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ABSTRACT: Prediction of solvation effects on the kinetics
of elementary reactions occurring at metal—water interfaces is
of high importance for the rational design of catalysts for the
biomass and electrocatalysis communities. A lack of knowl-
edge of the reliability of various computational solvation
schemes for processes on metal surfaces is currently a limiting
factor. Using a multilevel quantum mechanical/molecular
mechanical (QM/MM) description of the potential energy
surface, we determined characteristic time and length scales
for typical free-energy perturbation (FEP) calculations of
bond cleavages in ethylene glycol, a sugar surrogate molecule,
over Pt(111). Our approach is based on our explicit solvation
model for metal surfaces and the repetition of FEP

o

calculations to estimate confidence intervals. Results indicate that aqueous phase effects on the free energies of elementary
processes can be determined with 95% confidence intervals from limited configuration space sampling and the fixed charge
approximation used in the QM/MM-FEP methodology of smaller 0.1 eV. Next, we computed the initial O—H, C—H, and C—
OH bond cleavages in ethylene glycol over Pt(111) in liquid water utilizing two different metal—water interaction potentials.
Our calculations predict that aqueous phase effects are small (<0.1 eV) for the C—H bond cleavage and the activation barrier of
the C—OH bond cleavage. In contrast, solvation effects are large (>0.35 eV) for the O—H bond cleavage and the reaction free
energy of the C—OH bond scission. While the choice of a different Pt—water force field can lead to differences in predicted
solvation effects of up to 0.2 eV, the differences are usually smaller (<0.1 eV), and the trends are always the same. In contrast,
implicit solvation methods appear to currently not be able to reliably describe solvation effects originating from hydrogen

bonding for metal surfaces even qualitatively.

1. INTRODUCTION

The ubiquitous nature of solvents and their pervasive usage in
the chemical industry’ makes the study of solvent effects an
important area of investigation. The fact that the presence and
nature of solvents can affect chemical equilibria was recognized
as early as 1896 with the concurrent revelation of the keto-enol
tautomerism in 1,3-dicarbonyl compounds and the nitro-
isonitro tautomerism of primary and secondary nitro
compounds.””> As evidenced by the seminal work of
Menschutkin,® it was also demonstrated early on that the
rate of chemical reactions can be attuned through the prudent
choice of solvents. The role of solvents in homogeneous
catalysis has long been systematically investigated and
appropriated for industrial applications for several hydrogen
addition and abstraction processes,”® oxosynthesis,””">
coupling reactions,"* ™" cycloadditions,'®"” etc. One prom-
inent example of the industrial practice of solvent effects is the
aqueous two-phase catalysis in hydroformylation, which helps
overcome the fundamental hurdle of homogeneously catalyzed
processes, namely, the separation of catalyst and product."®
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Solvents have also been reported to affect the activity and
selectivity of certain heterogeneously catalyzed hydrogena-
tions,'”™*° oxidations,”* " and electrochemical reactions.”’ ~>*
It is now predominantly acknowledged that solvents have
pronounced effects on reaction equilibria, reaction pathways,
yields, and product selectivity. Therefore, it is no wonder that
liquid-phase processing technologies are exceedingly sought
after for the heterogeneously catalyzed conversion of highly
functionalized lignocellulosic biomass, which have the
potential to reduce process cost and increase the target
product selectivity. To design highly active, selective, and
robust catalysts for these processes, there is a critical need to
gain a molecular level understanding of the chemical reactions
at the solid—liquid interface. By understanding the role of the
solvent for surface-catalyzed reactions, solvent properties can
be chosen to tailor the catalyst activity and selectivity. This
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process of “solvent engineering” could lead to the design of
more selective and less energy intensive processes for
challenging chemical transformations such as the conversion
of biomass. Despite considerable progress in our under-
standing of the stability and the surface properties of metal-
supported nanoparticles in gas-phase environments, the effect
of a liquid phase is less investigated and not well understood,
partly due to the limited availability of experimental (in situ
and in operando)*®**™** and theoretical studies”****~*' and
partly due to the added complexity of a reaction system
containing both a complex heterogeneous catalyst and a
condensed phase.

Including the effect of a liquid-phase environment to
chemical reactions occurring at solid—liquid interfaces is an
intricate challenge in computational chemistry due to the
enormity of the tasks in hand, namely, (1) an all-atomistic
quantum mechanical description of the chemically relevant
part of the system involving all the atoms and their immediate
neighborhood relevant to the bond breaking and forming
processes, (2) computation of partition functions in condensed
phase systems where the harmonic approximation®” is no
longer valid, which requires an extensive phase space sampling
on a high dimensional potential energy surface, and (3) a
sufficiently large computational model system that adequately
describes the long ranged electrostatic interactions between
solute and solvent molecules, the nonharmonic dynamic
fluctuations of the complex liquid phase, and can circumvent
the pitfalls of finite-size effects.””** While “on the fly”
electronic structure calculations in brute force ab initio
molecular dynamics (AIMD) simulations® ™" have been
employed lately to present some thought-provoking re-
sults,’****"2! the massive computational cost associated
with it constrains both the size of the simulation system (a
few hundred atoms) and the time scale of simulation (a few
picoseconds).’®™>> An alternative approach is to use
continuum solvation models, where the solvent is replaced
by a continuum with an appropriate dielectric constant, and
the solute is placed in cavities constructed within this
continuum.” Although continuum solvation models provide
a much faster way to approximate free energies of the reaction
in solution, they perform poorly for describing the anisotropic
site-specific interactions between solute and solvent mole-
cules.”® The need for an accurate description of the potential
energy surface (level of theory), statistically relevant portrayal
of the phase space, and adequate model system size, all the
while keeping the computational cost affordable, can be
realized by employing multilevel quantum mechanical/
molecular mechanical (QM/MM) methods.”> > In this class
of methods, the active site and the immediate reaction
environment are treated from the first principles, while the
nonreactive part of the system and the bulk of the solvent
medium are treated using a classical molecular mechanical level
of theory. We have previously developed such a hybrid QM/
MM model dubbed as the explicit solvation model for metal
surfaces (eSMS)>® for describing heterogeneously catalyzed
reactions at solid—liquid interfaces and applied it to describe
aqueous phase effects on the C—C bond cleavage of a double
dehydrogenated ethylene glycol moiety on Pt(111).

At the first glance, the use of molecular dynamics (MD)
simulations in hybrid QM/MM models for equilibrium phase
space sampling and computation of a potential of mean force
appears trivial. The solute of interest surrounded by some
number of solvent molecules is equilibrated with respect to an

initial configuration, and dependent on the correlation time of
the solvent molecules, the phase space is sampled by collecting
assorted snapshots from the MD trajectories. The so-called
“equilibration” stage ensures that by the end of this stage, the
system is sampling from a proper thermodynamic ensemble,
that is, the averages and probability of localized fluctuations of
thermodynamic properties follow statistical equilibrium rules.
However, the significant computational effort needed for phase
space sampling, paired with the requirement for results
converged to the appropriate level of accuracy to answer the
problem at hand leads to a desire to identify a priori the
required timescale for the equilibration and sampling phase of
the MD simulations. This knowledge is particularly relevant
also if a high level of theory such as DFT is needed to describe
the entire simulation system, instead of a QM/MM level of
theory. Only with such knowledge can we estimate whether
enough computational resources are available for a given level
of theory. Next, finite size effects are ubiquitous in many
simulation phenomena.’”®® For example, ensemble size
effects’* that arise from a too small number of particles in
a simulation system and implicit or anomalous size
effects’”*>°* that can originate from an artificial stabilization
of the system due to imposing an infinite periodicity are
common challenges. Thus, for practical computations of
solvation effects in heterogeneous catalysis, it is essential to
possess a knowledge of a characteristic system size required for
converged simulation results.

In a previous study, we performed a detailed first-principles
vapor and aqueous phase (implicit solvation) investigation of
ethylene glycol (EG) reforming over a Pt(111) model
surface.”” Our calculations suggested the primary O—H
scission and the subsequent a-H abstraction to be the key
rate controlling steps over a wide range of temperatures (373—
673 K). We then employed our QM/MM minimum free-
energy path (QM/MM-MFEP) methodology to calculate the
aqueous phase effects on the abovementioned bond cleavages
(without optimization in the aqueous phase).”* Our results
indicated that the aqueous phase has a much larger effect on
the free energy of reaction and the free energy of activation of
O—H splitting compared to that of C—H splitting. In this
study, using the O—H splitting of ethylene glycol as a case
study, we first identify convergence criteria for our QM/MM
calculations, namely, the required timescale for equilibration,
the required amount of phase space sampling, and the number
of solvent molecules to be included in the simulation to
accurately represent the physical system. Next, we investigate
the initial O—H, C—H, and C—OH bond dissociations in
liquid water over Pt(111) using our QM/MM-FEP method-
ology with two different Pt—water force fields (Spohr—
Heinzinger”® and metal potential®’) and various implicit
solvation methods.”**~"° Although the C—OH bond cleavage
was not identified by our implicit solvation study to be rate
controlling, understanding of solvation effects for C—OH bond
cleavages is similarly essential to C—H and O—H bond
cleavages for catalytic biomass processing.

In contrast to our previous study, all reactants, products, and
transition states for the abovementioned reactions are
optimized in the aqueous reaction environment. The results
of these calculations suggest that aqueous phase effects are
small (<0.1 eV) for the C—H bond cleavage and the activation
barrier of the C—OH bond cleavage while they are large
(>0.35 eV) for the O—H bond cleavage and the reaction free
energy of the C—OH bond scission. While the choice of a
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different Pt—water force field can lead to differences in
predicted solvation effects of up to 0.2 eV, the differences are
usually much smaller (<0.1 eV), and the trends are always the
same. In contrast, implicit solvation methods appear to
currently not be able to reliably describe these solvation
effects for metal surfaces even qualitatively.

2. COMPUTATIONAL DETAILS

2.1. Planewave DFT Calculations. Vapor-phase DFT
calculations were carried out by employing periodic boundary
conditions as implemented in the Vienna ab initio simulation
package (VASP 5.4).”"7* A frozen-core, all-electron projector
augmented wave (PAW)”® method was utilized to avoid the
singularities of Kohn—Sham wavefunctions at the nuclear
positions. The number of valence electrons considered for Pt,
C, O, and H are 10 (5d°%s'), 4 (2s*2p?), 6 (2s*2p*), and
1(1s"), respectively. The purely quantum mechanical phenom-
ena of electron exchange and correlation effects were
accounted for by using the Perdew—Burke—Ernzerhof
(PBE)"*” functional within the semilocal generalized gradient
approximation.”® Brillouin zone integrations have been
performed with a 4 X 4 X 1 Monkhorst-Pack”” k-point grid
and electronic wavefunctions at each k-point were expanded
using a discrete planewave basis set with kinetic energies
limited to 400 eV. By increasing the number of k-points to 5 X
S X 1, we observe a minimal change in surface electronic
energy (~0.02 eV), which suggests a good convergence of the
electronic energies with respect to the k-mesh density. Due to
the partial filling of bands for the metallic Pt, a first order
smearing method (Methfessel—Paxton)”® with a 0.10 eV
smearing width was employed, which allowed us to calculate
the entropic contributions due to the smearing very accurately.
Dipole and quadrupole corrections (along the surface normal)
to the total energy have been calculated using a modified
version of the Makov—Payne’” method and Harris corrections,
based on the nonself-consistent Harris—Foulkes®”®" func-
tional, have been applied to the stress tensor and forces. A 4 X
4 unit cell with four layers of metal atoms (bottom two layers
fixed in their bulk positions) has been employed to mimic the
Pt(111) model surface in the vapor phase. The interaction
between the periodic images along the surface normal has been
curtailed by introducing a 15 A vacuum gap on the top of the
surface. The self-consistent field (SCF) convergence criterion
for the electronic degrees of freedom of the valence electrons
was set to 1.0 X 1077 eV. Transition-state structures for the
elementary processes were located usin§ a combination of
climbing image nudged elastic band®*”* and dimer®*®
methods. Finally, the minima and the first order saddle points
were validated by computing the Hessian matrix and
vibrational spectra.

2.2. Nonperiodic Cluster Calculations. Cluster model
DEFT calculations in vacuum have been carried out using the
TURBOMOLE 7.2 program package.*™® Two layers of Pt
atoms with a hexagonal shaped geometry (51 atoms) were
chosen to model the Pt(111) cluster surfaces. The convergence
of the total QM/MM energy with respect to the lateral size
and depth of the cluster geometry can be found elsewhere.”®
An improved version of the default TURBOMOLE basis sets
(def-bases) with split valence and polarization functions (def2-
SVP)*”*° was employed to represent the adsorbate atoms. Pt
atoms were represented using scalar relativistic effective core
potentials (ECPs) in conjunction with sglit valence basis sets
augmented by polarization functions.”””" Electron exchange

and correlation effects were accounted for by employing the
PBE functional.”*”® To speed up the calculation as
recommended by TURBOMOLE, the RI-J approximation
with auxiliary basis sets was used to approximate the Coulomb
integrals.gz’g‘ An SCF convergence criterion of 1.0 X 1077
hartree was established, and a Gauss—Chebyshev-type
spherical grid, m4, was employed to perform the numerical
integrations.g7

2.3. Molecular Dynamics (MD) Simulations. MD
simulations were carried out using the DL POLY 4.03
molecular simulation program package.”* The initial 4 X 4
Pt(111) unit cell was augmented laterally to a 16 X 20 surface
with further vacuum added in the Z direction resulting in a
45.0 A x 48.7 A X 49.0 A simulation box comprising of 1280
Pt atoms. The simulation box hei%ht was selected based on the
work from Behler and Natarajan” who found that simulations
of metal—water interfaces should contain a water layer of ~40
A height. An experimental saturated liquid water density of
~0.8 g/cm® at 500 K was achieved by packing the simulation
box with 2200 water molecules. Our procedure for obtaining
approximately the correct water density consisted of (1) using
a steam table to determine the number density of water
molecules at the corresponding temperature, (2) performing
an MD simulation with some reasonable water density and
computing the average water density in the middle 10 A of the
simulation box, and (3) adjusting the number of water
molecules in the simulation system to ensure approximately a
liquid water environment in the middle of the simulation box.
All metal and adsorbate atoms were kept fixed while the
geometry of water molecules was constricted to that of
TIP3P”® geometry with the RATTLE algorithm,”” a velocity
version of the SHAKE algorithm,” in conjunction with the
velocity Verlet (VV) integrator’ to solve Newton’s equations
of motion. While different water models have been
demonstrated to be applicable in different contexts,'**~""*
the TIP3P water model has been reported to perform
reasonably well for prediction of solvation energies of small
molecules with diverse functional groups'®” as well as for large
amino acid side-chain analogues,loo'101 and at least for small
molecules, the solvation energies are reported to be not
sensitive to the water model.'”> Hence, the TIP3P model was
employed for the force-field parameters of liquid water while
the van der Waals parameters for adsorbate atoms were
obtained from the OPLS force field.'°>'"” In addition to the
OPLS parameters, the Lennard-Jones parameters from the
CHARMM all-atom force field'** were used for the hydrogen
atoms of the adsorbed moieties. Lennard-Jones parameters for
hydrogen atoms are important in QM/MM optimizations that
permit hydrogen atoms to approach water molecules and leave
the protective environment of a neighboring carbon or oxygen
atom. Both the Spohr—Heinzinger (SH)®° and metal
potential®’” were employed to describe the Pt—water
interaction. However, only the SH potential was utilized for
the optimization of the adsorbed species in liquid water,
because this potential has recently been found to give a better
description of the water—Pt(111) interaction compared to that
of the metal potential.'>> The charges for the QM atoms were
estimated using the natural population analysis (NPA).'*%''
To describe the interaction of the TIP3P water point charges
with the quantum chemically described cluster model, we
employed the periodic electrostatic embedded cluster method
(PEECM)'? as implemented in TURBOMOLE. Simulations
were carried out in a canonical ensemble (NVT) with Nose—
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Hoover thermostat.'’”'"” A 1 ps relaxation time constant for
temperature fluctuations was used to maintain the average
system temperature. Electrostatic interactions were accounted
for by using the smoothed particle mesh Ewald (SPME)
method'®"™* with automatic parameter optimization for
default SPME precision, and a 12 A cutoff radius was adopted
for the van der Waals interactions and the transition between
short- and long-range electrostatic interactions. If not specified
differently, all systems were equilibrated for 250 ps and
sampled for 725 ps using a 1 fs timestep. To optimize
structures in an aqueous reaction environment, we utilized the
fixed size ensemble approximation with 10,000 MM con-
formations recorded every 50 fs. Although we are modeling
metal—water interfaces, our time interval for recording
structures is based on a recent study of liquid water by
Cowan et al.'"” who concluded that “liquid water essentially
loses the memory of persistent correlations in its structure
within 50 fs”.

2.4. QM/MM Energy Calculation. A QM/MM minimum
free-energy path (QM/ MM-MFEP)***” method for optimiz-
ing the intrinsic reaction coordinate on a potential of mean
force (PMF) description of the reaction system has been
implemented in our program packages. A full description of
this methodology, explicit solvation for metal surfaces (eSMS),
can be found elsewhere.’® It should be noted here that each
QM/MM energy evaluation requires one single-point periodic
DFET calculation using VASP, one periodic electrostatic
embedding calculation using TURBOMOLE, one nonperiodic
DFT calculation of the cluster model using TURBOMOLE,
single-point MD calculations on 100 reference structures (100
equidistant conformations along the trajectory generated in the
absence of any QM charges), and an ensemble of single-point
MD calculations on conformations along the trajectory
generated (with ESP fitted charges on the QM atoms). Free-
energy calculations require energy evaluation from uncorre-
lated measurements of the system, and ideally, the energy
estimator should also be capable of minimizing the statistical
bias and variance of the free-energy differences of the physical
system being studied.''” Exponential averaging (EXP), also
known as the Zwanzig relationship,''® has long been applied to
study a variety of problems such as amino acid recognition,' '’
RAS—RAF binding affinity,"'® and octanol/water partition
coefficients,'"? etc.''*''* However, the EXP has been shown to
represent poor efficiency and phase space overlap''*'"> and
also is largely dependent on the distribution of the QM/MM
energy.'”” Here, we employed the Bennett acceptance ratio
(BAR)'"” as the free-energy estimator that uses both the
forward and reverse distributions simultaneously in a more
efficient way than simply averaging the forward and reverse
exponential estimators. BAR has been demonstrated to be
advantageous in practical atomistic simulations as it displays a
lower bias and variance of the free-energy estimates when
compared to EXP and thermodynamic integration (TT).""*""®
Finally, the whole free-energy estimation procedure has been
repeated three times to establish 95% confidence intervals for
evaluating the free energy of reaction and free energy of
activation, assuming a normal distribution.'*> All uncertainties
reported in this study are 95% confidence intervals.

2.5. Periodic Implicit Solvation Calculations. In
addition to implicit solvation calculations performed with the
iSMS method,"”" we performed implicit solvation calculations
at 500 K using VASPsol®”’® with a relative permittivity of
water of 30.55 at reaction conditions."”’ We used the default

values for the parameter n_ that defines the value at which the
dielectric cavity forms and for the width of the diffuse cavity.”’
We also employed the default effective surface tension
parameter for describing the cavitation, dispersion, and
repulsive interaction between the solute and the solvent that
are not captured by the electrostatic terms.”” While this
parameter is likely most accurate only for simulations at 298 K
and not at 500 K, it is an optimized parameter of the solvent
model that cannot easily be obtained at other temperatures.
Due to the absence of adequate experimental solvation data at
500 K, we decided that the default parameter is likely most
meaningful. All other computational details for periodic
implicit solvation calculations were kept the same as in our
periodic vapor-phase calculations.

3. RESULTS AND DISCUSSION

The bidentate binding mode of ethylene glycol on the Pt(111)
surface in vapor phase (adsorption through hydroxyl groups
and formation of intramolecular hydrogen bonds due to the
directionality of the hydroxyl groups, Figure Sla) makes the
direct C—C and C—O bond cleavages energetically unfavor-
able with high activation barriers of 2.07 and 2.09 eV,
respectively. In the vapor phase, the initial hydrogen
abstraction from the hydroxyl group to form an alkoxide
intermediate is thermodynamically unfavorable (AE,, = + 0.40
eV) compared to the dehydrogenation of ethylene glycol to
form 1,2-dihydroxyethyl (AE,,, = — 0.48 eV). However, due to
the close proximity of the H atom of the hydroxyl group to the
surface and the required rotation of the second hydroxyl group
away from the surface for the C—H scission, the O—H bond
cleavage is slightly more energetically favorable.””®> The
choice of the O—H bond scission reaction to establish the
characteristic parameters for a well-converged QM/MM
calculation has been motivated by the fact that the activation
barrier is neither too high to make the FEP procedure
computationally prohibitive nor too low to make the PMF
procedure ill-founded and the characterization of the aqueous
phase effect extremely problematic. We have recently
demonstrated that in an aqueous reaction environment, the
entropy—enthalpy compensation plays a major role in
facilitating the O—H bond scission on hydrophobic interfaces
and exhibits a substantial solvent effect on the free energy of
reaction and free energy of activation, which makes this model
reaction all the more compelling for determining characteristic
parameters for explicit solvation calcualtions.”*

3.1. Timescale for Equilibration. Conventional ap-
proaches for achieving a thermal equilibrium in an MD
simulation involve an equilibration stage. Although the
timescale for the equilibration period is dependent on the
initial phase space point and can be determined from the
relaxation time of various properties and a normal distribution
of their fluctuations, in practice, it is difficult to determine the
slowest time scale of the simulation system, and the
equilibration time scale is often determined by computational
affordability (even if it risks biasing the simulation result) and
therefore, varies wildly from 300 fs in AIMD simulations'*” to
10 ps in QM/MM simulations'*® and 2 ns in combined DFT-
MD"**"** investigations that use a classical force field for the
equilibration stage.

Figure S4a illustrates the total energy, and Figure S4b
depicts the root-mean-square fluctuations (RMSF) of the
potential energy during a 975 ps MD simulation of ethylene
glycol solvated by 2200 water molecules, thermally coupling all
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the atoms to a Nose—Hoover heat bath at 500 K. While the
total energy graph might suggest that an equilibrated state has
been obtained after ~4 ps, the RMSF appears to be converged
only after ~200 ps. To quantify the timescale required for
equilibration to predict aqueous phase effects on a surface-
catalyzed reaction with a greater certainty, we performed QM/
MM free-energy perturbation calculations with three distinct
equilibration periods of 50, 100, and 250 ps. For each
equilibration timescale, we explored the equilibrium phase
space for 150 ps (1000 MM conformations, 150 fs apart) with
three independent MD simulations. We employed BAR as the
free-energy estimator for each individual trajectory and
computed 95% confidence intervals from the three independ-
ent observations. Figure 1 and Table S1 display the variability
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Figure 1. 95% confidence interval estimates of (a) the free energy of
reaction and the (b) free energy of activation of the O—H bond
cleavage of ethylene glycol over a Pt(111) surface at S00 K. Total
QM/MM energies have been computed by employing three distinct
equilibration times of 50, 100, and 250 ps.

in the estimation of the free energy of reaction and free energy
of activation for our model reaction. Our calculations indicate
that all equilibration stages lead overlapping error bars and
approximately the same estimation of the free energies of
reaction and activation (AA_, & —0.09 eV, AAT ~ 0.11 €V).
Also, predicted error bars are smaller than 0.06 eV and
therefore well within the inherent error of density functional
theory calculations."”' Although the error bars are slightly
larger for the simulations with the longest equilibration stage,
we use in the following 250 ps equilibration period for
calculating aqueous phase effects on the free energies of

surface-catalyzed reactions. Our selection is motivated by the
high degree of the RMSF in the potential energy at and below
100 ps (Figure S4b), the fact that we do not possess estimates
of the error bar of our error bars, and that we show in the next
section that typical rotational water correlation times near our
adsorbate are on the order of ~40 ps.

3.2. Configuration Space Sampling. An overarching
theme in the calculation of liquid-phase effects on free energies
of elementary processes is the calculation of ensemble
averages.lm’126 To calculate a reliable estimate of an ensemble
average, the potential energy surface has to be adequately
sampled for all the relevant configurations of the system.
However, the sheer size of the configuration space originating
from the sizable number of solvent molecules included in the
simulation box makes extensive exploration of the config-
uration space extremely challenging. Owing to a lack of
consensus on how much sampling of the configurational space
is sufficient for a solvated adsorbed carbohydrate species on a
metal surface for an error smaller than 0.1 eV, we computed
the average rotational correlation time for water molecules in
close proximity (up to S A) to adsorbed ethylene glycol on
Pt(111) and performed QM/MM-MFEP calculations for our
test reaction with ensemble averages calculated from 100, 500,
and 1000 MM conformations that are 150 fs apart (ie.
sampling for 15 to 150 ps). Figure SS illustrates a three-
exponential fit to the rotational correlation time of water
molecules in close proximity to the adsorbate. The average
rotational correlation lifetime is computed to be ~40 ps. This
result agrees with both the correlation time of hydrogen bonds
between a water layer and a hydrocarbon species adsorbed on
Pt(111) and the hydrogen bond correlation time of a water
layer on various Cu surfaces, all of which have been
determined to be between 1 and 10 ps.”>'** For the free-
energy calculations, the procedure was repeated three times
with independent MD trajectories to establish the confidence
interval estimates of the free energy of reaction (Figure 2a) and
the free energy of activation (Figure 2b). Independent
trajectories are obtained from trajectories separated by at
least 125 ps, which are significantly larger than the correlation
times discussed above. As illustrated in Figure 2, the
uncertainty in the calculation of free energies is statistically
indistinguishable (see also Table S2). To err on the side of the
caution and sample for at least three times the correlation
lifetime of water molecule rotations, we employed 1000 MM
conformations for all subsequent free-energy calculations
(sampling of 150 ps). A repetition of the simulations and
computation of confidence intervals were found essential since
the fluctuations of a single potential of mean force calculation
were often significant as evidenced by 95% confidence intervals
of up to 0.1 eV from three measurements. The significant
fluctuations of a single potential of mean force calculation
originate from both the limited phase space sampling and from
the use of the fixed charge approximation used in the QM/
MM-FEP methodology. We note that each FEP calculation
requires one to compute the ESP charges on the QM atoms as
a mean field of the electrostatic potential of 100 MM
conformations. By repeating the calculations for three times,
we both increase our total configuration space sampling and
obtain simulation results for three slightly different ESP
charges on the QM atoms, overall improving the reliability of
our predictions.

3.3. System-Size Effects. The infinite periodicity of a
computational simulation system makes it less susceptible to
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Figure 2. Effect of phase space sampling time on the estimation of (a)
free energy of reaction and (b) free energy of activation of the model
O—H bond scission reaction of ethylene glycol on a Pt(111) surface
at 500 K. The error bars represent the 95% confidence interval
estimate of the free energy of the specified reaction.

finite size effects when compared to nonperiodic system
simulations. However, a periodic system with a small
simulation box tends to show crystal-like long-range order
while an unnecessarily large simulation system might result in
wasted computational resources without adding any germane
information needed to describe the physical system.'*” To
explore the effect of the system size on the solvent effect on
free energies of our model reaction, we constructed four
different simulation boxes by changing the lateral box size
while maintaining a constant liquid height (49.0 A) to keep the
system pressure and density constant. In the decreasing order,
the lateral dimensions of the simulation boxes are 45.0 A X
49.0A,450A % 39.0A,33.7A % 39.0A, and 33.7 A X 29.2 A,
which correspond to solvating the metal surface and adsorbate
by 2200, 1760, 1320, and 990 water molecules. We note that
we refrained from decreasing the box size below this point
since it would result in a simulation box with the smallest
dimension being less than twice the cutoff employed for
calculating vdW interactions.

As shown in Figure 3, there is no statistically significant
difference in the predicted free energies, and we conclude that
even our smallest simulation box is likely sufficiently large for
our free-energy calculations. Nevertheless, we use in the
following our simulation box containing ~2200 water
molecules. While for our eSMS solvation model, the length
scales of relevance are not computationally prohibitive; for a
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Figure 3. System-size effect on (a) free energy of reaction and (b)
free energy of activation of the prototypical O—H bond cleavage
reaction of ethylene glycol on a Pt(111) model surface at S00 K. The
error bars represent the 95% confidence interval estimate of the free
energy of the specified reaction.

full quantum chemical description of the potential energy
surface, it is interesting that correlation lengths appear to be
smaller than 15 A (half the shortest simulation box length).

3.4. Optimization of Adsorbed Moieties. Vapor-phase-
optimized structures were employed as the initial configuration
for the optimization of reactants, transition states, and product
states of the O—H, C—OH, and C—H bond cleavages of
ethylene glycol in the aqueous phase. Each optimization cycle
consisted of a 750 ps MD simulation with 250 ps of the
equilibration stage and 500 ps of equilibrium configuration
space sampling. Geometries were then optimized in a fixed size
ensemble of 10,000 MM conformations recorded at 50 fs
intervals with a force-based convergence criterion of 1.0 X 107>
au/atom. The optimized QM structure was then employed for
the generation of a new ensemble of MM conformations, and
the whole procedure was repeated until the QM/MM energy
was converged.

Generally, the aqueous phase appears to have only a minor
effect on the reactant (AAgg = — 0.06 + 0.01 eV), product
(AApg = — 0.10 + 0.01 eV), and transition state (AArg = 0.03
+ 0.01 eV) relaxations for the O—H bond cleavage.

CH,OHCH,OH** + * < CH,0CH,OH** + H* (1)

In the reactant state, going from the vapor (Figure Sla) to
an aqueous phase (Figure S1b), the Pt—O bond length
increases by 0.10 A. Similarly, the product state (Figure Sle,f)
is pushed upward into the aqueous phase, and the Pt—O bond
length increases by 0.78 A. Considering the hydrophobicity of
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the Pt(111) surface,'** this places the adsorbed moiety in the
immediate vicinity of the first layer of the water molecules
(Figure S6), leading to many hydrogen bonding arrangements
plausible with the neighboring water molecules, which results
in a slightly stabilized reactant and product state. Additionally,
for the reactant state, the distance between the hydrogen atom
(H,) of the nonreacting hydroxyl group and the oxygen atom
of the reacting hydroxyl group (O,) decreases by 0.18 A,
making intramolecular hydrogen bonding more probable. The
transition state does not show a significant change (less than
0.02 A) in the H,—O, distance and the Pt—O bond length;
only the transition-state bond length gets reduced by 0.18 A
when going from the vapor to aqueous phase.

Figures S2 and S3 illustrate the corresponding effect of an
aqueous phase on the structure of various states in the C—H
and C—OH bond cleavage reactions. Similar to the O—H bond
cleavage, the transition state and the product state moieties of
the C—OH bond cleavage reaction move upward, going from
the vapor to aqueous phase, which explains their stabilization
in an aqueous phase (AAg = — 0.09 + 0.01 eV, AApg = — 0.03
+ 0.01 eV ).

CH,OHCH,OH** + * < CH,CH,OH** + OH* (2)

The transition-state bond length also increases by 0.10 A
due to the presence of an aqueous phase. Unlike the O—H and
C—OH bond cleavages, the aqueous phase has no perceptible
effect on the transition state and the product state of the C—H
bond cleavage (AAg = 0.06 + 0.01 eV, Adpg = 0.01 + 0.01 eV

CH,OHCH,OH** + * «» CHOHCH,OH** 4 H*
(3)

Except for a minimal rotational change, both the transition
state and the product state of the C—H bond cleavage largely
remain unaffected by the presence of an aqueous phase,
resulting in a nominal solvent effect. The transition-state bond
length also remains largely unaltered (less than 0.02 A) going
from the vapor to aqueous phase.

3.5. Free-Energy Profile. Figures 4—6 illustrate the free-
energy (potential of mean force) profiles for the O—H, C—H,
and C—OH bond cleavages, respectively. For the O—H and
C—H bond cleavages, we presented previously’® similar
profiles without the optimization of the critical points in an
aqueous phase and without vdW parameters for hydrogen
atoms of the adsorbate molecules that are only needed for an
optimization. To establish adequate phase space overlap
throughout the reaction coordinate, we introduced 41
intermediate states between the reactant and transition states
and 19 intermediate states between the transition state and the
product state for the O—H cleavage reaction (Figure 4). The
number of windows is determined by our desire to have an
energy difference between windows smaller than twice the
thermal energy (<2 kgT). Similarly, the free-energy profile for
the C—H cleavage reaction (Figure 5) has been constructed by
inserting 26 intermediate states between the reactant and
transition states and 29 intermediate images between the
transition state and the product state. Finally, the potential of
mean force profile for the C—OH bond cleavage (Figure 6) has
been constructed by inserting 72 intermediate states between
the reactant state and the transition state and 66 intermediate
images between the transition state and the product state. A
summary of our calculation results is shown in Table 1 and
Figure 7.

1.0— TS
e-s Vapor phase :
08 QM/MM-FEP ‘.
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Figure 4. Free-energy profile for the O—H bond cleavage of ethylene
glycol in vapor and aqueous phases on a Pt(111) model surface at 500
K without considering vibrational contributions to the partition
function. See Table 1 for corresponding data that include vibrational
contributions. The points lying on the vertical dashed lines represent
the geometries optimized in the vapor phase, while the magenta dots
on the QM/MM-FEP(Optimized) profile represent the aqueous
phase-optimized structures of the reactant, transition state, and
product state for the O—H bond cleavage. The aqueous phase profiles
portray the average of three QM/MM-FEP calculations that possess
95% confidence intervals smaller than +0.1 eV.
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Figure S. Free-energy profile for the C—H bond cleavage of ethylene
glycol in vapor and aqueous phases on a Pt(111) model surface at S00
K without considering vibrational contributions to the partition
function. See Table 1 for corresponding data that include vibrational
contributions. The points lying on the vertical dashed lines represent
the geometries optimized in vapor phase, while the magenta dots on
the QM/MM-FEP(Optimized) profile represent the aqueous phase-
optimized structures of the reactant state, transition state, and product
state for the C—H bond cleavage. The aqueous phase profiles are the
average of three QM/MM-FEP calculations that possess 95%
confidence intervals smaller than +0.1 eV.

Figure 7 illustrates that the aqueous phase has a much larger
effect on the O—H bond scission than on the C—H and C—
OH bond scissions of ethylene glycol. The free energy of the
reaction of the C—OH bond scission is also significantly
affected by the aqueous environment. These observations can
be understood by the structural changes along the reaction
coordinate in each of the abovementioned reactions. The
presence of liquid water and formation of hydrogen bonds
between the adsorbate and the surrounding water weakens the
intramolecular hydrogen bonding (increase in distance
between OH groups) for the reactant, transition state, and
product state of the C—H bond cleavage. The C—H bond
scission also exposes a C atom to the neighboring aqueous
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Figure 6. Free-energy profile for the C—OH bond cleavage of
ethylene glycol in vapor and aqueous phases on a Pt(111) model
surface at 500 K without considering vibrational contributions to the
partition function. See Table 1 for corresponding data that include
vibrational contributions. The points lying on the vertical dashed lines
represent the geometries optimized in vapor phase, while the magenta
dots on the QM/MM-FEP(Optimized) profile represent the aqueous
phase-optimized structures of the reactant, transition, and product
states for the C—OH bond cleavage. The aqueous phase profiles are
the average of three QM/MM-FEP calculations that possess 95%
confidence intervals smaller than +0.1 eV.

phase environment, which is unable to form hydrogen bonds
with the water molecules. As a result, the aqueous phase has
only a very minor effect on the net hydrogen bonding along
the reaction coordinate, and solvation effects are small and
within the accuracy of our calculations. In contrast, the O—H
bond cleavage exposes a highly electronegative O atom (O°~ =
— 0.74 e7) to the surrounding environment, which is able to
accept hydrogen bonds from the hydrogen atoms of the water

molecules, changing the hydrogen bonding energy contribu-
tion along the reaction coordinate and resulting in a sizable
exergonic solvation effect on the free energy of reaction and
free energy of activation.

The presence of an aqueous phase has a significant
endergonic effect on the thermodynamics of the C—OH
bond cleavage while the kinetics of the reaction remains
unaffected. Figure S7 shows a snapshot of the distribution of
water molecules on the top of the Pt(111) surface for the
reactant, transition state, and product state of C—OH bond
cleavage of ethylene glycol. In the reactant state (Figure S7a),
the adsorbed species (ethylene glycol) is immersed in the first
layer of water molecules. However, in the product state (Figure
S7¢), the cleaved OH species lies beneath the layer of water
molecules, which reduces the number of hydrogen bonding
arrangements for the adsorbed moiety, resulting in an
endergonic effect on the thermodynamics of the reaction.
Unlike the O—H bond scission, the C—OH bond scission
exposes a C atom to the surrounding aqueous phase
environment, which is unable to form hydrogen bonds with
water molecules, leading to a nominal aqueous phase effect on
the kinetics of this reaction. Michel and co-workers have
recently claimed that C—OH bond cleavages are promoted by
the explicit presence of a water molecule (microsolva-
tion'””~"*! approach)."’” While the inclusion of water
coordinates in the reaction coordinate can indeed lead to a
lower activation barrier that is currently not considered in our
simulations, the microsolvation approach does not sample the
configuration space and therefore neglects any temperature-
dependent entropic cost associated with placing a water
molecule at a specific location.

3.6. Comparison of Metal-Water Interaction Poten-
tials. The predictive power of any solvation approaches that

Table 1. Aqueous Phase Effects on the Free Energy of Reaction and the Free Energy of Activation of Model Reactions of

Ethylene Glycol over Pt(111) at 500 K*

reaction reaction environment AG,,/AA,, (eV) AGT/AAT (eV)
CH,0OHCH,OH** + * « CH,OCH,OH** + H* vapor phase 0.45 0.70
iSMS 0.36 0.68
VASPsol 0.57 0.76
QM/MM-FEPSH —0.09 + 0.06 0.11 + 0.04
QM/MM-FEPY 0.08 + 0.02 0.29 + 0.01
QM/MM-FEP*H(OPT) —0.23 + 0.05 021 + 0.03
CH,0HCH,OH** + * «» CHOHCH,OH ** + H* vapor phase —0.40 0.73
iSMS —0.39 0.65
VASPsol —-0.35 0.59
QM/MM-FEPSH —0.38 + 0.02 0.64 + 0.02
QM/MM-FEPY —0.26 + 0.06 0.56 + 0.01
QM/MM-FEPSH(OPT) —0.36 = 0.01 0.73 + 0.02
CH,0OHCH,OH** + * «& CH,CH,OH ** + OH* vapor phase 0.26 2.11
iSMS 0.15 2.04
VASPsol 0.30 2.04
QM/MM-FEPSH 0.57 + 0.02 2.16 + 0.01
QM/MM-FEPY 0.49 + 0.02 2.18 + 0.01
QM/MM-FEP*H(OPT) 0.64 + 0.03 2.11 + 0.03

“QM/MM-FEP calculations describe the solvent effect on the critical points identified by gas-phase calculations while using the gas-phase
vibrational partition function for the adsorbed species and transition states. The superscripts SH and L] (SH = Spohr—Heinzinger, L] = metal
Lennard-Jones) denote the potential used to describe the metal—water interaction. QM/MM-FEP(OPT) represents the solvent effects for the
model reactions (using SH potential) where the respective reactant, transition, and product states have all been optimized in an aqueous phase
environment, and the vibrational frequencies are computed in the liquid phase assuming the timescale for reorientation of solvent molecules is
much larger than the timescale for molecular vibrations. Implicit solvation calculations have been performed using both nonperiodic (iSMS)*' and

periodic (VASPsol)®® approaches.
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Figure 7. Effect of aqueous phase on the free energy of reaction and
activation of (a) O—H, (b) C—H, and (c) C—OH bond cleavages of
ethylene glycol over Pt(111) using different implicit and explicit
solvation models. Error bars for the explicit solvation models are 95%
confidence intervals.

use classical molecular mechanics simulations suffers from a
fundamental issue, the accuracy and transferability of force

fields.'*>"**"** To compare how the metal—water interaction
potentials affect the reaction thermodynamics and kinetics, we
have performed our QM/MM FEP calculations for the O—H,
C—H, and C—OH bond cleavages of ethylene glycol with two
different force-field parameters, the Spohr—Heinzinger (SH)
potential’® and Lennard-Jones (LJ) potential®” Figure S6
illustrates the distance distribution of water O atoms over a
Pt(111) surface using the abovementioned metal—water
interaction potentials. The LJ potential predicts a higher
density of water molecules closer to the surface compared to
the SH potential. Also, the highest water density is by ~0.1 A
closer to the surface for the L] potential, although some water
molecules move slightly closer to the surface for the SH
potential.

Table 1 and Figure 7 show the effect of these potentials on
the thermodynamics and kinetics of our test reactions. The
aqueous phase exerts an endergonic effect on the thermody-
namics of the C—OH bond cleavage of ethylene glycol. While
both the L] and SH potentials predict only a nominal effect on
the free energy of activation, the LJ potential predicts a less
endergonic effect on the free energy of reaction (AA, = 0.49
+ 0.02 eV) compared to that of the SH potential (AASY = 0.57
+ 0.02 eV). This phenomenon can likely be explained by the
L] potential having a higher water density closer to the surface
(Figure S6), being able to at least somewhat stabilize the
surface OH group in the product state (see Figure S7). Next,
for the C—H bond cleavage, both Pt—water potentials predict
similarly small solvation effects with the L] potential predicting
a minimally larger effect on the activation and reaction free
energies. Finally, the L] potential shows a less exergonic effect
on the O—H bond scission of ethylene glycol compared to the
SH potential. For the O—H cleavage of ethylene glycol, all
stationary points are submerged in the surface water layer such
that the effect of Pt—water potential originates likely from the
difference in water density adjacent to the surface (Figure S6).
While both potentials suggest that O—H bond dissociation is
significantly accelerated and more exergonic in liquid water,
intricacies of the potential lead to free-energy predictions
deviating by as much as 0.2 eV. Given the large solvation
effects for O—H bond dissociations, it appears that a more
accurate/reliable Pt—water potential is required to predict
solvation effects for the O—H bond cleavage with an accuracy
comparable to DFT.

3.7. Comparison between Implicit and Explicit
Solvation Methods. Finally, we compare our explicit
solvation results to implicit solvation calculations performed
with VASPsol*””° and our iSMS methodology.*' Both implicit
solvation models (iSMS and VASPsol) fail to capture the full
solvent stabilization during the O—H cleavage of ethylene
glycol (see Table 1 and Figure 7). However, VASPsol predicts
even an endergonic effect on both the free energy of reaction
and the free energy of activation for this model reaction. This
prediction contradicts both of our predictions with iSMS and
explicit solvation methodology (and are contradictory to our
intuition and experimental studies).'”*'**~"** For the C—H
bond cleavage, implicit and explicit solvation models anticipate
comparable solvent effects, which is plausible considering that
directional hydrogen bonding contributions do not change
significantly along the reaction coordinate for this reaction.
Finally, for the C—OH bond cleavage, both implicit models do
not predict the strong endergonic solvent effect on the reaction
thermodynamics of the C—OH bond cleavage that results from
the water molecules being unable to fully solvate the surface
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OH group in the product state. To conclude, the reliability of
implicit solvation calculations for heterogeneous (metal)
catalysis applications is currently limited (unknown) due to
the very limited availability of experimental data that can be
used in the parameterization of the implicit solvation models.
This is currently a clear advantage of explicit solvation models

that rely “only” on a meaningful potential energy descrip-
121,132
tion.” ™

4. CONCLUSIONS

Very little experimental information is currently available to
assess the accuracy of various computational approaches for
predicting solvation effects on free energies of activation and
free energies of reaction for elementary processes on
heterogeneous catalysts. As a result, computational models
can primarily only be compared against each other and
chemical intuition. In principle, the most accurate computa-
tional solvation models use an explicit description of the
solvent molecules and describe the potential energy surface at a
high level of theory. This however requires sufficient
configuration space sampling, which is usually not affordable
for a high level of theory description of the potential energy
surface. In this contribution, using the O—H splitting reaction
of ethylene glycol over Pt(111) as a case study and
characteristic reaction for various biomass platform molecule
conversion reactions over noble metal catalysts, we studied the
required timescale to reach thermal equilibrium, the sampling
time scale necessary to explore the configuration space, and the
size of the simulation system for obtaining reliable and
converged free energies of activation and reaction with our
eSMS methodology for studying solvation effects in heteroge-
neous catalysis. Due to the difficulty in determining the
correlation time in free-energy calculations, we recommend
that all explicit solvation calculations be repeated multiple
times just as it is common for experiments. Only by repeating
simulations at least three times can confidence intervals
(resulting from insufficient configuration space sampling and
intricacies from our QM/MM-FEP methodology) be esti-
mated. Assuming our test reactions are characteristic for
various reactions on metal surfaces, our heuristic recommen-
dations lead to free energies with 95% confidence intervals of
<0.1 eV.

After having established protocols for calculating solvent
effects using multiscale models, we calculated solvent effects on
the free energy of reaction and free energy of activation for
primary dehydrogenation and dehydroxylation reactions of
ethylene glycol at the hydroxyl group and a-C. Vapor-phase-
optimized geometries were reoptimized in the aqueous phase
environment, and vibrational contributions were calculated
using numerical gradients and central differences with a 0.02 au
step size, assuming nonequilibrium solvation. Our explicit
solvation model predicts that aqueous phase effects are small
(<0.1 eV) for the C—H bond cleavage and the activation
barrier of the C—OH bond cleavage. In contrast, solvation
effects are large (>0.35 eV) for the O—H bond cleavage and
the reaction free energy of the C—OH bond scission. While the
choice of a different Pt—water force field can lead to
differences in predicted solvation effects of up to 0.2 eV, the
differences are usually much smaller (<0.1 eV), and the trends
are always the same. In contrast, implicit solvation models only
qualitatively agree with the explicit solvation results for the C—
H bond cleavage, and they are unable to anticipate the
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hydrogen bonding stabilization for the O—H and even the C—
OH cleavage reactions.
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