-range electrostatic and dispersion interactions of water 112 

molecules and zeolite framework atoms, are captured through force fields. Notably, the 113 

effect of the long-range electrostatic interactions on the electronic structure calculation can 114 

also be considered. Nevertheless, concerns remain about how large a zeolite framework 115 

cluster should be included in the QM/MM simulations (containing “liquid” water 116 

molecules) to obtain converged simulation results. Similarly, uncertainties persist about 117 

the optimal correlation functional and basis set40-44 and which charge and Lennard-Jones 118 

parameters can successfully capture the interactions within the adsorbate-zeolite-water 119 

system. 120 

In this work, we have developed a hybrid quantum mechanical and molecular 121 

mechanical (QM/MM) approach with electrostatic embedding to investigate the adsorption 122 

of two model molecules – methanol and ethanol from liquid water at the T12 acid site in 123 

H-MFI zeolite. Adsorption at the Brønsted acidic site of H-MFI from liquid water is 124 

demonstrated to be sensitive to small changes in the force field parameters, water model, 125 

framework atom positions, and zeolite atom partial charges, highlighting the need for this 126 

study. To study the effect of liquid water on the adsorption properties of methanol and 127 

ethanol at the T12 site in H-MFI, we identified a computationally efficient thermodynamic 128 

cycle and performed free energy perturbation (FEP) calculations that directly compute the 129 
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free energy of solvation (ΔΔGsolv) for adsorbed states (or in principle transition states) in a 130 

porous zeolite structure.  131 

3.  COMPUTATIONAL METHODS 132 

3.1 Gas Phase Adsorption 133 

Overall, we adopt a QM/MM description of our zeolite system in which the long-134 

range electrostatic interactions of distant atoms affecting the QM system are considered at 135 

the electrostatically embedded DFT level. Specifically, the crystallographic MFI structure 136 

was used to determine the positions of atoms in the zeolite models.45-47 The T12 site in MFI 137 

is the most energetically favorable site for replacing Si with Al, hence this site was chosen 138 

for subsequent calculations.46,47 By substituting a Si atom with an Al atom in the T12 site, 139 

an acidic site is created, i.e., the resulting charge is balanced by a proton/hydrogen (H) 140 

atom on the oxygen atom connected to the Al atom.   141 

We proceeded with four different zeolite clusters containing 5, 26, 51, and 90 142 

tetrahedral atoms.  These clusters represent the QM subsystem in our QM/MM model, 143 

named T5, T26, T51, and T90, and were cut from a larger periodic supercell of H-MFI that 144 

had unit cell dimensions of 40.1399 Å × 39.8400 Å × 26.8400 Å. To stabilize the clusters, 145 

the terminal oxygen atoms in each cluster were replaced with hydrogen atoms. Specifically, 146 

we replaced each terminal Si-O bond with a single hydrogen link atom. The terminal 147 

hydrogen atoms were positioned at a distance of 0.92 times the Si-O bond length 148 

(approximately 1.47 Å) from the terminal Si atom.48 This arrangement helped remove any 149 

uncoordinated Si fragments. During the geometry optimization of each cluster, the 150 

coordinates of the terminal H atoms and the Si atoms attached to them were kept constant. 151 

Figure 1 illustrates the clusters used in this paper. Finally, to maintain the electrostatic 152 
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neutrality of the MM subsystem, we adjusted the charges for the subset of terminal atoms 153 

of the MM system as described in section 4.2.  154 

Two different range-separated hybrid GGA and meta hybrid GGA functionals with 155 

dispersion corrections, namely ωB97-D and ωB97x-D, were employed for the geometry 156 

optimizations.  Also, two different basis sets were used: the split valence with polarization 157 

functions def2-SV(P) and the triple-ζ basis with valence polarization functions def2-TZVP. 158 

These calculations were carried out using the TURBOMOLE 7.5 software.49-51  159 

Peng Bai et al. demonstrated that the standard TraPPe-zeo force field, which 160 

includes Lennard-Jones and charge parameters, is capable of accurately predicting the 161 

adsorption and diffusion behavior of alkanes, alcohols, carbon dioxide, and water within 162 

all-silica zeolites over a wide range of temperatures and pressures.48 This suggests that this 163 

force field is also well-suited for describing the behavior of zeolitic silicon and oxygen 164 

atoms in the MM subsystem of our QM/MM calculations as long as the QM subsystem is 165 

sufficiently large. We note that Bell et al. had to adjust their charge and Lennard-Jones 166 

parameters in their QM/MM model since they aimed to use a very small (T5) QM 167 

subsystem.52-53 Given that our model also needs to describe the presence of water 168 

molecules in the pore structure (see section 3.2), we aimed to minimize any changes to the 169 

force field parameters and instead elected to use larger QM subsystems.  The details of the 170 

force field and its validation are further discussed in section 4.2.  Briefly, classical 171 

electrostatic and Lennard-Jones interactions are given by equation (1) and (2)–  172 

Eୣ୪ୣୡ =  ∑ ୯౟୯ౠ

ସ஠஫బ୰౟ౠ
୧୨                                               (1) 173 

E୐୎ =  ∑ 4ε୧୨ ቈ൬஢౟ౠ

୰౟ౠ
൰

ଵଶ
− ൬஢౟ౠ

୰౟ౠ
൰

଺
቉୧୨            (2) 174 



10 

where ε୧୨ = ൫ε୧ε୨൯
ଵ

ଶൗ
, σ୧୨= ൫σ୧ + σ୨൯ 2⁄ , qi is atomic partial charge, σ୧ is the size parameter 175 

of atom i, and ε୧ is the potential well depth of the Lennard-Jones potential for atom i.  For 176 

adsorbate atoms, standard OPLS-AA Lennard-Jones parameters were used.54 Thus, the 177 

total energy of our periodic electrostatically embedded QM/MM system, E୘൫r୕୑, r୑୑൯, 178 

becomes 55–  179 

E୘൫r୕୑, r୑୑൯ = ൻψ| Hୣ୤୤൫r୕୑,  r୑୑
୭ ൯|ψൿ + ቄൣE୑୑ା୕୑ ୑୑⁄

ୣ୪ୣୡା୴ୢ୛ ൫r୕୑, r୑୑
୭ ൯൧

୕౟ୀ଴,୧∈୕୑
−180 

ൣE୑୑ା୕୑ ୑୑⁄
ୣ୪ୣୡା୴ୢ୛ ൫r୕୑, r୑୑

୭ ൯൧ቅ   + E ୑୑ା୕୑/୑୑
ୣ୪ୣୡା୴ୢ୛ ൫r୕୑, r୑୑൯          (3) 181 

where r୕୑ symbolizes the QM cluster atom coordinates that are embedded in MM 182 

atoms (r୑୑) represented by point charges and Lennard Jones interaction sites. Here, r୑୑
୭  183 

represents a set of reference MM atom coordinates (in the gas phase scenario, these are 184 

simply the MM zeolite atoms, but we select this nomenclature to facilitate understanding 185 

the liquid phase scenario), ൻψ| Hୣ୤୤൫r୕୑,  r୑୑
୭ ൯|ψൿ symbolizes a periodic electrostatically 186 

embedded DFT calculation in the periodic point charge field of the MM reference atoms. 187 

ൣE୑୑ା୕୑ ୑୑⁄
ୣ୪ୣୡା୴ୢ୛ ൫r୕୑, r୑୑

୭ ൯൧
୕౟ୀ଴,୧∈୕୑

 symbolizes the electrostatic and van-der-Waals 188 

interactions among the (reference) MM atoms and the van-der Waals interactions between 189 

the (reference) MM and QM atoms. Finally, E୑୑ା୕୑ ୑୑⁄
ୣ୪ୣୡା୴ୢ୛ ൫r୕୑, r୑୑

୭ ൯ and 190 

E ୑୑ା୕୑/୑୑
ୣ୪ୣୡା୴ୢ୛ ൫r୕୑, r୑୑൯ represent the classical van-der-Waals and electrostatic 191 

interactions in the total system at reference MM and general MM coordinates, respectively.  192 

In the absence of solvent, the MM zeolite coordinates remain unchanged, i.e., the reference 193 

MM and general MM coordinates are the same, and the last two terms cancel (unlike in the 194 

situation described in the next section). Otherwise, we use the fixed charge approximation 195 



11 

when optimizing the QM cluster coordinates.56 In summary, for gas phase zeolitic 196 

adsorption, only one MM conformer is present and equation (3) simplifies to–  197 

E୘൫r୕୑, r୑୑൯   = ൻψ| Hୣ୤୤൫r୕୑,  r୑୑
୭ ൯|ψൿ + ൣE୑୑ା୕୑ ୑୑⁄

ୣ୪ୣୡା୴ୢ୛ ൫r୕୑, r୑୑
୭ ൯൧

୕౟ୀ଴,୧∈୕୑
        (4) 198 

Next, the self-consistent field (SCF) energy convergence criterion is set to 10-7 Ha 199 

(Hartree), and a Gauss-Chebyshev-type spherical grid, m4, is used for numerical 200 

integrations. Optimizations are considered converged when the maximum norm of the 201 

cartesian gradient is smaller than 10-3 Ha bohr-1.  202 

To compare our QM/MM results to periodic QM(high level of theory)/QM(periodic 203 

low level of theory) data that are presumably more accurate, we adjusted the optimized 204 

cluster atom coordinates (optimized with high-level functionals) in a periodic zeolite 205 

supercell (1×1×2) and used the Vienna Ab Initio Simulation Package (VASP) to perform 206 

single-point calculations of the whole periodic system, i.e., we solved the Kohn-Sham 207 

equations under periodic boundary conditions and obtained VASP adsorption energies, 208 

QM (periodic low level of theory).57-58 Here, we used the projector-augmented wave 209 

method (PAW) to model electron-ion interactions with the Perdew-Burke-Ernzerhof (PBE-210 

D3) functional to describe exchange and correlation.  Due to the large size of the simulation 211 

system, we performed only gamma point calculations according to the Monkhorst-Pack 212 

scheme with a Methfessel-Paxton smearing of 0.2 eV.59-63 We set the energy cut-off to 520 213 

eV for the plane waves in the calculations, and we used a self-consistent field (SCF) energy 214 

convergence criterion of 10-7 eV.  The QM/QM approach can be understood as either 215 

correcting the limitations of the PBE-D3 functional with higher level cluster calculations 216 

or as correcting high level QM/MM calculations for cluster size limitations. Ultimately, it 217 
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is a subtractive ONIOM-like scheme similar to what is done by Sauer et al.38,64 The main 218 

difference between our and Sauer’s approach is that our cluster calculations are embedded 219 

in a periodic point charge field while such a field is not present by Sauer et al. Importantly, 220 

both QM/QM approaches do not utilize any Lennard Jones force field parameters and the 221 

energy becomes: 222 

∆Eୌ୧୥୦ ୪ୣ୴ୣ୪ :୐୭୵ ୪ୣ୴ୣ୪(periodic,  cluster)  = ∆Eୌ୧୥୦ ୪ୣ୴ୣ୪ (cluster)   +223 

∆E୐୭୵ ୪ୣ୴ୣ୪ (୔୆୉ିୈଷ)(periodic)   −  ∆E୐୭୵ ୪ୣ୴ୣ୪ (୔୆୉ିୈଷ) (cluster)                                (5) 224 

Finally, for the free energy calculations of an adsorbed species, we used the 225 

modified rigid rotor-harmonic oscillator approach (quasi-RRHO)65 applied to the high 226 

level of theory cluster model potential energy surface (it is not computationally practical 227 

to compute all frequencies at the periodic DFT level of theory) – 228 

A ቂ ୎
୫୭୪ୣୱ

ቃ = −k୆T ൥ln ቊቀଶ஠୫୩ా୘
୦మ ቁ

ଷ
ଶൗ ୩ా୘

୔
ቋ + 1 +  ቀ1 −  ω൫ν୨൯ቁ × ଵ

ଶ
ln ቀ ୘

஘౨
ቁ +229 

ω൫ν୨൯ ×  ∑ ൭−
஘ಕౠ

ଶ୘
 − ln ቆ1 − exp ൬−

஘ಕౠ

୘
൰ቇ൱ + ln ωୣଵ  −  ୉ఽౚ౩

୩ా୘
ଷ୒ି଺(ହ)
୨ୀଵ ൩      (6) 230 

ω൫ν୨൯ = ଵ

ଵା ቆಕబ
ಕౠ

ቇ
ర         (7) θ୴ౠ= ୦୴ౠ

୩ా
         (8) θ୰= ୦మ

଼஠మஜౙ౥౨౨୩ా୘
                 (9)      

Here, ν୨ are wave numbers within the harmonic approximation, ν଴ is chosen as 100 231 

cm-1, T is the absolute temperature, k୆ is the Boltzmann constant, μୡ୭୰୰ is the corrected 232 

moment of inertia where μୡ୭୰୰  = μBୟ୴ (μ + Bୟ୴)⁄ , μ = h ൫8πଶv୨൯⁄ , and Bav (= average 233 

molecular moment of inertia) = 10-44 kg m2 is given in reference 71. We note that using the 234 

corrected moment of inertia, μୡ୭୰୰, versus μ, leads to negligible changes in θ୰ of smaller 235 
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1% for frequencies larger 3 cm-1. Next, the enthalpy of adsorption, ΔH = ΔA + T∆S, is 236 

computed from the free energy and a weighted entropy.65  237 

S =  ቄω൫ν୨൯ × vibrational entropic contribution(S୴) + ቀ1 −  ω൫ν୨൯ቁ ×238 

low frequency mode entropic contribution (Sୖ)ቅ                                                                    (10) 239 

 240 

3.2 Liquid Phase QM/MM Simulation Details 241 

Ultimately, we are interested in the effect of condensed water in the zeolite pores 242 

on the adsorption behavior of hydrocarbons at low concentration. In the liquid phase, water 243 

adsorption isotherms in microporous zeolite were calculated using grand-canonical, μVT, 244 

Monte Carlo simulations.  The computation involved different types of Monte Carlo 245 

moves: molecule insertion and deletion (50% of moves), molecule translation (25%), and 246 

molecule rotation (25%).  This approach was also employed for determining chemical 247 

potentials related to the bulk phase by introducing water molecules into a box at 298 K and 248 

identifying the phase transitions.  We used the open-source Monte Carlo Cassandra v1.2.4 249 

package for these simulations.66,67 All guest-host (water–zeolite) interactions were 250 

truncated at rcut = 12 Å, and tail corrections were used to estimate the Lennard Jones (LJ) 251 

interactions beyond the cut-off.  During liquid phase simulations, zeolite framework atoms 252 

were represented as rigid, and zeolite-adsorbate-water and/or zeolite-water interactions 253 

were based only on the water molecule placement, i.e., for each Monte Carlo simulation 254 

not only the zeolite atoms but also the adsorbate atoms where fixed. In other words, we 255 

used the rigid rotor-harmonic oscillator approximation for the adsorbate and zeolite atoms 256 

and only sampled the water molecules.  As described below, the QM zeolite – adsorbate 257 
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cluster is optimized in the mean field of the water molecules and distant zeolite atoms.  258 

Here, we used the fixed partial charge approximation on atomic centers and computed 259 

electrostatic energies using Ewald summations with a real space cutoff of 12 Å and an 260 

accuracy of 10-5. 261 

We used the TIP4P/2005 water model for studying water adsorption within the H-262 

MFI zeolite.  Abascal et al. demonstrated that the TIP4P/2005 four-site model outperforms 263 

TIP3P, SPC/E, and TIP5P in predicting compressibility, expansivity, heat capacity 264 

behavior within dense regions of the phase diagram, melting properties, and phase diagram 265 

characteristics across a wide temperature range (123 K to 573 K) and pressures up to 40,000 266 

bar.68 While more accurate water potentials such as MB-pol are available,69 these potentials 267 

can often not be used together with the potential parameters for zeolites or hydrocarbons, 268 

explaining why, for many QM/MM-FEP applications, the TIP4P/2005 water model is 269 

preferred.  270 

Our research group has previously developed an explicit solvation scheme for metal 271 

surfaces (eSMS), incorporating the QM/MM-FEP (quantum mechanics/molecular 272 

mechanics-free energy perturbation) approach with NVT molecular dynamics simulations 273 

for heterogeneous metal catalysis problems.70-72 Very good agreement with experimental 274 

solvation free energies could be obtained for phenol, benzene, and furfural adsorption on 275 

Pt(111), highlighting the accuracy and practicability of the QM/MM-FEP approach for 276 

solid-liquid interface modeling.73, 74 This QM/MM-FEP-based explicit solvation package 277 

was successfully employed here after necessary modifications described below to carry out 278 

free energy calculations in electronically isolating (non-conductive) zeolite systems. Key 279 

modifications have been a change in the energy function (see Equation 11 below) and 280 
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implementing a sampling approach of the water molecules within the zeolite under a μVT 281 

ensemble, where the number of water molecules can differ in each configuration. We note 282 

that the change in energy function is likely only possible for electronically non-conductive 283 

systems, while the change to a μVT ensemble and Monte Carlo sampling is likely critical 284 

for all porous systems that cannot be efficiently sampled by molecular dynamics 285 

simulations.  To determine free energy differences between two states, we employed the 286 

Bennett acceptance ratio (BAR), which offers enhanced efficiencies compared to 287 

exponential averaging when dealing with two sampled states, utilizing both the forward 288 

and reverse distributions.75  The free energy estimation process was repeated by three 289 

independent simulations, each comprising 100 million Monte Carlo (MC) steps with 290 

distinct random seeds.  This generated independent trajectories, and average properties 291 

(specifically, the overall free energy) and 95% confidence intervals of the overall free 292 

energy were computed from these three independent estimations of the free energy of 293 

adsorption in zeolite in the presence of water. 294 

In the following, we describe our thermodynamic cycle and the individual steps for 295 

computing solvation effects on adsorption free energies in zeolites in detail. We call our 296 

approach explicit solvation method for zeolite systems (eSZS). Figure 2 illustrates a visual 297 

representation of our free energy calculation. We highlight that the high efficiency of our 298 

thermodynamic cycle and overall approach hinges on the accuracy of our QM/MM 299 

potential and the ability to treat the QM atom coordinates by the quasi-RRHO approach 300 

and only sampling the MM part of the simulation system. This approximation is likely 301 

excellent for most inorganic systems and catalysts whenever the adsorbate interacts 302 

strongly with the active site.  303 
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The total energy function for the explicit solvation approach is defined as: 304 

E୘൫r୕୑, r୑୑ ୞ୣ୭ା୑୑ ୛ୟ୲ୣ୰൯  =  〈Ψ ቚHୣ୤୤ ቀr୕୑, r୑୑ ୞ୣ୭ ା ୑୑ ୛ୟ୲ୣ୰
୑ୣୟ୬୊୧ୣ୪ୢ(ଵ଴଴) ቁቚ Ψ〉 +305 

ଵ
ଵ଴଴

∑ ൜ቂE୨,(୑୑ ୞ୣ୭ ା ୑୑ ୛ୟ୲ୣ୰) ା୕୑ (୑୑ ୞ୣ୭ ା ୑୑ ୛ୟ୲ୣ୰)⁄
ୣ୪ୣୡା୴ୢ୛ ቀr୕୑, r୑୑ ୞ୣ୭ ା ୑୑ ୛ୟ୲ୣ୰

୑ୣୟ୬୊୧ୣ୪ୢ(ଵ଴଴) ቁቃ
୕౟ୀ଴,୧∈୕୑

−ଵ଴଴
௝ୀଵ306 

E୨,(୑୑ ୞ୣ୭ ା ୑୑ ୛ୟ୲ୣ୰)ା୕୑ (୑୑ ୞ୣ୭ ା ୑୑ ୛ୟ୲ୣ୰)⁄
ୣ୪ୣୡା୴ୢ୛ ቀr୕୑, r୑୑ ୞ୣ୭ ା ୑୑ ୛ୟ୲ୣ୰

୑ୣୟ୬୊୧ୣ୪ୢ(ଵ଴଴) ቁൠ +307 

E୨,(୑୑ ୞ୣ୭ ା ୑୑ ୛ୟ୲ୣ୰) ା୕୑ (୑୑ ୞ୣ୭ ା ୑୑ ୛ୟ୲ୣ୰)⁄
ୣ୪ୣୡା୴ୢ୛ ൫r୕୑, r୑୑ ୞ୣ୭ ା ୑୑ ୛ୟ୲ୣ୰൯     (11) 308 

Equation 11 is essentially equivalent to equation 3 for the gas-phase system. The only 309 

difference is that the DFT calculations are performed in a mean-field of, in this case, one 310 

hundred independent water conformations (charges scaled by one hundredth). The first two 311 

terms describe the system energy in a mean-field of water molecules. The third term 312 

subtracts the classical electrostatic and van-der-Waals interactions of the mean-field 313 

reference configurations, and the fourth term adds the classical electrostatic and van-der-314 

Waals interactions of an actual water configuration.  A key difference to our previous 315 

eSMS method for metal surfaces is that only one DFT calculation must be performed to 316 

compute the system energy, while three DFT calculations are required in standard eSMS 317 

calculations – one additional plane wave DFT gas phase calculation and another gas phase 318 

cluster calculation are necessary for standard eSMS.70-73 The other DFT calculations in 319 

standard eSMS of metal systems result from the difficulty in defining a meaningful 320 

QM/MM description of a metal surface. In contrast, for an insulating material such as a 321 

zeolite, QM/MM descriptions are more straightforward, and the energy difference between 322 

the extra plane wave DFT calculation and the extra gas phase cluster calculation is small 323 

for energy difference calculations such that these terms can be neglected.  324 
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As shown in Figure 2, State 1opt,0 consists of a liquid-phase optimized zeolite-325 

adsorbate system and a second gas-phase optimized zeolite system. State 5 consists of a 326 

liquid-phase optimized zeolite system without adsorbate and a second gas-phase optimized 327 

zeolite system with the adsorbate in the gas phase. Thus, the energy difference between 328 

State 1opt,0 and State 5 is the free energy of adsorption for a gas molecule adsorbing in a 329 

zeolite filled with water (the two gas phase zeolite system energies cancel but are still 330 

important for the intermediate steps).  331 

State 1opt,0 to State 1: Practically, our solvation effect calculation starts with gas-332 

phase optimized structures of the adsorbate-zeolite system with and without adsorbate and 333 

with and without water (State 1). Thus, we first compute the free energy difference between 334 

1opt,0 and 1opt which consists of the same liquid phase optimized system as 1opt,0 and the gas 335 

phase optimized system with adsorbate in which the adsorbate was removed, i.e., the free 336 

energy difference between state 1opt,0 to state 1opt is computed by two single gas-phase 337 

energy calculations (no sampling is necessary). Next, from state 1opt to state 1, the liquid 338 

phase system transitions from liquid-phase optimized coordinates to gas-phase optimized 339 

zeolite and adsorbate coordinates. Given that the mean-field ensemble changes during the 340 

transition of liquid-phase optimized coordinates to gas-phase optimized coordinates, 341 

intermediate states are introduced for the FEP calculation of this transition. The gas-phase 342 

subsystem is not changing during this transition.  343 

State 1 to State 2: Between State 1 and 4, the zeolite atom coordinates and adsorbate 344 

coordinates do not change, except that in State 1, the adsorbate is in the liquid subsystem 345 

while the adsorbate is in the gas-phase system in State 4. However, the charges and Lennard 346 

Jones parameters on the QM atoms change. Specifically, the charge and Lennard Jones 347 
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parameters of the adsorbate in the liquid phase subsystem disappear, along with changes 348 

in the charge parameters of the zeolite QM atoms. Both of these changes modify the mean 349 

water field. Thus, between State 1 and State 2, we linearly transition the partial charges of 350 

the QM atoms from those in State 1 to those in State 4. State 1a in Figure 2 is one of these 351 

intermediate states. Specifically, we derived the charges for the MM interaction energy 352 

between the water molecules and the quantum cluster and adsorbate from Natural 353 

Population Analysis (NPA).76 We note that during the transition from State 1 to State 2, all 354 

energy terms in equation 11, but the last, remain unchanged such that the free energy 355 

calculation between State 1 and State 2 does not involve any DFT calculation.  Instead, this 356 

transition is computed using conventional classical FEP calculations that only consider the 357 

change in mean water field due to changing the classical electrostatic interaction sites on 358 

the QM atom coordinates.  359 

State 2 to State 3: Ultimately, the adsorbate must transition from the liquid-phase 360 

DFT calculation/subsystem to the gas-phase DFT calculation/subsystem. This free energy 361 

difference is computed between State 2 and State 3 and is essentially the “non-classical” 362 

contribution of solvent molecules changing the quantum system’s electronic structure 363 

when transitioning from a zeolite-adsorbate system to one without adsorbate.  This energy 364 

difference is the main difference between electrostatic and mechanical embedding of the 365 

QM/MM system. Practically, there cannot be intermediate states between State 2 and State 366 

3, and the uncertainty in the free energy difference between these states (originating from 367 

modeling our mean water field from 100 water conformations) is reduced by using multiple 368 

independently determined mean water fields for State 1. We note that it can be argued that 369 

this transition should occur directly after State 1 (since it uses these water ensembles) but 370 
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to be consistent with our prior eSMS description,73 we depict this energy difference after 371 

removal of the electrostatic interactions in our potential of mean force graphs.  372 

State 3 to State 4: What remains is to remove the Lennard Jones interactions of the 373 

adsorbate in the liquid phase subsystem.  This was accomplished using Shifted Lennard 374 

Jones (SLJ) potentials integrated into the Cassandra v1.2.4 open-source Monte Carlo 375 

package.  The SLJ potential is defined by: 376 

Vୗ୐୎ = (1 − λ) ቂ ୅
(୰మାஔ஛)ల − ୆

(୰మାஔ஛)యቃ         (12) 377 

where A (= 4εσଵଶ) and B (= 4εσ଺) are repulsive and attractive Lennard Jones 378 

parameters, respectively, ݎ is the interatomic distance, ߜ is the shift parameter enabling a 379 

gradual transition of the Lennard Jones potential, and ߣ governs the smooth reduction of 380 

the van der Waals interaction strength (at λ = 0, the Lennard Jones interactions are fully 381 

present, at λ = 1 the Lennard Jones interactions are zero between the adsorbate and its 382 

environment, and for 0 < λ < 1 the Lennard Jones potential smoothly diminishes).  To 383 

ensure a smooth transition between an atom's presence in solution and its occupation of the 384 

cavity by solutes, the square of the van der Waals radius of the atom being phased out was 385 

utilized for the δ parameter, as proposed by Zacharias et al.77 State 3a in Figure 2 is one of 386 

these intermediate states. Again, we note that during the transition from State 3 to State 4, 387 

all energy terms in equation 11, but the last, remain unchanged such that the free energy 388 

calculation between State 3 and State 4 does not involve any DFT calculation.  Instead, this 389 

transition is computed using conventional, classical FEP calculations that only consider the 390 

change in mean water field due to changing the classical Lennard Jones interaction sites on 391 

the QM atom coordinates.  392 
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State 4 to State 4opt: The zeolite coordinates of the QM cluster acquired from the 393 

zeolite-adsorbate vapor phase optimization transition to their optimized positions in water 394 

in the absence of adsorbate. This transition is synonymously to the transition from State 1 395 

to 1opt and involves a number of intermediate states for the FEP calculation as the mean 396 

water field ensemble changes significantly during this transition.  The gas-phase subsystem 397 

is again not changing during this transition. 398 

State 4opt to State 5: Finally, we compute the desorption free energy for the gas-399 

phase subsystem. The liquid phase subsystem remains unchanged here such that this 400 

computation is trivial. We note that we are assuming here that mass transfer in the liquid 401 

phase is fast and the adsorbate in liquid and gas are in equilibrium.  402 

In summary, the steps outlined from state 1opt,0 to state 4opt represent the solvent 403 

effect on the adsorption (or desorption) free energy of a gas phase adsorbate with a given 404 

fugacity into a porous medium filled by a solvent (here water). 405 

4.  RESULTS AND DISCUSSION 406 

4.1 QM Cluster Size Dependency 407 

Various cluster sizes and QM models were used to estimate the adsorption energies 408 

of methanol and ethanol in H-MFI.  Figure 3 outlines the critical geometries that define the 409 

interaction of methanol with the Brønsted acid site in the H-MFI clusters.  The adsorption 410 

energies for the QM clusters were computed using different range-separated hybrid GGA 411 

and hybrid meta-GGA functionals with dispersion corrections, specifically ωB97-D and 412 

ωB97x-D.  Additionally, various basis sets, such as def2-SV(P), def2-TZVP, and def2-413 

TZVPD, were employed. Due to computational constraints, only single-point calculations 414 
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were performed for the def2-TZVPD basis set on geometries optimized by the def2-SV(P) 415 

and def2-TZVP basis.   416 

Table S1 in the supporting information illustrates that during gas phase adsorption 417 

of methanol, adsorption energies are independent of DFT functional and QM cluster size, 418 

significantly overestimated (too strong adsorption) with the relatively small def2-SV(P) 419 

basis set. These adsorption calculations were performed in the presence of the MM zeolite 420 

atoms represented by TraPPe-zeo force field parameters. For example, we computed with 421 

the def2-SV(P) basis set, ΔEads,Methanol(T5) = -1.87 ± 0.01 eV, ΔEads,Methanol(T26) = -1.55 ± 0.01 422 

eV, ΔEads,Methanol(T51) = -1.44 ± 0.02 eV, and ΔEads,Methanol(T90) = -1.32 ± 0.01 eV, while the 423 

larger def2-TZVP basis set predicts 14-27% lower adsorption energies. Given that the def2-424 

SV(P) and def2-TZVP geometries are very similar, we also computed single-point def2-425 

TZVPD basis set calculations on def2-SV(P) and def2-TZVP optimized structures (see 426 

Table S1).  This correction strategy resulted in 14-22% lower adsorption energies for 427 

methanol, highlighting that the basis set error for double zeta basis sets is unacceptably 428 

large.  Figure 4 illustrates the basis set, DFT functional, and cluster size effect on the 429 

methanol adsorption energy. In addition to the basis set, we observe a large cluster size 430 

dependence in our QM/MM calculations. However, importantly, we observe that for the 431 

larger T51 and T90 clusters and with the larger def2-TZVP basis set, the methanol 432 

adsorption energy is converged with respect to the cluster size (Figure 5)78 (ΔEads,Methanol(T51 433 

or T90) = -1.06±0.02 eV). The DFT functional effect (between ωB97-D and ωB97x-D) is 434 

minimal here (0.01-0.03 eV) for all cluster sizes and basis sets. Similar converged results 435 

were obtained for ethanol adsorption in H-MFI (see Supporting Information Figure S1 and 436 

Table S1).  Specifically, (1) the energy differences introduced by the DFT functional choice 437 
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are small, 0.02–0.06 eV, (2) the adsorption energy converges smoothly with cluster size 438 

and is converged to ~0.03 eV for the T51 cluster, and (3) basis set effects are significant 439 

although they decrease with cluster size; in particular, for the T51 cluster, the energy 440 

difference between def2-TZVP and def2-TZVPD basis shrinks to 0.02 eV.  Thus, we 441 

conclude that for methanol and ethanol adsorption energies, converged results can be 442 

obtained for the T51 with the ωB97x-D/def2-TZVP level of theory.   443 

4.2 QM/MM Charge/Lennard Jones Parameter Validation 444 

During the QM/MM simulations, atoms around the QM zeolite clusters were kept 445 

frozen in their crystallographic positions.  For the MM atoms, it is important to identify 446 

accurate charge and Lennard-Jones parameters for zeolitic Si and O atoms. We have tested 447 

various combinations of charge and Lennard-Jones parameters for zeolitic silicon and 448 

oxygen atoms (QSi= 0.00 to 1.50, QO= -0.5QSi).  For zeolite silicon and oxygen Lennard-449 

Jones parameters, we have tested several published parameters for silica79 (σୗ୧ = 3.697 Å, 450 

σ୓ = 3.091 Å, εୗ୧ = 0.389 kJ/mol and ε୓ = 0.226 kJ/mol) and silicalite (TraPPe-zeo)52-451 

53 (σୗ୧ = 2.30 Å, σ୓ = 3.30 Å, εୗ୧ = 0.183 kJ/mol and ε୓ = 0.441 kJ/mol). Both sets 452 

should be compatible with the OPLS-AA54 force field parameters for methanol and ethanol 453 

(see Table S2).  To identify appropriate charge parameters, we computed methanol and 454 

ethanol adsorption energies considering QM cluster atoms surrounded by an uncharged 455 

MM region (parameter set 1: QSi = 0.00 and QO = 0.00), an intermediately-charged MM 456 

region (parameter set 2: QSi = 0.70 e and QO = -0.35 e), and a significantly-charged MM 457 

region (parameter set 3: QSi = 1.50 e and QO = -0.75 e).   458 

Figure 5 illustrates the methanol adsorption energy for the different charge models 459 

for various periodic electrostatically embedded zeolite cluster models ranging from T5 to 460 
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T90.  Figure S2 in the supporting information illustrates corresponding values for ethanol.  461 

We observe that the Columbic interactions are significant only for the small clusters T5 462 

and T26. For the T51 or T90 clusters, the adsorbate is sufficiently far away from the MM 463 

zeolite atoms that the charge model has no impact on the gas phase adsorption energy. 464 

Given the sensitivity of the QM/MM adsorption energies on the Si and O charges as well 465 

as LJ parameters, we focused here on limiting their influence by selecting appropriately 466 

large cluster sizes. In the following, we continued with parameter set 3 (aligned with 467 

TraPPe-zeo force field)48 with at least T51 clusters. We highlight that Siepmann et al. have 468 

shown that their TraPPe-zeo force field potential accurately predicts adsorption and 469 

diffusion of alcohols for a wide range of pressures and temperatures. In section 4.4, we will 470 

show that this charge parameter set also predicts a meaningful TIP4P water adsorption 471 

isotherm in H-MFI zeolite at 300 K.48   472 

4.3 QM/QM Approach 473 

Next, we continue our model validation by computing the methanol and ethanol 474 

enthalpy of adsorption at the Brønsted acidic sites of H-MFI and compare our results to 475 

both experimental results and high-level QM/QM results that do not require force field 476 

parameters.  For the periodic QM/QM calculations, we used for the high-level cluster 477 

calculations ωB97x-D/def2-TZVP and subsequently corrected the energies for the cluster 478 

size effect with full periodic and cluster DFT calculations at the PBE-D3 level of theory. 479 

The key advantage of this approach is that there are no force fields involved.  In Figure 6 480 

and Table S4 in the Supporting Information, we observe a very similar adsorption enthalpy 481 

for methanol at 298K ( -0.97 eV) for the H-MFI T51 cluster by the QM/MM and QM/QM 482 

approaches.  Moreover, previous work by Hunger et al.78 reported a similar heat of 483 
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adsorption of ΔHads = -0.88 eV for low coverages at 300 K using temperature programmed 484 

desorption (TPD). Also, for ethanol, the enthalpy of adsorption from force field and 485 

periodic simulation is ΔHads= -1.10 eV.  This value is again in reasonably close agreement 486 

with the experimental value of ΔHads = -0.93 eV reported by Alexopoulos et al. from 487 

calorimetric tests conducted at 313K (supporting information figure S3).80 This 488 

consistency extends to ab initio studies by Piccini et al.  who reported a ΔHads of -1.08 eV 489 

at 300 K.64  490 

The slight difference between theory and experiment can be understood from the 491 

simulations being performed at low Al/Si ratio at the T12 site (1 Al per unit cell), whereas 492 

the experiments having been performed on structures with high Al/Si ratio (≈ 6) and 493 

adsorption occurring on Al sites located at various T-sites. Furthermore, the experimental 494 

results are often being only available for adsorption within zeolites when adsorption sites 495 

are more densely populated with lateral interactions between the adsorbed species.64,80 For 496 

the T5 and T26 clusters, major differences between simulated enthalpic values (ΔHads) and 497 

experimental data has been observed due to alcohol oxygen’s binding capacity with zeolitic 498 

hydrogen (Al12-O20(H)-Si3).  The PBE-D3 cluster size correction factor in the periodic 499 

QM/QM approaches displays a significant impact of 0.10 eV for the small T5 and/or T26 500 

clusters.  However, its effect becomes minimal for larger clusters such as T51 or T90. 501 

Finally, we would like to highlight the QM/MM force field technique for liquid-502 

phase modeling, allowing us to simulate the effect of classical water molecules within 503 

zeolites on the energetics of other adsorbates. Given the results described above we 504 

selected a T51 cluster for the liquid phase simulations. We expect simulations to be 505 

converged with cluster size while still being affordable. We note that the computational 506 
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cost is highly influenced by the size of the clusters employed.  For instance, a T51 cluster 507 

consists of 180 atoms and a T90 cluster consists of 314 atoms which is 8-15 times larger 508 

than a T5 cluster with 22 atoms. Table 1 shows computational times during methanol 509 

adsorption in H-MFI for different clusters. 510 

4.4 Adsorption in Condensed/Liquid Phase Environments 511 

In this investigation of solvent (water) effects on methanol and ethanol adsorption 512 

in H-MFI zeolite, our first task was to ensure that a condensed phase environment of the 513 

solvent is formed inside the zeolite pore structure during the simulations.  This involved 514 

performing grand canonical Monte Carlo (GCMC) simulations at a temperature of 298 K 515 

and different chemical potentials. Specifically, each GCMC simulation involved 100 516 

million Monte Carlo (MC) steps. After about 20 million equilibration steps the number of 517 

water molecules in the zeolite framework stayed approximation constant. Thus, we used 518 

the last 50 million steps for sampling of the configuration space and free energy 519 

computations. As expected, variations in chemical water potential have a direct influence 520 

on the phase transition behavior of the TIP4P water model within the bulk and pore water 521 

phase. Figure S4 in the Supporting Information illustrates a phase change of bulk water 522 

(gas to liquid), when the chemical potential increased from -45 kJ/mol to -44 kJ/mol.  523 

Similarly, inside the zeolite pore structure, pore condensation can be observed when the 524 

water chemical potential increases from -48 kJ/mol to -47 kJ/mol (Figure S4). The lower 525 

critical chemical potential at which pore condensation can be observed (relative to 526 

condensation in the bulk) agrees with the literature and can be explained by the attractive 527 

interactions of the pore wall with the water molecules.81, 82 We conclude that at bulk phase 528 

transition water chemical potentials of μbulk= -44 kJ/mol, the H-MFI zeolite pore structure 529 
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is filled with water and small changes in water chemical potential have only a small effect 530 

on the number of water molecules in the zeolite structure.  531 

Next, we need to assign charges to all atoms, including the QM atoms, in our 532 

simulation system to perform the necessary GCMC simulations for the FEP calculations 533 

with our electrostatically embedded hybrid QM/MM Hamiltonian. Here, we used scaled 534 

NPA charges and the fixed charge approximation for the zeolite-adsorbate T51 cluster 535 

atoms.  This strategy aimed to achieve comparable charges for the Si and O atoms of the 536 

zeolite framework in both the QM and MM subsystems, i.e., QSi = +1.50 e and QO ≈ -0.75 537 

e.  By scaling all QM atom charges to relaxed Si charges of 1.50 e, we ensured a similar 538 

water adsorption behavior throughout the simulation system while maintaining 539 

electrostatic neutrality for the cluster, including its terminal hydrogen atoms, and the 540 

overall system (Table 2).  Non-scaled NPA charges and DDEC683 charges (Table S3 of the 541 

Supporting Information) led to significant deviations between the charges on the MM and 542 

QM subsystem atoms, which is undesirable as it will also lead to an uneven water 543 

adsorption behavior. 544 

We note that the zeolite acid proton can be mobile in the presence of condensed 545 

water forming hydronium ions (HଷOା) inside the H-MFI zeolite pore structure.  In 546 

particular, this has been observed for systems with relatively low Si/Al ratio (6, 15, 23 and 547 

40).84, 85 Given that this study deals with a high Si/Al ratio of the zeolite (>95), we expect 548 

the proton to reside close to the aluminum site and to a first approximation we are 549 

neglecting here any complications that originate from the proton delocalizing into the 550 

liquid water phase. In future studies, we will investigate the role proton delocalization on 551 

the adsorption free energy of alcohols.  552 
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As described in Section 3.3, the aqueous-phase effect on the free energy of 553 

adsorption is estimated using our QM/MM-FEP scheme.  Figures 7(A) and 7(B) show the 554 

free-energy profile of the solvation effects on the desorption of methanol and ethanol from 555 

H-MFI.  The profiles are comprised of five sub-sections: 1opt,0-to-1, 1-to-2 (Electrostatic 556 

interaction removal), 2-to-3 (Electrostatic Embedding), 3-to-4 (Lennard-Jones potential 557 

removal), and 4-to-4opt (zeolite QM/MM-FEP only), whose individual values are listed in 558 

Table 3.  Overall, methanol and ethanol are destabilized (Table 4) in H-MFI by the presence 559 

of condensed water (∆∆G୫ୣ୲୦ୟ୬୭୪,୕୑/୑୑ି୊୉୔
୪୧୯→୥ୟୱ  =  +0.44 eV and ∆∆Gୣ୲୦ୟ୬୭୪,୕୑/୑୑ି୊୉୔

୪୧୯→୥ୟୱ  =560 

 +0.54 eV), somewhat similar to what we observed for metal surfaces, although the solvent 561 

effect is lower in zeolites, probably because of a reduced water density in a zeolite pore 562 

relative to a metal surface.73,74 Nevertheless, similar to alcohol absorption in water,86 we 563 

compute overall a favorable methanol and ethanol adsorption in aqueous H-MFI, see 564 

Table 4 (∆Gୟୢୱ
୥ୟୱ→୪୧୯).  565 

For methanol and ethanol adsorption in H-MFI zeolite at 298 K, free energy 566 

changes for the shift in zeolite structure from those in an empty vapor phase optimized 567 

system to those of a methanol and ethanol adsorbed system, 1opt,0  1opt, are 0.21 and 0.23 568 

eV, respectively. The QM atom coordinate transition from liquid phase optimized 569 

coordinates to vapor phase optimized coordinates (1opt-to-1) in the condensed phase 570 

subsystem result in only a small free energy change (∆∆Gଵ౥౦౪ି୲୭ିଵ,୫ୣ୲୦ୟ୬୭୪ =571 

0.01 eV and ∆∆Gଵ౥౦౪ି୲୭ିଵ,ୣ୲୦ୟ୬୭୪ = 0.04 eV ), indicating a small change in adsorbate 572 

structure due to the presence of water.   573 
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Next, electrostatic interactions removal, step 1-to-2, between the TIP4P water 574 

molecules and the adsorbates slightly destabilized the adsorbed species 575 

ቀ∆∆G୉୪ୣୡ୲୰୭ୱ୲ୟ୲୧ୡ ୖୣ୫୭୴ୟ୪,   ୑ୣ୲୦ୟ୬୭୪
୪୧୯→୥ୟୱ = −0.04 eV and ∆∆G୉୪ୣୡ୲୰୭ୱ୲ୟ୲୧ୡ ୖୣ୫୭୴ୟ୪,   ୉୲୦ୟ୬୭୪

୪୧୯→୥ୟୱ =576 

−0.05 eV ቁ.  Although the impact is small, it highlights how net repulsive, electrostatic 577 

forces can be present, due to a high density of molecules in the pore structure.  We observed 578 

that during the electrostatic interaction removal step the net charge of the adsorbates 579 

(methanol or ethanol) mostly transferred to the H-MFI zeolite’s Brønsted hydrogen/proton 580 

൫∆Qୌ୷ୢ୰୭୥ୣ୬,୔୰୭୲୭୬,ଵି୲୭ିଶ = +0.03൯ and nearby oxygen atom (Al12-O20(H)-Si3) attached 581 

to the Brønsted acidic site ൫∆Q୓୶୷୥ୣ୬,ଵି୲୭ିଶ = +0.03൯.  582 

From state 2-to-3, the non-classical contributions of water molecules changing the 583 

electronic structure of the quantum system transition from those of a zeolite-adsorbate 584 

system to those without adsorbate, i.e., this energy difference constitutes the main 585 

difference between electrostatic and mechanical embedding of the QM/MM system. Here, 586 

we observed that the water molecules destabilize the adsorption of methanol and ethanol 587 

inside the zeolite during electronic structural modifications, where the adsorption energy 588 

varies with size of the adsorbate and its interaction with Brønsted acidic sites.  Specifically, 589 

we compute ∆∆Gଶି୲୭ିଷ,   ୑ୣ୲୦ୟ୬୭୪
୪୧୯→୥ୟୱ = −0.04 eV and ∆∆Gଶି୲୭ିଷ,   ୉୲୦ୟ୬୭୪

୪୧୯→୥ୟୱ = −0.05 eV, a 590 

small but significant effect of electrostatic embedding.  591 

When the Lennard-Jones interactions between the water molecules and the 592 

adsorbates are removed in the QM/MM-FEP scheme, the solvent cavity inside the zeolite 593 

for methanol and ethanol shrinks, a significant exergonic process 594 
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ቀ∆∆G୴ୢ୛ ୖୣ୫୭୴ୟ୪,   ୑ୣ୲୦ୟ୬୭୪
୪୧୯→୥ୟୱ = −0.42 eV and ∆∆G୴ୢ୛ ୖୣ୫୭୴ୟ୪,   ୉୲୦ୟ୬୭୪

୪୧୯→୥ୟୱ = −0.55 eV ቁ that 595 

scales with the size of the adsorbate.  596 

Finally, during 4-to-4opt the zeolite atom coordinates in liquid water change to the 597 

optimized coordinates of a free zeolite site. This aspect holds similar importance to the 598 

energy difference between 1opt,0-to-1opt.  However, unlike 1opt,0-to-1opt where a simple 599 

energy computation can predict the energy difference, QM/MM-FEP calculations are 600 

necessary to compute this energy difference ቀ∆∆Gସି୲୭ିସ౥౦౪,   ୑ୣ୲୦ୟ୬୭୪
୪୧୯→୥ୟୱ =601 

 −0.16 eV and ∆∆Gସି୲୭ିସ౥౦౪,   ୉୲୦ୟ୬୭୪
୪୧୯→୥ୟୱ = −0.15 eVቁ. 602 

5.  CONCLUSION  603 

We developed a QM/MM FEP method to investigate the adsorption behavior of 604 

methanol and ethanol inside H-MFI zeolite in the presence of a mean field of condensed 605 

water described by the TIP4P water model. Our methodology, which we call eSZS, can 606 

easily be generalized to any porous, insulating system. Initially, gas phase hybrid QM/MM 607 

simulations were performed to determine meaningful zeolitic QM cluster sizes, DFT 608 

functionals, basis sets, and charge and Lennard Jones parameters. Consistent adsorption 609 

energies for methanol and ethanol were obtained at 298 K (ΔHads, methanol= -0.97 eV and  610 

ΔHads, ethanol= -1.10 eV) using an electrostatically embedded T51 QM cluster with ߱B97x-611 

D/def2-TZVP level of theory and TraPPe-zeo force field.   612 

Next, we modeled the absolute condensed water phase effect on the methanol and 613 

ethanol adsorption free energy. Highlights of our method are the sampling of water with 614 

grand-canonical Monte Carlo (µVT) simulations to compute the mean electrostatic effect 615 

of water on the DFT calculations, the ability to optimize adsorbates in the presence of the 616 

condensed phase, and the development of a system Hamiltonian and thermodynamic cycle 617 
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that permits rapid FEP calculations for the absolute solvent effect by removal of the 618 

interactions between water and the adsorbate. As long as the interactions between the 619 

solvent and the adsorbate can be described by classical pair potentials, and adsorption is 620 

primarily localized, our hybrid QM/MM method is highly efficient and at most two orders 621 

of magnitude more expensive (computationally) than regular gas phase calculations.  622 

Finally, we computed aqueous solvation free energies for methanol and ethanol in 623 

H-MFI (with high Si/Al ratio > 95) at 298 K of ∆∆G
୫ୣ୲୦ୟ୬୭୪,్౉

౉౉ି୊୉୔
୥ୟୱ→୪୧୯  =  0.44 ±624 

0.006 eV and ∆∆G
ୣ୲୦ୟ୬୭୪,్౉

౉౉ି୊୉୔
୥ୟୱ→୪୧୯  =  0.541 ± 0.005 eV indicating a destabilization in the 625 

presence of condensed water due to the need to form a water free cavity. Future applications 626 

of our methodology include studying condensed phase effects on adsorption of 627 

contaminants of emerging concern in wastewater and hydrocracking of hydrocarbons in 628 

zeolites in the presence of water. While for many adsorbates the localized approximation 629 

might not be excellent, we expect it to be very good for transition states and many strongly 630 

binding species.  631 

6.  SUPPORTING INFORMATION 632 

 Gas phase adsorption energies with different basis sets and functionals; Lennard-633 

Jones parameters; charge analysis; comparison of NPA, DDEC6, and scaled NPA charge 634 

model; QM/QM adsorption energies for various cluster sizes; ethanol adsorption energy 635 

with different Si/O charges; QM/MM and QM/MM model comparison for ethanol 636 

adsorption enthalpy; bulk TIP4P water chemical potential.   637 
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8.  TABLES AND FIGURES 653 

Table 1: Approximate computational cost for an energy calculation of a periodic 654 
electrostatically embedded QM cluster calculation with adsorbed methanol for different 655 
clusters and basis sets relative to a cluster containing five Si and Al atoms (T5).  656 

 657 

 658 

 659 

  660 

Functional/Basis Sets T5 T26 T51 T90 

߱B97x-D/def2-TZVP 1x 58x 510x 1300x 

߱B97x-D/def2-TZVPD 12x 280x 850x N/A 



 
 

Table 2: Charge model selection for liquid phase modeling inside H-MFI. During this charge analysis, we used different charge parameters 

for the MM atoms (QSi = +0.0 to +1.50, QO = 0.0 to −0.75). First, we performed a natural population analysis (non-scaled NPA) in the 

PEECM calculation to obtain charges of the T51 cluster atoms. For these charges, we did not observe any significant difference between 

the bulk water vapor-liquid and pore vapor-liquid phase transitioning chemical potential. More importantly, the water distribution inside 

the zeolite was very uneven in the QM cluster and MM area of the simulation system. The same occurred when we used the DDEC6 

method83 to determine the charges. Finally, we used scaled NPA charges, where we scaled the average silicon charges to those of the 

TraPPe-zeo force field parameters for MM atoms - silicon (QSi = +1.50). In these calculations, we observed water pore condensation (µPore 

water < µbulk water) and an even distribution of water within zeolite supercell and around the T51 QM cluster embedded inside the zeolite. See 

Table S3 in the SI with more details on the charges used in the Scaled NPA simulation system.  

 QM Atom Charges (Averaged) Bulk Phase 

Transitioning 

chemical 

potential 

(µbulk kJ/mol) 

Pore Phase 

Transitioning 

chemical 

potential 

(µpore kJ/mol) 

Charge 

Analysis 

Method 

Si (Relaxed in the 

T51 cluster) 

Si (Fixed in the T51 

cluster) 

O (Relaxed in T51 

cluster) 
H (Terminal) 

Non-Scaled 

NPA 
2.56 2.16 −1.27 −0.35 

−44.0 

−44.0 

DDEC6 1.92 1.92 −0.96 N/A −44.0 

Scaled NPA 1.50 1.50 −0.75 −0.21 −47.0 
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Table 3: Aqueous solvent effect (TIP4P water) on the free energy (in eV) of methanol and ethanol desorption in H-MFI at 298 K (T12 
Bronsted acid site). All numbers include a 95% confidence interval based on water samples acquired from numerous independent 
simulations. 

Adsorbate 1opt,0-to-1opt 

(Vapor phase 

coordinate 

change) 

1opt-to-1 

(Adsorbate 

optimization in 

liquid) 

1-to-2 

(Electrostatic 

interaction 

removal) 

2-to-3 

(Electrostatic 

Embedding) 

3-to-4 

(Lennard-Jones 

potential 

removal) 

4-to-4opt 

(QM/MM-FEP 

Zeolite Only) 

Methanol 0.21 0.01±0.001 -0.04±0.001 -0.04±0.002 -0.42±0.001 -0.16±0.001 

Ethanol 0.23 0.04±0.002 -0.05±0.001 -0.05±0.001 -0.55±0.001 -0.15±0.001 

 

Table 4: Aqueous solvent effect on the free energy of methanol and ethanol adsorption at the T12 Bronsted acid site in H-MFI at 
298K.  The reference state is methanol and ethanol at a fugacity of 1 bar.  

Adsorbate ∆Gୟୢୱ
୥ୟୱ  (eV) ∆∆Gୟୢୱ,୕୑ ୑୑ି୊୉୔⁄

୥ୟୱ→୪୧୯  (eV) ∆Gୟୢୱ
୥ୟୱ→୪୧୯(eV) 

Methanol −0.61 0.44 ± 0.006 −0.17 ± 0.006 

Ethanol −0.75 0.54 ± 0.005 −0.21 ± 0.005 

1
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1a. 1b. 1c. 1d. 

2a. 2b. 2c. 2d. 

Figure 1: Four different (a) T5 (b) T26 (c) T51 (d) T90 cluster models have been taken from a periodic H-MFI zeolite supercell. Top 
set of models (1a – 1d) show the view through the sinusoidal channel on the T12 site in MFI and lower set of models (2a – 2d) show 
the view through the straight channel. Color codes: Silicon (Deep Blue), Aluminum (Sky Blue), Hydrogen (White) and Oxygen 
(Red). 
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Figure 2.  Thermodynamic cycle for computing the aqueous solvent effect on the adsorption free energy of an adsorbate at an active site 
in a porous medium such as H-MFI zeolite in the presence of liquid water.  The adsorbate is illustrated as      in a gas phase environment 
and as     in an aqueous environment, i.e., adsorption in the presence of liquid water is illustrated as,      (g) + *(l) ↔      *(l), where * 
symbolizes the active site in H-MFI,  gas phase adsorption is illustrated as,      (g) + *(g) ↔     *(g)), and the solvent effect on adsorption 
is described as:  *(l) +     *(g) ↔     *(l) + *(g).  Between states 1opt,0 and 1opt, the coordinates of the zeolite structure shift from those in 
the vapor phase optimized system to those of a system optimized with adsorbate.  The liquid phase system remains unchanged.  Between 
state 1opt to 1, the coordinates of the adsorbate atoms described by DFT in the liquid phase system transition from liquid to vapor phase 
optimized coordinates.  There is no change in the vapor phase system.  In the liquid phase system, the (classical) electrostatic interaction 
between the water solvent and the adsorbate is gradually removed between states 1 and 2, where no change of quantum atom coordinates 
happens.  Intermediate states, such as state 1a, are considered "non-physical" in QM/MM-FEP calculations.  The “non-classical” 
contributions of water molecules changing the quantum system's electronic structure transition from a zeolite-adsorbate system to one 
without adsorbate is described from state 2 to 3, i.e., this energy difference is the main difference between electrostatic and mechanical 
embedding of the QM/MM system.  The adsorbate is only present in the classical (Monte Carlo) simulation and not in the quantum system, 
as indicated by     .  Between states 3 and 4, the van der Waals interactions between the solvent water molecules and the adsorbate are 
gradually removed.  Quantum atom coordinates do not change.  State 3a, for example, is a “non-physical” intermediate state.  The zeolite 
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atom coordinates in liquid change from state 4 to state 4opt, where they become the optimized coordinates of a free site in the porous 
medium.  In the vapor phase system, nothing changes.  Between states 4opt

 and 5, gas-phase desorption is described.  The solvent influence 
on adsorbate stability in solvent is represented by the (free) energy difference between states 4opt and 1opt,0. 
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Figure 3: Methanol adsorption in different H-MFI zeolite clusters T5, T26, T51, and T90.  
R1 is the distance between the zeolitic hydrogen [Al12-O20(H)-Si3] and the oxygen of 
adsorbed methanol.  R2 is the distance between the OH hydrogen of adsorbed methanol 
and the nearest zeolitic oxygen atom.  Color code – blue is silicon, red is oxygen, white is 
hydrogen, silver blue is aluminum and dark grey is carbon. 

  

R1 (Å) 

R2 (Å) 

Al12 O20 

Si3 

T5: R1 = 1.28 Å and R2 = 2.11 Å 

 

T26: R1 = 1.36 Å and R2 = 2.17 Å 

 

T90: R1 = 1.48 Å and R2 = 2.39 Å 

 

T51: R1 = 1.46 Å and R2 = 2.18 Å 
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Figure 4: Adsorption energy of methanol in H-MFI.  Comparison of predicted adsorption 
energy using the ߱B97-D/def2-SV(P), ߱B97-D/def2-TZVP, ߱B97x-D/def2-SV(P), and 
߱B97x-D/def2-TZVP methods in our periodic embedded cluster models of increasing size 
(T5, T26, T51, T90). 
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Figure 5: Adsorption energy of methanol in H-MFI (߱B97x-D/def2-TZVP).  Comparison 
of different charge parameters (three sets) with TraPPe-zeo Lennard-Jones (ߪ,  values for (ߝ
zeolite Si and O.  
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Figure 6: Comparison of QM/MM approach and QM/QM approach for calculating the gas 
phase adsorption enthalpy (ΔHads) of methanol in H-MFI zeolite at 298K.  Experimental 
results are obtained from Hunger et al.78 
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Figure 7: Free-energy (potential of mean force) profiles for aqueous-phase effects on the 
desorption ቀ∆∆Gୈୣୱ୭୰୮୲୧୭୬

୪୧୯→୥ୟୱ = −∆∆G୅ୢୱ୭୰୮୲୧୭୬
୥ୟୱ→୪୧୯  ቁ of (A) methanol and (B) ethanol from H-

MFI zeolite.  

(A) 

(B) 
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