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S1 Introduction

Toward a better molecular-level understand of the mechanisms of heterogeneously-
catalyzed reactions under an aqueous environment, we apply a combined classical
molecular dynamics (cMD) and density functional theory (DFT) method to study
chemical thermodynamics and kinetics. This method relies on cMD simulations to
generate ensembles of liquid water configurations surrounding the catalytic reac-

tion intermediates and transition states on the catalyst surface, and DFT to calcu-
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late quantum chemical energies for these configurations. We apply this cMD-DFT
method to the following chemical reactions, (S1)—(S11):

For hydroxymethylidyne, the “direct” dehydrogenation is

COH* 4 * — CO* 4+ H* (S

where a * indicates a vacant binding site on the Pt(111) surface and *’ed species
are catalytic intermediates. This is also stoichiometrically equivalent to the total
COH* dehydrogenation reactions when H,O mediates the reaction. There are two
routes of “H,0O-mediated” COH* dehydrogenation that we consider: (a) “H,O-
co-catalyzed” and (b) “H,O-assisted”. Both of these routes begin with “com-
plexation” step where a water molecule forms a hydrogen-bond with an adsorbed
COH* to form a COH—H,O* complex. It’s possible that the H,O in this complex
contains a “dangling” H that points toward the Pt(111) surface or not, but in both
cases it’s possible that the other H atom participates in hydrogen-bonding with
surrounding liquid water molecules. The case with a dangling H atom is written
as

COH* 4+ H,0 — COH—H,0%(d) (S2a)

where (d) indicates the presence of a dangling H atom, and the more general case

without a dangling H is written as

COH* + H,0 — COH—H, 0% (S2b)



From the complex, the dehydrogenation reaction can proceed through the
H,O-co-catalyzed route if there is a dangling H (i.e., reaction (S2a)), which is
written as

COH—H,0% 4 * — CO* + H* + H,0 (S3)

reaction (S2a) and reaction (S3) sum to give the “overall” net H,O-co-catalyzed

reaction, which is written as
H,0
COH*+* — CO* +H* (S2a+S3)

Alternatively, if the COH—H,O* complex interacts with the aqueous envi-
ronment hydrogen-bonding network (which can occur from a complex with or
without a dangling H) it can undergo another complexation reaction to form a

COH—-H,0—H,0* complex, i.e.
COH-H,0*+H,0 — COH—-H,0—-H,0%* (S4)

which can then lead to dehydrogenation of the COH* molecule via the H,O-

assisted route to form CO* and H50,, i.e.
COH—-H,0—-H,0* — CO* 4 H;0, (S5)

Solvated proton complexes have been shown in the literature with the general

chemical formula H,, ,,O,, where n indicates the number of water molecules



solvating the proton, including hydronium complex (H;0), =11 Zundel complex
(H50,),2* 79715 and Eigen complex (Hy0,).>" In this work we only consider
the case where n = 2 and a Zundel complex is formed. Reactions (S2), (S4), and

(S5) can be summed into a net H,O-assisted reaction, i.e.

COH* + 2H,0 — CO* + H50, (S2+84+S5)

Similar reaction equations can be written for CH;OH*. For example, the direct

dehydrogenation for CH;OH* is

CH;OH* 4 * — CH,OH* + H* (S6)

Similar complexation reactions to those for COH* can occur for CH;OH*, i.e. the

case with a dangling H is written as

CH;OH* + H,0 — CH;0H—H,0%(d) (S7a)

and the case without the dangling H is written as

CH,OH* + H,0 — CH;0H—H, 0% (S7b)

Reaction (S7a) can lead to H,O-co-catalyzed dehydrogenation, i.e.

CH;OH—H,0* + * — CH,OH* + H* + H,0 (S8)



Reaction (S7a) and reaction (S8) sum to give the overall net H,O-co-catalyzed

reaction, which is written as
H,0
CH;OH* +* — CH,OH* + H* (S7a+S8)

However, we found reaction (S7a) to have a very low pre-exponential factor, im-
plying a low probability of configurations that would facilitate reaction (S8) form-
ing. Additionally, transition state (TS) searches for reaction (S8) converged to TS
structures for reaction (S6) instead, where H,O was not facilitating the reaction.
Instead, the methyl H rotated toward the Pt(111) surface and transferred directly
from CH;OH* to the surface. Even if this reaction occurred, we would expect it
to have a high barrier. For these reasons, reaction (S8) was neglected from the
main text.

CH;OH* can also follow the H,O-assisted route like COH* by undergoing a

second complexation reaction, i.e.
CH;OH-H,0*+H,0 — CH;0OH—-H,0—-H,0* (S9)
and then dehydrogenation to form an H5O,, i.e.
CH;OH-H,0-H,0* — CH,OH* 4+ H50, (S10)

Again, the complexation reactions and H,O-assisted dehydrogenation reaction



can sum to give a net reaction of

CH,;OH* + 2H,0 — CH,OH* + H,0, (S7+59+S10)

Finally, to complete the H,O-assisted reaction routes for both the CH;OH*
and COH* reaction intermediates, the H;O, that is formed must dehydrogenate

by depositing a H atom on the Pt surface, i.e.

Hs0, + * — 2H,0 + H* (S11)

Summing this reaction with the net reactions (S2+S4+S5) and (S7+S9+S10) yields
stoichiometrically equivalent overall reactions as reaction (S1) and (S6), respec-

tively.
S1.1 Interaction energy

Previous work in our group'® showed that, when calculating the interaction en-
ergy for 44 different oxy-hydrocarbon adsorbates on Pt(111) using an LJ + C
non-bonding potential, there was almost no difference between the interaction en-
ergy calculated using 10 water configurations and that calculated using 30,000
water configurations. While this result was calculated using a classical poten-
tial, the authors also showed that the difference between the interaction energy
calculated using a classical and using DFT was almost constant, indicating that
the same trend for the interaction energies calculated with different numbers of

water configurations should hold if the interaction energy was calculated using



DFT. Therefore, all interaction energies in this work are calculated using 10 water
configurations per reaction intermediate or TS complex.

For all reactions where the 95% confidence interval in the interaction energy
is greater than the 95% confidence interval in the calculated activation barriers
from multiple initial geometries, only water configurations from one initial ge-
ometry were used. The only reaction where this was not the case (i.e., the 95%
confidence interval in the calculated activation barrier over multiple TS geome-
tries was greater than the 95% confidence interval in the interaction energy) was
reaction (S6), so water configurations generated from multiple initial TS geome-
tries were used. In the case of reaction (S6), the activation barrier, the 10 total
water configurations were obtained by selecting at least 2 water configurations
from the MD trajectory over each initial geometry due to slight variations in the
TS complex geometries under different liquid water configurations.

We also compare these AE;,¢ values calculated using the cMD-DFT method as
presented in the main text to AGg, values calculated using the VASPSol implicit
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solvation mode These results are seen in Table S1.



Table S1: A comparison of AEj,; values calculated using the cMD-DFT method
to AGjy values calculated using the VASPSol implicit solvation model.

Adsorbate AE;,(cMD-DFT) [eV] AG,(VASPSol) [eV]
COH* —0.70£0.07 —0.31
CO* —0.03+0.03 —0.04
COH-H,0O* —0.55+0.09 —0.27
COH-H,0—-H,0* —1.07+£0.17 —0.36
CH,;OH* —0.48 £0.18 —0.28
CH,OH* —0.64+0.12 —0.19
CH;0H—-H,0* —1.294+0.20 —0.55
CH;0H-H,0—-H,0* —1.27+0.29 —0.61

H* 0.00+£0.00 0.00

H,O —0.28 +0.10 —0.25
H;0, —1.50+£0.31 —1.28

S2 Hydrogen bonding criteria and examples

In this work we consider structures where water can act as a hydrogen-bond donor,
i.e. where a water hydrogen atom is pointed at the oxygen atom of the adsorbate,
and as a hydrogen-bond acceptor, i.e. where the hydrogen of adsorbate hydroxyl
group is pointed at the oxygen atom of a water molecule. We consider a water
molecule to be a hydrogen bond donor if the OHZO—O Ads distance is < 3.5 A and
if the Oads—On,0—Hn,0 angle is < 30°. An example of structure where water
is a hydrogen-bond donor is shown in Figure S1a. We consider a water molecule
to be a hydrogen bond acceptor if the On,0—OAagds distance 1s < 3.5 A and if the
Hads—Oads—Omn,0 angle is < 30°. An example of structure where water is a

hydrogen-bond acceptor is shown in Figure S1b.



Figure S1: Example configurations of COH* where the H,O acts as a (a)
hydrogen-bond donor and (b) hydrogen-bond acceptor. In both cases, we require
that the OCOH*—OHZO distance (indicated by the dashed line) be < 3.5 Aand the
O—0O—H angle (indicated by the solid lines) be < 30°. Pt = gray, C = teal, O
= red, H = white. Water molecules that are not hydrogen-bonded to COH* are
shown as lines for visual clarity.

An example of COH* and a hydrogen-bonded H,O with a dangling H atom
and an example without a dangling H atom are shown in Figure S2a and S2b,
respectively. In Figure S2a, the dangling H atom is < 2.5 A from the plane of the
Pt(111) surface and is pointing down toward the surface (i.e., it is closer to the Pt
surface than the O atom in the same H,O molecule). In both cases, it is possible

for the H,O molecule to hydrogen-bond with other liquid H,O molecules.



Figure S2: COH* with a hydrogen-bonded H,O in configurations where the H,O
(a) has a dangling H atom and (b) does not have a dangling H atom. The distance
used to determine whether the H was < 2.5 A from the Pt surface was that mea-
sured from the circled H. The dotted lines indicate the plane of the Pt(111) surface
and the plane of the O atom parallel to the plane of the Pt(111) surface.

S3 Computational details for the ab initio molecular
dynamics simulation

In the main text, ab initio molecular dynamics (AIMD) simulations were used to
find structures of H,O and H5O, intermediates, as well as TS structures for COH*
and H;0, dehydrogenation reactions via the H,O-assisted route. The computa-
tional details for that simulation are as follows. The simulations were performed
performed with the Vienna Ab-Initio Simulation Package (VASP) code, 32! us-
ing a periodic plane-wave basis set with an energy cutoff of 400 eV. The Perdew,
Burke, and Ernzerhof??>2? (PBE) functional was used for electron exchange and
correlation, and the projector augmented wave?*2> (PAW) method was used to
calculate interactions between the valence and core electrons. The D2 dispersion
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correction?® was employed. Gaussian smearing with 6 = 0.1 eV was used. The
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first Brillouin zone was sampled at the Gamma point only to improve the com-
putational tractability.?” The simulation box comprised 24 H,O molecules over a
3-layer p(3 x 3) Pt(111) slab. AIMD was carried out in the NVT ensemble at 300
K with a time step of 0.5 fs and runtime of ~100 ps, with data sampled every 5 fs.
The temperature was maintained with a Nosé-Hoover thermostat.?3?° The max-
imum number of vectors stored in the charge density mixer during an ionic step
was set to 40 to approximate the charge dielectric function in the subsequent ionic
step and to minimize the number of electronic iterations per ionic step. The initial
configuration was taken from the production run of the analogous cMD simula-
tion. Pt atoms were held fixed during the simulation, but the COH* and H5O,
intermediates and the H,O molecules were allowed to move according to New-
ton’s equations of motion. Animations of the AIMD simulations are available as
Supplemental Videos (SV) SV1, SV2, and SV3 on the Getman Research Group

GitHub page.!

S4 Selection of H;O, and H,O structures from AIMD

During the resulting AIMD trajectory, it was observed that the excess hydrogen
interacted with either two water molecules that were both interacting with the
Pt(111) surface, or with one water that was interacting with the Pt(111) surface
and another that was not. We refer to these two configurations of H5O, as the

“parallel” configuration and the “perpendicular” configuration, respectively. The

ihttps://github.com/getman—research—group/Geometry—files—for—
Insights—-into-how-the-aqueous-environment-influences-the-
kinetics—and-mechanisms
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“parallel” configuration of HsO, binds such that the two oxygen atoms are nearly
in a plane parallel to the Pt surface, and the terminal hydrogen atoms bound to
the oxygen atoms either both point toward the surface, both point away from the
surface, or one points toward the surface and the other points away. The fifth
hydrogen atom in HsO, is bound between both oxygen atoms. This adsorption
geometry for H5O, is similar to that found previously in the literature*. The per-
pendicular configuration of H5O, binds with the two oxygen atoms in a line nearly
normal to the Pt surface, and the terminal hydrogen atoms bound to the oxygen
atom closer to the surface generally point toward the surface while the terminal
hydrogen atoms bound to the oxygen further from the surface generally point
away from the surface. Similar to the parallel configuration, the fifth hydrogen
atom is bound between the two oxygen atoms. We find for H5O, that in the gas
phase the parallel configuration (Epj,g = —0.60 eV) is more thermodynamically
favorable than the “perpendicular” configuration (Epij,g = 0.02 eV). In the liquid
phase, the perpendicular configuration has a stronger interaction energy (Ej, =
—2.12+£0.50 eV) than the parallel configuration (Ej, = —1.75+£0.44 eV) and
therefore both configurations have similar liquid-phase binding energies within
the error bars (Epjng = —2.35£0.44 eV for the parallel configuration compared
to Eping = —2.10£0.50 eV for the “perpendicular” configuration).

Similarly, two primary configurations for H,O molecules away from the ex-
cess hydrogen were identified from the AIMD trajectory. The parallel configura-
tion where the H,O molecule is nearly parallel with the Pt surface (the oxygen

atom may be slightly closer to or further from the surface than the two hydrogen
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atoms), and the perpendicular configuration where the H,O molecule has one hy-
drogen atom point toward a surface Pt atom and the other hydrogen atom pointed
away from the surface. We find that in the gas phase the parallel configuration
(Ebing = —0.47 eV) is more thermodynamically favorable than the perpendicular
configuration (Eping = —0.24 eV). In the liquid phase, the perpendicular config-
uration has a stronger interaction energy (Ej, = —0.67 £0.11 eV) than the par-
allel configuration (Ej,; = —0.33 +0.09 eV) and therefore both configurations
have similar liquid-phase binding energies within the error bars (Eping = —0.80 &
0.09 eV for the parallel configuration compared to Eyjng = —0.91 £0.11 eV for
the perpendicular configuration). Representative structures of these HsO, and
H,O configurations are reported in Figure S3. Results reported in this work are
averages of 4 structures representing each the parallel and perpendicular configu-
rations for both H;O, and H,O. These results are summarized in Table S2. Ge-
ometry files for H;O, and H,O in the POSCAR format for the VASP are available

online at the Getman Research Group GitHub page.li

iihttps://github.com/getman—research—group/Geometry—files—for—
Insights—-into-how-the-aqueous-environment-influences-the-
kinetics—and-mechanisms
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Figure S3: Side views of representative structures for the parallel and perpen-
dicular configurations of H;O, ((a) and (b), respectively) and H,O ((c) and (d),

respectively).

Table S2: Gas-phase binding energies, interaction energies, and liquid-phase
binding energies for H;O, and H,O in the parallel and perpendicular configu-

rations. All energies are reported in eV.

Adsorbate Configuration Epinq(gas) Evina(aq)
H.0 Parallel —0.60 —1.75+£0.44 —-2.354+0.44
572 Perpendicular 0.02 —2.124£0.50 —2.104+0.50
1.0 Parallel —0.47 —0.334+0.09 —-0.80+0.09
2 Perpendicular —-0.24 —0.67£0.11 —-091+0.11
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SS Molecular dynamics force field parameters

S5.1 Non-bonded interactions

Pairwise interaction energies in the classical MD simulations were calculated us-
ing a Lennard-Jones + Coulomb (LJ + C) potential (eq S12) 30 Non-bonded in-

teractions were calculated using equation S12.

12 6
e | (%) () ]

The Lennard-Jones o and € parameters for platinum and adsorbed hydrogen

Cqiq;

S12
r. (S12)

were taken from the Universal Force Field3! (UFF), while the charges for both
were set to 0. LJ and C parameters for liquid H,O were taken from the TIP3P-
CHARMM?? model. We note that, while writing this manuscript, the GAL17
potential for modeling H,O interactions with Pt(111) was published,? providing
the first force field developed specifically for studying H,O-Pt(111) interactions
to our knowledge. Our ongoing work includes understanding the influence of
the H,O-Pt(111) potential on catalytic quantities. Similar to the work by Cui et.
al3*, in which they used the water TIP3P parameters for H,O0" and modified the
charges of the atoms, TIP3P-CHARMM parameters were used for H;O, with the
following changes: 1) for cMD simulations used to generate water configurations
around reaction intermediate structures, the charge of the H that is stabilized be-
tween the two O atoms in H5O, (indicated by a 1 in Figure S4) is setto O e™, and 2)

for cMD simulations used to generate water configurations around TS structures,
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the charge of the H that is being transferred from the O atom in H5O, (indicated

by a 2 in Figure S4) to the Pt surface is setto O e™.

Figure S4: An example structure for H;O, on Pt(111) used for to generate liquid
water configurations using cMD simulations. The H atom indicated by a 2 is the H
that was to be transferred to the Pt surface, and the H atom indicated by a 1 shifts
from being shared between both O atoms to strictly bonding with the left O atom
to form a water molecule. In cMD simulations of the H5O,, the H indicated by
a 1 was given a charge of 0 e, and in cMD simulations of the TS complex after
the dehydrogenation transfer began, the H indicated by a 2 was given a charge of
Oe.

As reported in the manuscript, when the Pt charges are set to 0 e, AEj,(COH*) =
—0.70£0.07 eV and AEj, (CH,OH*) = —0.64£0.12 eV. When Pt charges are set
using DDEC charges, AEj, (COH*) = —0.63 eV and AEj,(CH,OH*) = —0.63 eV.!’
DDEC charges are partial atomic charges calculated via charge partitioning of a
known electron density.>> The values calculated using DDEC charges are within
the range of the error bars for the values calculated using g(Pt) =0 e~. Using
DDEC charges, the largest magnitude charge on any Pt atom in the supercell with

COH* is —0.09 e, while the largest magnitude charge on Pt in the supercell with

CH,OH* is —0.08 e™. These charges are less than the charges of the atoms in the
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reaction intermediates and TS complexes, which are ~ —0.6 e~ for O atoms and
~ —0.3 e” for C atoms. Additionally, the distances between the water molecules
and the reaction intermediate are shorter (~ 2.5 A) than those between the water
molecules and the Pt surface (~ 3 A). Since the charges are larger for the atoms
in the reaction intermediate and the distance between the water and reaction in-
termediate 18 shorter, the interaction between water and the reaction intermediate
should dominate the calculation of AE;,; over the interaction between water and
the Pt surface.

The OPLS-AA3® force field LT and C parameters and atomic masses were
used to for atoms in CH;OH*, CH,OH*, and COH*, while OPLS-AA LJ parame-
ters for the carbon and oxygen atoms in COH* were used for CO* and the charges
for these atoms were adjusted to retain a neutral molecule. Force field parameters,
including Lennard-Jones coefficients, atomic charges, and atomic masses for the
platinum slab, water, and all adsorbates, can be found in Table S3. Lennard-Jones
coefficients for pairwise non-bonded interactions are calculated using arithmetic
mixing as described by equation S13 for o parameters and geometric mixing as

described by equation S14 for € parameters.

O, +0O
oy = 727 (s13)
Eij = \/EE;j (S14)

In equations S12-S14, g; is the depth of the Lennard-Jones potential well for
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atom i, &;; is the geometric average of the Lennard-Jones potential well depths of
atoms i and j, o; is the interatomic distance where the Lennard-Jones potential
is equal to O for atom i, 0;; is the arithmetic mean of the Lennard-Jones o’s for
atoms i and j, r;; is the distance between atoms i and j, g; is the charge of atom
i, C is an energy-conversion constant and € is the dielectric constant, which is set
to 1.0 by default. In equation S15, &, is the bond coefficient, r is the interatomic

distance, r,, is the equilibrium interatomic distance.

S5.2 Non-bonded interaction mixing rules

The OPLS-AA force field was defined using geometric mixing rules for calculat-
ing pairwise 0;; and €;; coefficients from their single component coefficients 37,
However, TIP3P-CHARMM was defined using Lorentz-Berthelot mixing rules,
L.e. geometric mixing for o;; and arithmetic mixing for &; 30 Therefore, there
is ambiguity in how to mix parameters for water-adsorbate interactions, since the
mixing rules for each set of parameters are different. Since g;; is calculated us-
ing geometric mixing in both force fields, the potential energy well depth will
be the same between the two; however, o;; is calculated using geometric mix-
ing in OPLS-AA and arithmetic mixing in TIP3P-CHARMM, so the interatomic
distance of zero potential will be different. An example of this is interactions
between the hydroxyl hydrogen of the adsorbate molecule and a water oxygen:
for the hydroxyl H of both CH;OH* and COH*, o; = 0.0 A, and for water O,
0; = 3.1507 A, using the geometric mixing rules, 0;; = 0.0, and using arithmetic

mixing rules, 0;; = 1.5754 A.
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We tested the use of different mixing rules on the creation of liquid water struc-
tures for our simulations. We ran MD simulations using various mixing rules for
calculating the pairwise o;; terms for each set atoms: one simulation used arith-
metic mixing for all o;; values, one used geometric mixing for all o;; values, one
used arithmetic mixing to calculate o;; for water-water and water-adsorbate inter-
actions and geometric mixing for adsorbate-adsorbate interactions, and finally one
used arithmetic mixing to calculate o;; for water-water interactions and geometric
mixing for water-adsorbate and adsorbate-adsorbate interactions. We then calcu-
lated the average number of hydrogen bonds formed, the average O—O distance,
and the average O—O—H angle. The results for these test calculations are shown
in Figures S5-S7, and show that there is no statistically significant difference in
these values based on the mixing rules used, and therefore there is not a significant
difference in the water structure generated from our MD simulations based on the

mixing rules used.
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Figure S5: The average number of hydrogen bonds for CH;OH*, CH,OH*,
COH*, CO*, H*, and H,O calculated using arithmetic mixing for calculat-
ing all pairwise o0;; values (“All_Arithmetic”), geometric mixing for calculating
all pairwise o;; values (“All_Geometric”), arithmetic mixing for calculating o;;
for water—water and water—adsorbate interactions and geometric mixing for
adsorbate—adsorbate interactions (“W_A_Arithmetic”), and arithmetic mixing
rules for calculating o;; for water—water interactions and geometric mixing for
water—adsorbate and adsorbate—adsorbate interactions (“W_A_Geometric”).

20



4.00

3.50

w
o
o

N
G
o

m All_Arithmetic
All_Geometric

B W_A_Arithmetic

m W_A_Geometric

=
u
o

Hydrogen Bond Length
N
o
o

=
o
S)

0.50

0.00

CH30H CH20H COH co H H20
Adsorbate
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COH*, CO*, H*, and H,O calculated using arithmetic mixing for calculat-
ing all pairwise o;; values (“All_Arithmetic”), geometric mixing for calculating
all pairwise o;; values (“All_Geometric”), arithmetic mixing for calculating o;;
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water—adsorbate and adsorbate—adsorbate interactions (“W_A_Geometric”).
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Figure S7: The average hydrogen bond O—O—H angle for CH;OH*, CH,OH*,
COH*, CO*, H*, and H,O calculated using arithmetic mixing for calculat-
ing all pairwise 0;; values (“All_Arithmetic”), geometric mixing for calculating
all pairwise o;; values (“All_Geometric”), arithmetic mixing for calculating o;;
for water—water and water—adsorbate interactions and geometric mixing for
adsorbate—adsorbate interactions (“W_A_Arithmetic”), and arithmetic mixing
rules for calculating o;; for water—water interactions and geometric mixing for
water—adsorbate and adsorbate—adsorbate interactions (“W_A_Geometric”).

S5.3 Bonded interactions

Water molecules were allowed to be flexible through the use of the flexible TIP3P-
CHARMM potential. Intramolecular bond interactions for H,O were calculated

using equation S15

Epona = kr (r - req)2 (S15)

and S1638. In equation S16, kg is the angle coefficient, 6 is the interatomic angle,
and 6, is the equilibrium interatomic angle. The bond coefficient, k, oy, used for

TIP3P-CHARMM water was 450 kcal/mol-A and the equilibrium bond length,
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Teq,0H Was 0.9572 A32 The angle coefficient, kg oy was 55.0 kcal/mol-A and the

equilibrium angle, 6,, pon was 104.42°32. All other atoms, including the Pt(111)

surface, the adsorbed methanol fragment, and any adsorbed water molecules that

were involved in the hydrogen transfer reactions were held fixed and therefore no

bonded interaction parameters were used for those atoms.

Eangle = kg (9 - eeq)2

(S16)

Group Element Force Field m; [g/mol] g;le”] o;[A] & [kcal/mol]
Slab Pt UFF 195.084  0.0000 2.7540 0.0800
H.0 O TIP3P-CHARMM 159994  -0.8340 3.1507 0.1521

2 H TIP3P-CHARMM  1.00794  0.4170 0.4000 0.0460

O TIP3P-CHARMM  15.9994  -0.8340 3.1507 0.1521

H;0, H TIP3P-CHARMM  1.00794  0.4170 0.4000 0.0460
H(g=0e") TIP3P-CHARMM 1.00794  0.0000 0.4000 0.0460

C OPLS-AA 12.0107  0.1700 3.5200 0.0670

CHL.OH* O OPLS-AA 15.9994  -0.6600 3.0800 0.1700
3 H (bound to C) OPLS-AA 1.00794  0.0300 2.5000 0.0300

H (bound to O) OPLS-AA 1.00794  0.4000 0.0000 0.0000

C OPLS-AA 12.0107  0.2000 3.5200 0.0670

CH.OH* O OPLS-AA 159994  -0.6600 3.0800 0.1700
2 H (bound to C) OPLS-AA 1.00794  0.0300 2.5000 0.0300

H (bound to O) OPLS-AA 1.00794  0.4000 0.0000 0.0000

C OPLS-AA 12.0107  0.1500 3.5500 0.0700

COH* O OPLS-AA 15.9994  -0.5850 3.0700 0.1700
H OPLS-AA 1.00794  0.4350 0.0000 0.0000

CO* C OPLS-AA 12.0107  0.4700 3.7500 0.1050

O OPLS-AA 15.9994  -0.4700 2.9600 0.2100

H* H UFF 1.00794  0.0000 2.8860 0.0440

Table S3: Force field parameters used for all LAMMPS simulations. H atoms
denoted with (g = 0 e™) correspond to the H indicated by a 1 in Figure S4b for
H;0, and indicated by a 2 for the TS for H;O, dehydrogenation.
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S6 Flowchart for the cMD-DFT Method

Figure S8 is a flowchart depicting the procedure of the cMD-DFT method. In the
first step, the reaction intermediate or TS complex is optimized on the Pt(111)
surface under vacuum while the Pt atoms are held fixed. Then, water molecules
are added to the simulation box. The Pt and reaction intermediate or TS complex
atoms are held fixed while an NVT cMD simulation generates a trajectory of wa-
ter molecule positions over the reaction intermediate or TS complex and surface.
Ten frames are extracted from the cMD trajectory and the water molecules that
are hydrogen-bonded to the reaction intermediate or TS complex are identified
(those depicted by balls and sticks in Figure S8d). For each of the ten frames,
the hydrogen-bonded water molecules are relaxed while the Pt atoms, the reaction
intermediate or TS complex atoms, and all of the non-hydrogen-bonded water
molecules are held fixed. Finally, single-point energy calculations are performed

for the partial structures as required for the calculation of AEjy,.
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Optimize adsorbate under vacuum

Add H,0 molecules to simulation
box

Fix Pt and adsorbate,
run cMD simulation

Extract 10 frames from cMD
trajectory

For each frame, determine H-
bonded H,O molecules

Partial optimization of H-bonded
H,O molecules

Remove atoms from simulation box
to create partial structures

Single-point energy
g calculations of
partial structures
for AE

Figure S8: A flowchart depicting the cMD-DFT method described in the main

S7 Partial Relaxations and Interaction Energies

We conducted tests to determine the influence of which components of the sys-
tem were relaxed during the partial relaxtion step in Figure S8d. First, we tested

relaxing the reaction intermediate (RI) or transition state (TS) and the hydrogen-
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bonded H,O molecules, while holding the non-hydrogen-bonded H,O molecules
fixed. Next, we tested relaxing only the hydrogen-bonded H,O molecules while
holding the RI or TS and all non-hydrogen bonded H,O molecules fixed. Finally,
we tested holding the entire system fixed and only performing a single-point en-
ergy calculation. The results are summarized in Table S4 below, and indicate that
the influence of which atoms are included in the partial relaxation on the calcu-
lation of AEj, is small. However, when attempting to calculate the “initial state”
structures for some reactions, we found that the RI would decompose readily.
Therefore, to calculate the energies of intact structures of these Rls, we adopted
the second method for this work.

Table S4: A comparison of AEj,; values calculated when various components of
the system were included in the partial relaxation step.

AEjy [eV]
Adsorbate RI/TS + HB H,O H,O Single-point
COH* —0.73£0.08 —0.70£0.07 —-0.67+0.11
CO* —0.05£0.02 —0.03£0.03 —-0.05+0.03
CH;OH* —0.54+£0.22 —0.48+0.18 —0.43+0.14
CH,OH* —0.62+0.14 —0.64+0.12 —-0.51£0.11
H* 0.00£0.00 0.00£0.00  0.00£0.00

S8 c¢MD simulations used for calculating pre-exponential

terms

c¢MD simulations for calculating pre-exponential terms were performed slightly
differently than those used in cMD-DFT.>? Specifically, the following changes to

the strategy discussed in Section 3.4.1 of the main text:
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e The number of H,O molecules in the supercell was increased from 24 to 48.

e The height of the supercell was increased to accommodate the additional
H,O molecules. This was done in a four step procedure.? After the H,O
molecules were added to the supercell, their positions were optimized in
LAMMPS using the conjugate gradient method. The convergence criteria
for this optimization were that the normalized energy (AE /E) must fall be-
low 1 x 108, and the maximum force must fall below 1 x 10~10 kcal/mol-A.
Then, the positions of the H,O molecules were refined in the NVT ensem-
ble for 5 ns using global velocity rescaling and Hamiltonian dynamics to
equilibrate the system. Next, a cMD simulation in the NVE ensemble was
performed for 5 ns to verify that energy was being conserved. Finally, a
cMD simulation in the NPT ensemble was run for 5 ns. In this simulation,
only the c lattice vector was allowed to change. The pressure and tem-
perature were maintained at 1 atm and 300 K, respectively, using a Nosé-
Hoover?®2? barostat and thermostat. During these simulations, the stress
damping parameter was set to 5 ps and the temperature damping parameter
was set to 100 fs. The average c lattice vector lengths from this procedure
were approximately ¢ = 33 A for the different adsorbates. This yields an
average water density in the bulk regions of the simulation boxes (i.e., the
regions where the water densities as functions of distance from the Pt sur-
faces have plateaued) is approximately 1 g/cm® at 300 K, which compares

favorably with the literature value (1.002 g/cm?).4?
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e In the LJ+C potentials, the Coulomb terms for the Pt and adsorbate atoms
used partial charges derived from the charge densities calculated in DFT.
This captures the charge transfer that occurs during chemical bonding be-
tween the reaction intermediate and the Pt surface, which improves the in-
teraction energy calculated in cMD compared to that calculated in DFT.!”
Partial charges were calculated using the density-derived electrostatic and
chemical (DDEC) charge-partitioning method* on Pt + adsorbate systems
that have been relaxed under vacuum. The Coulombic parameters calcu-

lated from the DDEC charges are listed in Table S3.

Figure S9: Distance and angle criteria used for calculation dehydrogenation fre-
quency factors. The distance (dashed lines) must be less than 3.5 A and the angle
(solid lines) must be less than 30°. Water molecules not involved in hydrogen
bonding are displayed as lines for visual clarity. Gray spheres are Pt atoms, teal
spheres are C atoms, red spheres are O atoms, and white spheres are H atoms.
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S9 Calculated initial state, transition state, and final
state structures

S9.1 CI-NEB calculations

CI-NEB*!'*? simulations were performed as follows. First, configurations of H,0
around “initial” and “final” images were obtained using the cMD-DFT approach,
with the modification that the reaction intermediates were included in the partial
relaxations. Initial and final images were constant stoichiometry supercells that
represented reactants and products in the elementary hydrogen transfer reactions.
For example, for reaction (S1), supercells of initial images comprised a COH*
intermediate, and supercells of final images comprised CO* and H* intermediates
in nearest neighbor configurations. Since it was important in CI-NEB to focus the
simulation on the reaction coordinate of interest, we attempted to minimize fluc-
tuations in the H,O structure over the course of the CI-NEB simulation as much
as possible. Hence, once a H,O configuration was selected from the many pos-
sibilities around the initial and final images, we created the corresponding final
or initial image using a nearly identical configuration of H,O molecules. Specif-
ically, the species on the side of the reaction from which the H,O configuration
was not chosen was then relaxed under the selected configuration of H,O. For
example, if, for the reaction COH* 4 * —— CO* + H* (reaction (S1)), a con-
figuration of H,O was chosen around COH* (i.e., the “initial” image), then, to
generate the corresponding “final” image, a CO* + H* geometry would be placed

under that same H,O configuration. The CO* and H* adsorbates, along with any
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H, O molecules that were hydrogen bonded to the original COH* adsorbate, were
allowed to relax in DFT. We performed at least three CI-NEB simulations under

different water configurations for each reaction.

S9.2 Structures

Converged structures for all reaction intermediates and TSs reported in the main
text in the VASP POSCAR format as well as videos of the imaginary vibrational
modes for TSs are available online at the Getman Research Group GitHub page. '

Converged structures for the initial states (IS), TSs, and final states (FS) for
reactions (S1)-(S11) are shown below in Figures S10-S27. Those atoms that make
up molecules involved in the reaction either as part of the reaction intermediate
or TS complex are depicted by the balls-and-sticks, while water molecules not
involved in the reaction intermediate or TS complex are depicted by lines. Grey
spheres are Pt atoms, teal spheres are C atoms, red spheres are O atoms, and white
spheres are H atoms. Bond lengths relevant to the dehydrogenation reactions are
indicated by dotted yellow lines. All lengths are in A. Relative energies are labeled
on the figures, and are all in units of eV. For our activation barrier calculations, we
calculated 5 TS structures for reactions (S1) and (S6), 3 TS structures for reactions
(S3) and (S10), and 1 TS structure for reactions (S5) and (S11). TS structures for
reactions (S5) and (S11) were obtained directly from AIMD trajectories; there-

fore, CI-NEB simulations were not used to generated these TS structures and no

iiihttps://github.com/getman—research—group/Geometry—files—for—
Insights—-into-how-the-aqueous-environment-influences-the-
kinetics—and-mechanisms
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IS or FS structures are reported. We then calculated the interaction energies for
these TS structures using the cMD-DFT method and sampling 10 liquid water

configurations per TS structure. Videos of the imaginary vibrational modes for

the TS complexes are available for download with the ESI7.

Figure S10: Initial state (left), TS (center), and FS (right) structures for reaction
(S1), configuration 1. The imaginary vibrational mode for this TS complex is
195.75 meV. An animation of this vibrational mode is given in SV4.

Figure S11: Initial state (left), TS (center), and FS (right) structures for reaction
(S1), configuration 2. The imaginary vibrational mode for this TS complex is
196.87 meV. An animation of this vibrational mode is given in SVS5.
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Figure S12: Initial state (left), TS (center), and FS (right) structures for reaction
(S1), configuration 3. The imaginary vibrational mode for this TS complex is
198.71 meV. An animation of this vibrational mode is given in SV6.

Figure S13: Initial state (left), TS (center), and FS (right) structures for reaction
(S1), configuration 4. The imaginary vibrational mode for this TS complex is
193.84 meV. An animation of this vibrational mode is given in SV7.
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Figure S14: Initial state (left), TS (center), and FS (right) structures for reaction
(S1), configuration 5. The imaginary vibrational mode for this TS complex is
197.47 meV. An animation of this vibrational mode is given in SV8.

Figure S15: Initial state (left), TS (center), and FS (right) structures for reaction
(S3) in the presence of only one water molecule. The imaginary vibrational mode
for this TS complex is 57.19 meV. An animation of this vibrational mode is given
in SVI.
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Figure S16: Initial state (left), TS (center), and FS (right) structures for reaction
(S3) in the presence of only one water molecule. The imaginary vibrational mode

for this TS complex is 61.05 meV. An animation of this vibrational mode is given
in SV10.

#1.08 1428
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Figure S17: Initial state (left), TS (center), and FS (right) structures for reaction
(S3) in the presence of only one water molecule. The imaginary vibrational mode
for this TS complex is 57.59 meV. An animation of this vibrational mode is given
in SV11.
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Figure S18: TS structure for reaction (S5). The imaginary vibrational mode for
this TS complex is 21.35 meV. An animation of this vibrational mode is given
in SV12. This structure was obtained from the AIMD trajectory shown in SV2;
therefore, IS and FS structures were not generated.

Figure S19: Initial state (left), TS (center), and FS (right) structures for reaction
(S6), configuration 1. The imaginary vibrational mode for this TS complex is
29.27 meV. An animation of this vibrational mode is given in SV13.
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Figure S20: Initial state (left), TS (center), and FS (right) structures for reaction
(S6), configuration 2. The imaginary vibrational mode for this TS complex is
58.73 meV. An animation of this vibrational mode is given in SV14.

Figure S21: Initial state (left), TS (center), and FS (right) structures for reaction
(S6), configuration 3. The imaginary vibrational mode for this TS complex is
94.31 meV. An animation of this vibrational mode is given in SV15.
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Figure S22: Initial state (left), TS (center), and FS (right) structures for reaction
(S6), configuration 4. The imaginary vibrational mode for this TS complex is
98.89 meV. An animation of this vibrational mode is given in SV16.

Figure S23: Initial state (left), TS (center), and FS (right) structures for reaction
(S6), configuration 5. The imaginary vibrational mode for this TS complex is
98.59 meV. An animation of this vibrational mode is given in SV17.

37



Figure S24: Initial state (left) and TS (center) structures for reaction (S10), con-
figuration 1. The FS structure (CH,OH*) was not converged for this configura-
tion. The imaginary vibrational mode for this TS complex is 104.89 meV. An
animation of this vibrational mode is given in SV18.

Figure S25: Initial state (left) and TS (center) structures for reaction (S10), con-
figuration 2. The FS structure (CH,OH*) was not converged for this configura-
tion. The imaginary vibrational mode for this TS complex is 118.46 meV. An
animation of this vibrational mode is given in SV19.
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Figure S26: Initial state (left), TS (center), and FS (right) structures for reaction
(S10), configuration 3. The imaginary vibrational mode for this TS complex is
114.51 meV. An animation of this vibrational mode is given in SV20.

Figure S27: TS structure for reaction (S11). The imaginary vibrational mode for
this TS complex is 94.26 meV. An animation of this vibrational mode is given
in SV21. This structure was obtained from the AIMD trajectory shown in SV3;
therefore, IS and FS structures were not generated.

S10 Solvation methods for reaction energy and ac-
tivation energy calculations

Reaction energies and activation barriers for reactions (S1) through (S11) were
calculated as described in the main text using equations 11 and 14. The calculated

values of AE&% for reaction (S1) depend significantly on if and even how H,O is
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included. We calculate AE&% to be exothermic (0.1040.08 V) in the presence of
explicit H,O molecules, exothermic in implicit solvation (—0.29 eV), and more
exothermic in the gas phase (—0.56 eV). In contrast, for direct methanol dehy-
drogenation (reaction (S6)) is for the most part similar, regardless of how H,O is
included in the calculation (using configurations of H,O molecules or using im-
plicit solvation), or even whether it is included at all. This is because the reaction
energy for reaction (S1) is dependent on the change in the interaction energy from
the reactant to the product state, which is captured with explicit solvation, while
the reaction energy for reaction (S6) is not dependent on the change in interaction
energy since the reactant and product states have similar interaction energies.
The AE, for reaction (S1) increases substantially from 0.99 eV in the gas
phase, to 1.26 eV in the implicit solvent phase, to 1.68 £0.18 eV in the explicit
solvation phase. A suggestion for this is that there is an added difficulty, and
therefore a higher activation barrier, to break this bond in the presence of a water
environment. However, the activation barriers for reaction (S6), where the H to
be abstracted does not participate in hydrogen-bonding, are similar amongst the
different methods. For instance, reaction (S6) has a AE,. ~ 0.5 eV regardless of
whether it is calculated using explicit solvation, implicit solvation, or in the gas

phase. These results are summarized in Table S5.
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Table S5: Reaction energies and activation energy barriers for reactions (S1)-
(S11). The reported uncertainties are the 95% confidence intervals propagated
from the error in the AEj, over the 10 cMD configurations sampled. Reaction
(S8) was neglected from the main text due to a low calculated pre-exponential
factor and because all TS searches converged to the TS for reaction (S6).

Reaction Solvation Model  AE«, [eV] AE, [eV]
Gas Phase —0.56 0.99
(S1): COH* 4 * — CO* +H* Implicit -0.29 1.26
Explicit 0.10+0.08 1.68+£0.18
Gas Phase -0.50 a
(S2): COH* +H,0 — COH—-H,0* Implicit —-0.21 a
Explicit —0.024+0.15 a
Gas Phase —0.06 0.00
(S3): COH-H,0%* 4 * — CO*+H*+H,0 Implicit —0.08 —0.07
Explicit 0.12+0.13 —-0.094+0.13
Gas Phase —-0.01 a
(S4): COH-H,0*+H,0 — COH-H,0—H,0* Implicit 0.15 a
Explicit —0.194+0.22 a
Gas Phase 0.94 0.13
(S5): COH-H,0—-H,0* — CO* +H;0, Implicit —-0.01 0.00
Explicit 0.224+0.47 0.07+19
Gas Phase —0.50 0.44
(S6): CH,OH* +* — CH,OH* +H* Implicit —0.41 0.52
Explicit —0.67+0.21 0.34+0.23
Gas Phase 0.37 a
(87): CH;0H* + H,0 — CH;0H—-H, 0% Implicit 0.34 a
Explicit —0.114+0.28 a
Gas Phase —0.87 a
(S8): CH;OH—-H,0* +* — CH,OH* + H* + H,0 Implicit —0.75 a
Explicit —0.55+0.25 a
Gas Phase —0.03 a
(89): CH;OH—-H,0* +H,0 — CH;0H—H,0—H,0* Implicit 0.16 a
Explicit 0.33+£0.36 2
Gas Phase 0.15 0.86
(S10): CH;0H—-H,0—-H,0* — CH,OH* +H;0, Implicit -0.70 a
Explicit —-0.974+0.52 1.23+0.34
Gas Phase —0.00 —0.94
(S11): H5O, +* — 2H,0 + H* Implicit —0.21 —0.17
Explicit 0.09+0.46 0.07 £0.49

4 This value was not calculated.

41



S10.1 All calculated activation barriers

Table S6: Activation energy barriers for dehydrogenation reactions via the direct,
H,O-co-catalyzed, and H,O-assisted mechanisms. All barriers are calculated in
liquid water using explicit solvation. The temperature of the MD simulations used

to generate the liquid water configurations was 300 K.

No. Reaction AE, [eV] Afor 571 Koy
(S1) COH* + * — CO* + H* 1.68+0.18 6.25 x 1012 (2.48+7.61) x 1072
(S2) COH* + H,0 — COH-H,0 ~0 (1.4340.21) x 101 (0.2641.48) x 10!
(S3) COH-H,0 + * — CO* + H* + H,0 —0.0940.13 6.25 x 102 (0.95+£4.82) x 1072
(S2a+83)  COH* + * 2 CO* + 1 N/A (1.43£0.21) x 10'°  (2.48£7.61) x 1072
(S4) COH* + 2 H,0 — COH-H,0-H,0 ~0 (4.024£0.03) x 102 (0.67+4.17) x 10*
(S5) COH-H,0-H,0 — CO* + H;0, 0.11£0.13 6.25 x 1012 (0.48+£8.44) x 104
(S2+84+85)  COH* + 2 H,0 — CO* + H,0, —0.1440.17 (4.0240.03) x 102 (0.08+1.50) x 10"
(S6) CH,OH* + * — CH,OH* + H* 0.34+£0.23 6.25 x 1012 (0.154+1.24) x 1012
(S7) CH;OH* + H,0 — CH;0H-H,0 ~0 (3.00£1.24) x 108 N/A
(S8) CH,0H-H,0 + * — CH,0H* + H* + H,0 N/A 6.25 x 102 N/A
(S7a+S8)  CH,OH* + * Y CH,OH* + H* N/A (3.00+1.24) x 103 (0.1541.24) x 10'2
(S9) CH,0H* + 2 H,0 — CH,0H-H,0-H,0 ~0 (6.57+£0.71) x 10°  (0.29+3.30) x 10?
(S10) CH,0H-H,0-H,0 — CH,OH* + H,0, 1.534£0.27 6.25 x 102 (0.18 £3.43) x 10'2
(S7+89+S10) CH;OH* +2 H,0 — CH,OH* + H50, 1444028  (6.57+0.71)x 10°  (0.05+1.00) x 10"
(S11) H,0, + * — 2 H,0 + H* 0.07:£0.49 6.25 x 1012 (0.30+£5.26) x 107!

S11 Calculated reaction energies as a function of the
number of waters allowed to relax

We performed test calculations where we allowed various numbers of water molecules
to relax in the reactant and product configurations for reaction (S1) and report
the calculated reaction energies as a function of the number of relaxed water
molecules. In these calculations, additional water molecules were included in the
relaxation based on their OHZO—OCOH* distance. Le., for the case where 1 H,O
molecule was relaxed, the H,O with the shortest On,0—OcoH: distance was re-
laxed along with COH*; for the case where 2 H,O molecules were relaxed, the

2 H,Os with the shortest OHZO—OCOH* distances were relaxed with COH*; etc.
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These calculations were done with two unique water configurations, so the values
reported in Figure S28 are the averages of these two sets of calculations. These re-
sults indicate that there is only a small change in the reaction energy as long as at

least one water molecule is allowed to relax along with the reaction intermediate.

COH* +* — CO* + H*

o
o

o
o

_ i 4

AErxn [eV]
o
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TT
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o
-

2 3 4 5 6 7
# of Relaxed H,Os

Figure S28: Reaction energy for reaction (S1) as it varies with the number of
H,O molecules that are allowed to relax in the reactant and product geometry
optimizations.
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S12 Effect of increasing the number of water con-
figurations on calculated TS structures and TS
interaction energies

S12.1 TS complex geometries

In this work, we calculated the interaction energy for between 1 and 5 initial
geometries of TS complexes for reactions (S1)-(S11). The utility of calculating
multiple the interaction energies for multiple geometries appears to be roughly
dependent on the relative hydrophilicity or hydrophobicity of the TS complex. For
instance, for the reactions following the direct dehydrogenation mechanism (i.e.,
reactions (S1) and (S6)), we calculated 5 initial geometries of the TS complex
under different water configurations. We find that there is smaller variation in
the TS complex geometry for reaction (S1) as the average root of sum of squares
(RSS) residual in the atomic coordinates is less than 0.1 A, while the RSS residuals
for the TS complex for reaction (S6) is ~ 1.5 A. This is likely due to the fact that
the TS complex for reaction (S1) loses the H from its hydroxyl group, causing it
to become more hydrophobic and interact with the surrounding water molecules
less strongly, while the TS complex for reaction (S6) contains a hydroxyl group
which can hydrogen-bond with liquid water molecules and affect it’s binding with
the Pt surface. Therefore, it is likely important to consider more initial geometries
of TS complexes similar to that for reaction (S6), which has a hydroxyl group that
can be involved in hydrogen-bonding if it is pointed up toward to the liquid water,

as in the middle panel of Figure S19, or not if it is pointed down towards the Pt
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surface, as in the middle panel of Figure S22.

The RSS residual for the TS complex geometry for reaction (S1) is smaller
than that for reaction (S6). This correlates with an increase in the error of the
interaction energy calculation for these two TS complexes. l.e., AAE;, (reaction
(S1)) has a 95% confidence interval of 0.06 eV, while AAE;,; (reaction (S6)) has
a 95% confidence interval of 0.41 eV. For reaction (S1) the average error in the
Ejy for the 5 initial TS complex geometries is 0.16 eV, while for reaction (S6)
this error is larger than the average error in the Ej, for the 5 initial TS complex
geometries of 0.15 eV. Therefore, it is necessary to include multiple initial TS
complex geometries, especially for reaction (S6), since the error in the interaction
energy is not entirely captured unless multiple initial TS complex geometries are

considered.
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