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Differences in solvation thermodynamics
of oxygenates at Pt/Al2O3 perimeter
versus Pt(111) terrace sites

Ricardo A. Garcia Carcamo,1 Xiaohong Zhang,1,4 Ali Estejab,1,5 Jiarun Zhou,1 Bryan J. Hare,2 Carsten Sievers,2,6

Sapna Sarupria,3,6 and Rachel B. Getman1,7,*

SUMMARY

A prominent role of water in aqueous-phase heterogeneous catalysis is to modify
free energies; however, intuition about how is based largely on pure metal
surfaces or even homogeneous solutions. Using multiscale modeling with explicit
liquid water molecules, we show that the influence of water on the free energies
of adsorbates at metal/support interfaces is different than that on puremetal sur-
faces. We specifically compute free energies of solvation for methanol and its
constituents on a Pt/Al2O3 catalyst and compare the results to analogous values
calculated on a pure Pt catalyst. We find that the more hydrophilic Pt/Al2O3 inter-
face leads to smaller (more positive) free energies of solvation due to an
increased entropy penalty resulting from the additional work necessary to
disrupt the interfacial water structure and accommodate the interfacial species.
The results will be of interest in other fields, including adsorption and proteins.

INTRODUCTION

Tuning the reaction environment surrounding a catalyst active site is the heart of catalysis design, with use

of solvents being a common strategy.1 Hence, a grand challenge in catalysis research is understanding the

specific ways that solvents influence catalytic chemistry.2 For example, solvents can alter active site chem-

istries3,4 and coverages,5,6 modify reaction energetics,7–10 stabilize intermediate species11–13 and transition

state14 structures, promote certain reaction paths15 and mechanisms,16,17 and ultimately influence catalytic

outcomes.15 While significant research has been performed to elucidate these roles of solvent, intuition

about how solvents will influence any particular catalytic system remains unknown. This is because solvent

effects vary greatly depending on the catalytic interface.18,19

The dependence of interfacial properties becomes particularly important for reactions that utilize different

types of active sites. An example of such a reaction is aqueous phase reforming (APR), which is a process

that can produce hydrogen from derivatives of biomass under liquid water solvent.20,21 APR is generally

carried out on metal nanoparticles anchored to metal oxide supports,20,22 and both sites on the metal

components (terrace sites) and at themetal/support interface (perimeter sites) have been shown to be rele-

vant to the observed chemistry.23–25 However, the ways that these two types of sites promote the APR

mechanism are different, even in the absence of solvent. For example, molecules tend to bind more

strongly at perimeter sites than at terrace sites,26,27 due to the presence of undercoordinated metal atoms

at perimeter sites. Furthermore, metals in the support at perimeter sites can provide additional anchoring

sites,28 hence providing a richer active site environment.29

Solvents interact differently with these two types of sites as well. Specifically, metal sites are relatively hy-

drophobic,30 whereas metal oxide supports generally comprise ions which are more attractive to solvent

molecules.31–33 The more attractive interface leads to differences in molecular and structural solvent

phenomena. For example, H2O molecules adsorb more strongly to more hydrophilic interfaces than to

more hydrophobic interfaces, which leads to larger water densities near the interfaces of more hydrophilic

surfaces.33–35 These larger densities result in reduced mobilities for interfacial H2O molecules,36,37 which

influence the free energies38 of interfacial processes such as catalysis. Indeed, the kinetics of APR has

been observed to be different at perimeter sites compared with terrace sites, with these differences being
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attributed to the different roles of water in these two types of sites.25 However, the specific ways in which

water solvent influences APR at terrace versus perimeter sites remain unknown.

In this work, we begin to fill this knowledge gap by computing free energies of solvation of APR interme-

diates on Pt/Al2O3 catalysts. We chose this catalyst because it exhibits high yield and selectivity in prac-

tice.21,22 We specifically investigate differences in solvation thermodynamics for intermediates in the

pathway for methanol decomposition on Pt(111) and Pt/Al2O3 slabs, which serve as models for terrace

and perimeter sites, respectively. Solvation thermodynamics are calculated under explicit liquid water us-

ing our previously developed method of multiscale sampling (MSS),39 which combines density functional

theory (DFT) with classical molecular dynamics (MD). The MSS method is used to compute energies

(DEDFT
int ), entropies (DSMD

int ), and free energies (DFMSS
solv ) of solvation of CH3OH*, CH2OH*, CHOH*, COH*,

CH3O*, CH2O*, CHO*, and CO* adsorbates (*’ed species indicate that they are adsorbed to the catalyst).

Solvation thermodynamics of H* and H2O* are additionally computed for completeness. We find that the

strength of the water-adsorbate interaction has a strong influence on adsorbate solvation thermodynamics

in terrace and perimeter sites, but solvation entropy contributes more significantly to the solvation free

energy in perimeter sites due to the greater work needed to create cavities in the solvent structure at these

more hydrophilic interfaces.

RESULTS

Calculated structures of adsorbates at the Pt/Al2O3 perimeter sites are shown in Figure 1. Additional views

are provided in Table S14. With the exceptions of CO*, COH*, and H*, methanol and its derivatives bind

O-down to Al ions. Adsorbates with non-fully saturated methyl groups additionally bind to the Pt cluster.28

Calculated energies, entropies, and free energies of solvation for these adsorbates are presented in Fig-

ure 2; entropies are presented as TDSMD
int to illustrate the extent to which they contribute to DFMSS

solv . All ad-

sorbates exhibit negative energies of solvation (except for H*, which exhibits a slightly positiveDEDFT
int that is

�0). All adsorbates also exhibit negative entropies of solvation, in line with our prior work.40 Free energies

of solvation are positive for all adsorbates except H2O*, due to TDSMD
int being more negative than DEDFT

int .

Specifically, alcohol adsorbates except for COH* (i.e., CH3OH*, CH2OH*, and, CHOH*) have DFMSS
solv � 0

due to having TDSMD
int that directly compensate DEDFT

int , whereas aldehyde/CO* adsorbates except for

CH2O* (i.e., CH3O*, CHO*, and CO*) have non-negligible DFMSS
solv that are more positive than the corre-

sponding alcohol adsorbates due to having large negative values of TDSMD
int . This trend of entropy of

solvation compensating energy of solvation agrees with prior literature, which shows that energy and

entropy of solvation are related41–43 since the higher interaction between the solute and solvent increases

the energy but at the same time restricts the motions of the solvent molecules, which leads to an entropy

penalty.42,44 Hence, entropies of solvation generally counteract energies of solvation.

Calculated solvation thermodynamics are compared with the analogous values calculated on Pt(111) in

Figure 3. A color version of Figure 3 is presented in Figure S17. In general, DFMSS
solv are more negative on

Pt(111) than on Pt/Al2O3. For alcohol adsorbates with the exception of CHOH* (i.e., CH3OH*, CH2OH*,

and COH*), this is because DEDFT
int on Pt(111) are large and negative and outweigh TDSMD

int , whereas on

Pt/Al2O3, DE
DFT
int are smaller and nearly equal to TDSMD

int . For aldehyde/CO* adsorbates (CH3O*, CH2O*,

CHO*, and CO*), TDSMD
int outweigh DEDFT

int on Pt(111) and Pt/Al2O3, with the effect being more pronounced

on Pt/Al2O3. In fact, both DEDFT
int and TDSMD

int are more negative for aldehyde/CO* adsorbates on Pt/Al2O3

than on Pt(111).

Figure 3 shows that entropies of solvation contribute more to free energies of solvation on Pt/Al2O3 than on

Pt(111). To explore this further, Figure 4 plots TDSMD
int vs. DEDFT

int for methanol decomposition intermediates

on Pt/Al2O3 (filled black triangles) along with the analogous values for 90 C1-C3 oxygenate species on

Pt(111) (open gray circles; taken from ref. 45). Best fit lines are also included for both datasets.

On Pt(111), the slope of TDSMD
int versus DEDFT

int is 0.50, which agrees with prior literature44,46 as well as homo-

geneous solution theory.47 The larger slope of 0.66 for Pt/Al2O3 suggests that TDSMD
int contributes more

significantly to DFMSS
solv . Values of TDSMD

int are well correlated to values of DEDFT
int on Pt(111) (R2 = 0.91),

indicating that the energy to entropy compensation41,44 trend is preserved on this interface (this is true

even when the sample size for Pt(111) is smaller; see Figure S22). In contrast, TDSMD
int are less well correlated

to DEDFT
int on Pt/Al2O3 (R

2 = 0.62), suggesting that other phenomena contribute to solvation enthalpies on

Pt/Al2O3.
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DISCUSSION

The difference in relationship between TDSMD
int and DEDFT

int on Pt/Al2O3 versus Pt(111) is caused by differ-

ences in properties for these two interfaces. Specifically, Pt(111) is less hydrophilic (exhibiting a H2O mole-

cule binding energy of �0.33 eV48 versus �1.14 eV49 for Al2O3), so solvation phenomena are largely

controlled by the adsorbates themselves, resulting in the strong correlation between TDSMD
int and DEDFT

int .

In contrast, Al2O3 is hydrophilic,50 and the weaker correlation between TDSMD
int and DEDFT

int suggests that

other phenomena in addition to the strength of the adsorbate-H2O bond, particularly the H2O interaction

with the Al2O3 interface, contribute to TDSMD
int .

Figure 1. Calculated adsorbate geometries in Pt/Al2O3 perimeter sites

(A–J) (A) CH3OH* (B) CH3O* (C) CH2OH* (D) CH2O* (E) CHOH* (F) CHO* (G) COH* (H) CO* (I) H* (J) H2O*. Solvent

molecules are omitted for clarity. Pt = gray, Al = blue, O = red, C = brown, H = pink.
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To improve the understanding about solvation thermodynamics on Pt/Al2O3, we sought to identify the

phenomena that influence TDSMD
int on this interface. We showed in prior work40 that TDSMD

int on Pt(111) is

related to loss of mobility/increase in ‘‘order’’ of H2O molecules that form strong hydrogen bonds with

adsorbates40 (since hydrogen bonds hold the H2O molecules in specific orientations with respect to the

adsorbate and hence surface). Figure 5 shows that hydrogen bond formation either remains for the

most part the same on Pt/Al2O3 (alcohol adsorbates except for CH3OH*) or increases (aldehyde/CO* ad-

sorbates except for CHO*) compared to Pt(111). Applying the same rationale from our prior work,40 it is

reasonable, then, that TDSMD
int contributes more significantly to DFMSS

solv on Pt/Al2O3 than on Pt(111). Howev-

er, if this were the only contribution to TDSMD
int , we would expect better correlation between TDSMD

int and

DEDFT
int , as on Pt(111). We hence investigated other phenomena that could contribute to TDSMD

int on Pt/Al2O3.

We specifically investigated phenomena related to the hydrophilicity of the Al2O3 surface, including the

H2O molecule packing (see Figures S18 and S21) and solvent compressibility. The solvent compressibility

was particularly insightful. The higher hydrophilicity of Al2O3 leads to a lower compressibility of the inter-

facial H2O molecules (see Table S15), which means that more work is required to create a cavity in the sol-

vent,36,41 i.e., to accommodate adsorbates, on Pt/Al2O3 compared to Pt(111). One way to quantify cavity

size is by the number of H2O molecules that are displaced by the adsorbate. Figure 6 plots TDSMD
int versus

the number of displaced H2O molecules for adsorbates on Pt/Al2O3 and Pt(111). On Pt/Al2O3, these two

values are correlated (R2 = 0.63), with adsorbates that exhibit larger cavities also exhibiting more negative

values of TDSMD
int (as with the strength of the adsorbate-H2O interaction, the R2 value of �0.6 suggests that

other phenomena in addition to cavity size contribute to TDSMD
int ). In contrast, there is no correlation be-

tween cavity size and TDSMD
int for adsorbates on Pt(111) (R2 � 0). These results suggest that there is a higher

Figure 2. Calculated energies (gray bars and text), entropies (black bars and text), and free energies (white bars

and black text) of solvation for methanol decomposition products on Pt/Al2O3 perimeter sites

Figure 3. Comparison of solvation thermodynamics for terrace and perimeter sites

Calculated entropies (top), energies (middle), and free energies (bottom) of solvation for methanol decomposition

products on Pt/Al2O3 perimeter sites (black) versus Pt(111) terrace sites (gray).
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entropy penalty associated with cavity formation38,51 on Pt/Al2O3 than on Pt(111). This entropy penalty de-

creases (makes more negative) the entropies of solvation on Pt/Al2O3. Furthermore, since this effect is

related more to the water-surface interaction rather than the water-adsorbate interaction (DEDFT
int ), it de-

tracts from the correlation between DEDFT
int and TDSMD

int , resulting in a lower R2 value than on Pt(111). In other

words, the strength of the water-adsorbate interaction determines the entropy of solvation on Pt(111),

whereas both the strength of the water-adsorbate interaction and the cavity size determine the entropy

of solvation on Pt/Al2O3.

These findings suggest that solvation thermodynamics on the terrace versus perimeter sites on Pt catalysts

supported on Al2O3 are different. Specifically, while the solvation thermodynamics in Pt terrace sites

depend almost entirely on the adsorbate and the strength of the hydrogen bonds that it forms with liquid

H2O molecules, interfacial properties have a strong influence on solvation thermodynamics of adsorbates

in Pt/Al2O3 perimeter sites due to the higher interfacial hydrophilicity. This study illustrates how interfacial

properties influence solvation thermodynamics of adsorbed species and the significant role that entropy

can play in the solvation thermodynamics of adsorbed species. The insight provided herein will help

expand intuition about solvation thermodynamics of interfacial species, which will be helpful in catalysis

and other fields.

Limitations of the study

The accuracies of the calculated values depend on the intrinsic accuracies of the methods used to compute

system energies, including DFT as well as the force fields employed in theMD simulations. These topics are

Figure 4. TDSMD
int plotted against DEDFT

int for adsorbates in Pt/Al2O3 perimeter sites (filled black triangles) and

Pt(111) terrace (open gray circles)

Figure 5. Comparison of hydrogen bond formation for adsorbates in Pt/Al2O3 perimeter sites (black bars) and

Pt(111) terrace sites (gray bars)
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discussed in detail in the STAR Methods (see the model validation sections). Furthermore, the exact values

of the energies are illustrative of the specific model systems employed (the interested reader can find sim-

ple correlations that can be used to estimate these values in Figures S19 and S20). Not only are these model

systems likely simpler than real catalyst systems (with simplifications made for reasons of computational

tractability) but real catalyst interfaces also likely exhibit distributions of active sites, with multiple active

sites within the distribution contributing to the observed solvation thermodynamics. None of these limita-

tions should influence the overall conclusions presented above. Furthermore, under reaction conditions,

active sites will likely comprise finite coverages of adsorbates, whereas the active sites herein were

modeled at low coverage. In some circumstances, coverage effects could influence interfacial properties

and hence the calculated solvation thermodynamics. The potential influence of coverage on interfacial

properties and solvation thermodynamics should be considered on a case-by-case basis. Finally, this study

only investigates solvation thermodynamics, while the influences of solvation on adsorption, desorption,

and the reaction mechanism are reserved for future work. The influence of temperature on the solvation

thermodynamics is also reserved for future work.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d METHOD DETAILS

B Pt/Al2O3 simulation supercells

B Solvation free energies

B Classical molecular dynamics simulations for Pt/Al2O3 systems

B DFT calculations

B Model validation: Simulation supercells for the perimeter sites

B Model validation: Density profiles for the perimeter sites

B Pt(111) simulation supercells

B Classic molecular dynamics simulations for Pt(111) systems

B List of adsorbates included used for solvation thermodynamic trend for terrace sites

B Model validation: Effect of calculated partial charges on solvation entropy for the Pt/Al2O3

systems

B Model validation: Testing of the platinum particle size on the solvation entropy for the Pt/Al2O3

systems

B Model validation: Testing of the platinum particle size for interaction energy with DFT

B Model validation: Testing for the solvation thermodynamics for the slab size in the terrace site

Pt(111) model

B Model validation: Selection of the water model

B Lennard-Jones and Coulomb parameters used in the MD simulations for Pt/Al2O3 systems

B Rationale for modifying the Lennard-Jones epsilon parameter for Pt atoms in the Pt/Al2O3 systems

Figure 6. TDSMD
int versus number of displaced H2O

molecules for adsorbates in Pt/Al2O3 perimeter sites

(filled black triangles) and Pt(111) terrace sites (open

gray circles)
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B Development of Coulomb charges for MD simulations from DFT calculated partial charges for the

Pt/Al2O3 systems

B Reflective wall in MD simulations for Pt/Al2O3 systems

B Justification of scaling strategy used for the FEP simulations of the Pt/Al2O3 systems

B Comparison of free energy between the multiscale sampling method and implicit solvation

B Order parameters for water structure

B Isothermal compressibility of water

B Effect of the sample size in the coefficient of determination for the entropy and interaction en-

ergies in Pt(111)
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Materials availability

This study did not generate new unique materials.

Data and code availability

d Structures of adsorbates used to compute solvation thermodynamics have been deposited at https://

iochem-bd.bsc.es/browse/review-collection/100/254792/ff6fe95a2c837891df6fa749 and are publicly

available as of the date of publication. The collection id is listed in the key resources table.

d This study did not generate a new code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS

Pt/Al2O3 simulation supercells

Pt terrace and Pt/Al2O3 perimeter sites are modeled with a platinum (111) slab and a platinum particle sup-

ported on an alumina slab, respectively. Pt(111) terrace site models are taken from our prior work14 and the

details are summarized below. Pt/Al2O3 perimeter site models are constructed as follows. Under liquid

H2O, Al2O3 can develop a coverage of OH* groups due to H2O dissocation.35,52 However, as determining

the extent of hydroxylation requires calculating the surface free energy and then performing thermody-

namic and/or kinetic modeling, evaluation of a hydroxylated surface is reserved for future work. Hence,

Pt/Al2O3 models in this work utilize a pristine Al2O3 slab. They are constructed as follows. Al2O3 slabs

are built by cleaving a (0001) surface from the structure of bulk a-Al2O3 (space group = R 3 c), which has

a calculated lattice parameter of 5.178 Å, in agreement with a previous computational study.53 Two peri-

odic supercells are employed, one smaller (Figure S1) and computationally efficient for the DFT calcula-

tions and a second larger supercell (Figure S2) that more accurately captures interfacial phenomena for

the MD simulations. Dimensions of the DFT and MD supercells are a = b = 10.3 Å and c = 32.7 Å and
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Software and algorithms

VASP software VASP Software GmbH, https://www.vasp.at/ Version 5.4.4

LAMMPS software Sandia National Laboratory and the US

Department of Energy, https://www.lammps.org

29 September 2021 version
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Structures of adsorbates used to compute

solvation thermodynamics
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Structures of adsorbates used to compute

solvation thermodynamics

Ref. 45 https://github.com/getman-
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Differences-in-solvation-thermodynamics-

of-oxygenates-at-Pt-Al2O3-perimeter-versus-Pt-111

Structures of adsorbates used to compute

solvation thermodynamics
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a = b = 15.5 Å and c = 53 Å, respectively. Supercell angles for both cells are a = b = 90� and g = 55.3�. Pt
nanoparticles are modeled with tetrahedrally shaped Pt4 particles constructed on the tops of the a-Al2O3

slabs, following our prior work.28 Energies and entropies of solvation calculated using these small Pt4 par-

ticles are compared against analogous values calculated using Pt8 particles and Pt20 and Pt48 nanorods

below. We find that when the adsorbate geometry and partial charge are held constant, the Pt particle

size has a nearly negligible influence on the calculated energies and entropies of solvation (see the model

validation sections below); however, when the adsorbate partial charge and geometry are changed, it can

influence the calculated entropy of solvation. We find the calculated partial charges have a maximum

0.2 meV/K influence on the calculated entropies of solvation. At 300 K, this results in a 0.07 eV uncertainty

in the free energy of solvation, which is within the standard error due to the method54 as well as the config-

urational variability caused by thermal disorder in the liquid structure.55,56 Further, we find that variation of

partial charges in the adsorbates is not systematic and hence not due to small particle size effects (see the

model validation sections below). Variation of adsorbate geometry is related to the specific adsorption site

structure at the Pt/Al2O3 interface and hence also not due to small particle size effects. We find that vari-

ation in the adsorbate geometry has a maximum 0.4 meV/K influence on the calculated entropies of solva-

tion, which results in a 0.11 eV uncertainty in the free energy of solvation at 300 K, which is also within the

uncertainty expected by the MSS method.

Adsorbates are added to the supercells near or on thePt particles. The closest distances betweenadsorbates in

neighboring periodic images are 8 Å and 13 Å for the DFT and MD supercells, respectively. In prior work we

found that lateral interactions between adsorbates at these neighbor distances contribute less than 0.10 eV

to the calculated energetics.28 H2O molecules are added to the supercells using the MCPliQ code.39 Specif-

ically, 50 to 60 H2O molecules are added to the DFT cells, depending on the vacuum volume remaining after

the adsorbate is added. The resulting water column heights are 14–15 Å, which guarantee at least three solva-

tion shells.57 Similarly, 182 to 188H2Omolecules are added to theMDcells, resulting inwater columnheights of

�30 Å. An additional 14 Å of vacuum space is included at the top of the water columns in all supercells.

Solvation free energies

Solvation free energies are calculated using a combination of DFT and MD, following our prior work:40

DFMSS
solv = DEDFT

int � TDSMD
int (Equation 1)

where DFMSS
solv is the Helmholtz free energy of solvation calculated with MSS, DEDFT

int is the water-adsorbate

interaction energy calculated with DFT, and DSMD
int is the water-adsorbate interaction entropy calculated

with MD. A flow diagram illustrating how DFMSS
solv , DE

DFT
int , and DSMD

int are calculated is provided in Figure S16.

A description of the procedure is as follows. Following construction of the Pt/Al2O3 models, adsorbates are

added to the supercells and their geometries are optimized in DFT using initial guesses based off those

published previously by our group.28 H2O molecules are then added to the supercell using the MCPliQ

code.39 Configurations of H2Omolecules are then obtained in the canonical (NVT) ensemble in MD. A trac-

table number of configurations is then sampled and used to compute DEDFT
int following our prior work14,58:

DEDFT
int = C

�
E liq
Pt=Al2O3 + adsorbate � Evac

Pt=Al2O3 + adsorbate

�
�

�
E liq
Pt=Al2O3

� Evac
Pt=Al2O3

�
D (Equation 2)

where Eliq
Pt=Al2O3 + adsorbate is the electronic energy (calculated with DFT) of the Pt/Al2O3 model with the adsor-

bate under liquid water, Evac
Pt=Al2O3 + adsorbate is the electronic energy of the Pt/Al2O3 model with the adsorbate

in vacuum, Eliq
Pt=Al2O3

is the electronic energy of the Pt/Al2O3 model under the same liquid water structure as

for Eliq
Pt=Al2O3 + adsorbate but with the adsorbate removed, and Evac

Pt=Al2O3
is the electronic energy of the Pt/Al2O3

model without the adsorbate in vacuum.

TDSMD
int is calculated from two separate MD simulations, following our previous publications40,54:

TDSMD
int = DEMD

int � DFMD
sol (Equation 3)

where DEMD
int is the average energy of interaction between the H2O molecules and the adsorbate over an

NVT trajectory, and DFMD
sol is the Helmholtz free energy of solvation of the adsorbate, calculated using

the method of free energy perturbation (FEP) in MD. Values used to compute TDSMD
int are provided in

Table S12.

Values of DFMSS
solv are compared with the analogous values calculated with implicit solvation in Table S13.
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Classical molecular dynamics simulations for Pt/Al2O3 systems

MD simulations are performed with the Large-scale Atomic/Molecular Massively Parallel Simulator

(LAMMPS).59 All MD simulations are carried out at 300 K. In all MD simulations, H2O molecules are allowed

to move, while positions of Al2O3, Pt, and adsorbate atoms are held fixed. Following addition of H2O mol-

ecules using MCPliQ,39 an initial geometry relaxation is performed to refine the initial water configuration

and then the simulation of interest is carried out.

NVT simulations used to generate H2O molecule configurations

NVT simulations are carried out to obtain configurations of H2Omolecules for calculating DEDFT
int , DEMD

int , the

sizes of the cavities created by the adsorbates, and the average number of hydrogen bonds formed be-

tween H2O molecules and the adsorbates. In all these simulations, temperature is maintained with the

Nosé–Hoover thermostat,60,61 a 1 fs timestep is employed, and the first 5 ns of the simulation are used

for system equilibration. Production runs and sampling frequencies for the various quantities are as follows.

Production runs for generating configurations of H2O molecules used to calculate DEDFT
int are 3 ns long, and

configurations are sampled every 0.3 ns (resulting in a total of 10 configurations). As 0.3 ns is significantly

longer than hydrogen bond lifetimes of oxygenate species,14 this sampling frequency ensures that these 10

configurations are uncorrelated. The ensemble average for DEDFT
int is then calculated by evaluating Equa-

tion 2. Production runs for generating configurations of H2O molecules used to calculate DEMD
int are 5 ns

long, and configurations are sampled every 0.001 ns. The ensemble average is obtained by computing

the average energy of interaction between the H2O molecules and the adsorbate. Production runs for

generating configurations of H2O molecules for computing adsorbate cavity sizes are 9 ns long, and con-

figurations are sampled every 0.01 ns. The cavity size is approximated as the number of equivalent H2O

molecules that are displaced by the adsorbate. Hence, the ensemble average is taken as the average num-

ber of water molecules within 12 Å of the surface when the adsorbate is not present (calculated from the

density of water in that region) minus the average number of water molecules within 12 Å of the surface

when the adsorbate is present. Finally, production runs for generating configurations of H2O molecules

used to calculate the average number of hydrogen bonds between H2O molecules and adsorbates are

9 ns long, and configurations are sampled every 0.3 ns. The ensemble average is calculated by averaging

the number of H2O molecules that fit geometric criteria for hydrogen bonding,62 i.e., the OH2O � Oadsorbate

distance%3.5 Å and either the OH2O � Oadsorbate � Hadsorbate or OH2O � Oadsorbate � HH2O
angle%30�. Us-

ing this criterion, both hydrogen bond donors and acceptors are counted.

Force fields and parameters for Pt/Al2O3 systems

Following our prior publication,40 interactions between H2O molecules and catalyst and adsorbate atoms

are calculated using Lennard-Jones plus Coulomb potentials, where the long-range Coulombic interac-

tions are captured using the Particle�Particle Particle�Mesh (PPPM) method.63 Lennard-Jones parameters

for adsorbate atoms are taken from the OPLS-AA64 force field. Lennard-Jones parameters for Pt atoms are

obtained using amodified version of the United Force Field (UFF)65 (see below). Lennard-Jones parameters

for the Al2O3-water interaction are taken from a force field parameterized from DFT data by Ciacchi et al.66

This force field was shown to produce water structures in agreement with DFT when coupled with the TIP3P

water model;66 hence, Lennard-Jones parameters for H2Omolecules are taken from the TIP3P/CHARMM67

water model. Arithmetic mixing rules are used for H2O-H2O and H2O-Pt interactions, while the remaining

interactions employ geometric mixing rules.

It has been shown that calculated enthalpies, entropies, and free energies of hydration are sensitive to the

water model that is employed.68,69 In the MSS method, energies of solvation are computed with DFT.

Hence, the water model is more likely to influence entropies of solvation. Entropies of hydration computed

using the TIP3P/CHARMM model are compared with values computed using the SPC/E model70 in

Table S6. We find that the choice of water model gives a maximum 0.2 meV/K difference in the calculated

entropies of hydration. At 300 K, this results in a 0.05 eV uncertainty in the free energy of hydration. Further,

we previously showed that free energies of solvation for constituents of sugar alcohols and ammonia on

Pt(111) calculated using the MSS method where the MD simulations employed the TIP3P/CHARMM water

model were in excellent agreement with free energies of solvation calculated with implicit solvation for ad-

sorbates that do not form strong hydrogen bonds with H2O (i.e., which can be appropriately modeled with

implicit solvation40). These results suggest that the water model has a minor influence on the calculated

solvation thermodynamics for the species studied herein; however, the influence likely becomes more dra-

matic as the hydration energy becomes stronger.
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Coulomb charges on the atoms in the H2O molecules are taken from the TIP3P/CHARMM force field.

Coulomb charges on the atoms in Al2O3 are taken from the force field by Ciacchi et al.,66 with slight mod-

ifications made to account for charge transfer due to binding with the Pt particle (see below). Coulomb

charges for adsorbate and Pt atoms are the partial charges calculated from DFT using the DDEC6 atomic

population analysis method,71 with minor modifications. All Lennard-Jones and Coulomb parameters are

listed in Tables S7 and S10.

Free energy perturbation calculations

DFMD
sol are calculated using the methods of FEP and thermodynamic integration, following ref. 72–75 and our

prior work.40 In these methods, a solute is ‘‘grown’’ in a solvent over the course of a NVT simulation by grad-

ually ‘‘turning on’’ the interaction between solvent and solute. A thermodynamic integration is performed

on the energy of the system to compute DFMD
sol . In this work, the general strategy is that the solute is the

adsorbate, and the solvent is H2O. During the FEP simulations, Leonard-Jones parameters and Coulomb

charges are scaled (with coupling parameter l) for the adsorbate. The Pt particle and Al2O3 slab are not

scaled. Rationale for this modeling choice is discussed below. Scaling is performed in 50 steps, following

the suggestion of Chipot.74 For each step, an NVT simulation is performed for 300 ps, which yields a total

simulation time of 15 ns (including separate scaling of the Lennard-Jones and Coulomb contributions to

the energy74).

DFT calculations

DFT calculations are performed using the Vienna Ab initio Simulation Package (VASP)76–80 using PAW 2002

pseudopotentials,81,82 the PBE exchange correlation functional,83,84 and D3 dispersion corrections with

Becke-Johnson damping.85,86 Plane waves are included to an energy cutoff of 400 eV, spin polarization

is turned on, and dipole corrections are applied in the direction normal to the surface. The first Brillouin

zones are sampled using 7 3 7 3 1 Monkhorst–Pack Gamma-centered k-point meshes.87 Electronic en-

ergies are calculated self-consistently and considered to be converged when the difference between sub-

sequent iterations falls below 10�6 eV. In geometry relaxations performed in vacuum, all atoms in the super-

cell are allowed to relax. In geometry relaxations performed in water, the adsorbate is allowed to relax,

while all other atoms are held fixed. Geometries are considered converged when the forces on all atoms

allowed to relax fall below 0.03 eV/Å.

Model validation: Simulation supercells for the perimeter sites

Pictures of the different simulation supercells that were used for the main results and testing are shown in

Supporting Information. Figure S1 for DFT results in the main text. Figure S2 for MD results in the main text.

Figures S3–S5 for validation.

Model validation: Density profiles for the perimeter sites

The choice of supercell model for the DFT and MD simulations was made in based on a molecular density

analysis, obtained by plotting the molecular density versus distance from the surface. The water-alumina

interface presents a double layer phenomenon due to the hydrophilicity of the alumina.33 The double layer

effect is reflected graphically as two marked peaks represented a higher local density near the surface. This

layering phenomenon emerges in different scenarios, for example in the electric double layer47 and near

hydrophilic surfaces88 where a strong interaction is found between the surface and the solvent (this is lost as

we move away from the surface); causing a higher local density near the surface compared with the bulk

conditions. The density profile of the water alumina interface, including the presence of the supported plat-

inum cluster/particle, in three different supercell is shown in Figures S6–S8. The final MD supercell (Fig-

ure S8) was chosen for the main text because it most properly captures the layering phenomena. This third

model (Figure S8) which correspond to the 3 3 3 3 2 unit cell was selected because it more accurately de-

scribes the double layer effect in the alumina-water interface as previously described by Striolo33 and ob-

tains smoother ensemble averages for water properties (as a larger number of water molecules is em-

ployed), for instance compared to the smoothness of bulk water conditions in the three simulations

cells. The first layer peak for this model is reach around�9.1 Å of box height with a global maximum density

of �2.1 g/cm3, the second layer is reach with a second peak around �10.6 Å of box height with a relative

maximum around �1.3 g/cm3.

ll
OPEN ACCESS

14 iScience 26, 105980, February 17, 2023

iScience
Article



The simulation supercells are built from the original alumina bulk unit cell 13 13 1 with lattice parameter of

5.178 Å, the expanded versions are multiples of this cell, for example the 2 3 2 3 2 unit supercell contains

double the number of atoms from the original supercell in each dimension. Liquid water is added to all of

these supercells in the vacuum regions shown in Figures S1–S5, and a vacuum space of R14 Å is added

above the tops of the water columns in all models used in this work. The rationale to add vacuum space

is that when no vacuum space is added, bulk water density cannot be reached, as shown in Figure S6. Fig-

ure S7 correspond to the 23 23 2 units cell with�14 Å of additional vacuum added, the reason to employ

the vacuum is to get the correct bulk water density; because the alumina surface disturbs the water struc-

ture around �8 Å above the surface and because the periodic boundary conditions will require a larger

number of water molecules to reach bulk water density.

Pt(111) simulation supercells

Two simulation supercells were used to model Pt(111) systems: one small and efficient cell for the interac-

tion energies from DFT and solvation entropy in the results section (Figure S9) and a larger simulation

supercell for the discussion section (Figure S10). All other simulation details follow our previous

works.14,39,40,55,58 The data presented in the results section from the Pt(111) system used a Platinum

(111) supercell with the following dimensions as in our previous work:14 a = b = 8.4 Å and c = 24 Å with

the angles a = b = 90� and g = 60�. H2O molecules are added to the supercell using the MCPliQ code.39

In this simulation supercell vacuum was not used for the MD simulations (i.e., the entire vacuum region

was filled with H2O) and for DFT calculations an additional 14 Å of vacuumwas added at the top of the water

column, following our prior works.14,39,55 A larger Platinum (111) slab model was used for data presented in

the discussion section that allowed a better computation of ensemble average properties in the adsorbates

involved in methanol dehydrogenation, this supercell has the following dimensions a = b = 16.8 Å and c =

53 Å. This supercell has the angles a = b = 90� and g = 60� and is shown in Figure S10.

Classic molecular dynamics simulations for Pt(111) systems

MD simulations are performed following the methodology from our prior publications.14 An initial geom-

etry relaxation was performed to refine the initial water configuration. Then, a 0.5 ns simulation in the NVE

ensemble is carried out to equilibrate the initial water configuration to the production temperature (300 K),

followed by 5 ns in NPT ensemble to adjust the simulation cell height and obtain the appropriate water

density, then 2 ns of final equilibration in a NVT ensemble. The production run in is carried out in the

NVT ensemble for 5 ns.

List of adsorbates included used for solvation thermodynamic trend for terrace sites

The list of 90 adsorbates used in the results Section were obtained from previous works from our group14

and the structures of decomposition steps of C1–C2 alcohols from Lopez.89 The structures are available in

Getman Research Group GitHub.90 This list include different oxygenates from C1-C3 organic molecules

with different functional groups, among them alcohols, polyols, ketones, diketones and non-oxygenated

intermediates.

Model validation: Effect of calculated partial charges on solvation entropy for the Pt/Al2O3

systems

The solvation entropy was calculated according to Equation 3 in themain text using different perimeter site

models. To evaluate the influence of the adsorbate charges, which are affected in some extent by the

charge transfer to the Platinum cluster, we calculated partial charges and solvation entropies using

different Pt cluster sizes. A summary of partial charges on Pt4, Pt8, and Pt20 models is provided in

Table S1. From this table, the adsorbate partial charge does not vary in a systematic way for all adsorbates

with Pt cluster size. For example, the partial charge of CH2OH gets more positive as the Pt cluster size in-

creases, while the partial charge for COH gets more negative at the small Pt4 and gets diluted at larger par-

ticle sizes, and the partial charge for CHOH is nearly constant across all three cluster sizes. Given that there

will be a distribution of cluster sizes in a real supported catalyst, this means that no one cluster size model is

more correct or more incorrect than any other when it comes to computing partial charges.

Table S2 shows a comparison for solvation entropies calculated using the Pt4/Al2O3 and Pt8/Al2O3 models.

The observed differences are in average 0.08 eV which is comparable with DFT differences. These compar-

isons also take into account some geometrical differences; an example of the differences for CH2OH are
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shown in Figure S11. Considering that some differences could emerged due to the adsorbate and Platinum

particle geometry (for example, compare entropies for CHOH on Pt4 vs. Pt8, where the charges are nearly

identical), this comparison shows that charges derived from the Pt4 cluster model can capture adequately

the solvation entropy.

Model validation: Testing of the platinum particle size on the solvation entropy for the Pt/

Al2O3 systems

To test the impact of the Pt particle model size on the calculated solvation entropy, an extended version of

the MD simulation supercell with dimensions a = 25.88 Å, b = 15.5 Å, c = 53 Å, and a = b = 90�, and g = 55.3�

and a larger Pt48 nanorod model was created (see Figure S5). This model is computationally intractable for

DFT calculations; hence it was only tested in the MD simulation. To isolate the influence of the cluster size;

the same adsorbate geometry and net adsorbate and cluster charges from the adsorbate and Pt4 cluster

model were used in the larger Pt48 nanorodmodel. Comparisons of the entropy of solvation of CH2OH* are

made in Table S3. CH2OH was chosen as a model adsorbate because it does not present a large charge

transfer and forms bonds with both alumina and Pt. As can be seen, the size of the Pt particle model has

only a minor difference on the calculated entropy of solvation and hence the entropies of solvation re-

ported in the manuscript are calculated using the more efficient Pt4 cluster model.

Model validation: Testing of the platinum particle size for interaction energy with DFT

To test the impact of the cluster size in the interaction energy with DFT, a larger Pt20 nanorod model (Fig-

ure S4) in a wider supercell was tested and compared with the Pt4 model. In this wider simulation supercell,

the Platinum cluster and alumina slab was kept fixed, and the adsorbate was allowed to relax. In Table S4 is

shown that the Platinum cluster size has a minor influence on the Interaction energy with DFT and hence

interaction energies reported in the manuscript are calculated using the Pt4 clusters.

Model validation: Testing for the solvation thermodynamics for the slab size in the terrace

site Pt(111) model

In the results section a comparison of the solvation thermodynamic in the terrace and perimeter sites was

provided. The results presented in that section from the terrace sites was obtained from the Pt(111) slab

model according to Figure S9 (8.4 Å of lateral size), this is a small and efficient model that allowed a

high throughput calculation and to test the influence of the slab size on the solvation thermodynamics

with this small model a comparison with the larger slab model presented in Figure S10. The comparison

shown in Table S5 reflects similar free energy values, in the case of DEint
DFT (eV) the difference is within

the uncertainty of G0.10 eV as in our prior publications.54 For this reason, this small cell is considered suf-

ficient to capture the trend between TDSint
MD and DEint

DFT; and the trend for the larger number of Pt(111)

adsorbates was made with this DFT efficient smaller cell. Hence, the small cell was used to obtain the

enthalpy and entropy results presented in the main text, and the large cell was used to explain the trends

in the discussion section.

Model validation: Selection of the water model

Regarding the selection of water model to capture the water behavior; different water models have been

proposed with different errors depending on the desired property. In the case of solvation free energies

models like TIP3P, SPC, TIP4P are widely used, and their performances are mostly similar.68 An exception

of this is the case of amino acids with the TIP3P model, which is outperformed by the TIP4P model.69 But in

the case of smaller molecules, like the alcohols in our case of study, TIP3P can give better agreement with

the experiments than TIP4P and similar performance than SPC/E.68,91 A comparison of the energies and

entropies of solvation calculated with MD using two different water models is provided in Table S6. Since

in our multiscale sampling strategy, energies of solvation are computed with DFT, the comparison of the

entropies of solvation is most important. We find that the choice of water model has a maximum 0.2 meV/K

influence on the calculated entropies of solvation, resulting in a maximum difference of 0.05 eV in the calcu-

lated free energies. This difference is within the accuracy of the MSS method itself.

Lennard-Jones and Coulomb parameters used in the MD simulations for Pt/Al2O3 systems

Table S7 gives the Lennard-Jones parameters used in the MD simulations in this work. Their rationale is

explained in the following sections. A variation of the Universal Force Field (UFF) in the case of Platinum

was employed. Additionally, the TIP3P model used the following constants for a flexible water
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molecule59,92: K of OH bond 450 (kcal/mol), r0 of OH bond = 0.9572 (Å), K of HOH angle = 55 (kcal/mol) and

q of HOH angle = 104.52�.

Rationale for modifying the Lennard-Jones epsilon parameter for Pt atoms in the Pt/Al2O3

systems

Anchoring the Pt particle to the alumina support causes the Pt particle to become negatively charged.

Further, addition of some adsorbates causes this charge to become even more negative, in some cases,

see Figures S13 and S14 and Table S10. The large negative charges in the Platinum atoms become prob-

lematic from a modeling perspective, because the UFF for Platinum was not designed for metallic atoms.

The UFF epsilon parameter has a value of 0.0800 kcal/mol, which is relatively small and not large enough to

capture a correct Platinum-Water distances; this results in Platinum-Water distances that are sometimes

unphysically short, compared with the uncharged metal slab and DFT predicted distances (see

Table S8). Figure S12 plots the distribution of the Platinum to Water distances in differences in the first sol-

vation shell, showing that in some cases short Platinum toWater distances are found. For instance, the case

of COH*, which is an extreme case has a significantly lower distances, compared with the original UFF

epsilon parameter, with an average Platinum-Hydrogen of water distance of 2.18 Å compared with the

DFT value of 2.51 Å, and in some configurations with distances less than 1.5 Å, the modified epsilon param-

eter generates configurations of water with an average distance of 2.49 Å, much closer to the DFT predicted

distances. Moreover, when compared the water density profile with the UFF and the Interface Force Field

for FCC metals,93 the latter utilizes a much larger epsilon parameter. Hence, we modified the UFF epsilon

parameter for Pt.

Development of Coulomb charges forMD simulations fromDFT calculated partial charges for

the Pt/Al2O3 systems

The Platinum cluster interacts with the alumina surface, causing a charge transfer.94 Specifically, the Pt4
cluster takes on a charge of �0.393 (i.e., it receives 0.393 electrons from the Al2O3 slab) after binding

with the Al2O3 slab. Additional charge transfer occurs after the adsorbate is added. Partial charges are

calculated using the DDEC6 atomic population analysis method71 using DFT-calculated charge density.

The net charges for the Pt4 cluster, adsorbate, and Al2O3 slab are presented in Figures S13 and S14.

As can be seen in Figures S13 and S14, the addition of the adsorbate can have a large effect on the partial

charge on the Pt4 cluster but only aminor influence on the charge of the Al2O3 slab. Hence, the decision was

made to keep the Al2O3 slab charge constant for every adsorbate and vary the Pt4 and adsorbate charges.

This decision will allow us to simplify the scaling in the free energy calculation, since we are interested in the

contribution from the adsorbate and not the alumina slab. The Al2O3 net charge that we employed

was +0.393, which is the charge of the slab with the Pt4 cluster but without an adsorbate (see Table S10).

To accomplish this, the charge of +0.393 was evenly distributed over all Al and O atoms in the slab. This

required making the force field charge of each Al and O atom in the slab more positive by �0.005 in the

DFT cell and �0.0022 in the MD cell, which is minor enough to not influence MD results. The charges

used for Al and O atoms in the Al2O3 slab in the MD simulations are given in Table S9 and compared

with the original charges recommended in the force field by Ciacchi.66

Adsorbate and Pt4 cluster charges were then constructed as follows. After the addition of the adsorbate if a

net charge of the cluster and adsorbate differ from the alumina charge, the difference was evenly distrib-

uted over the Pt cluster and adsorbate atoms. For example, for CH3OH* the alumina net charge is +0.405,

the clean supported Platinum cluster is +0.393, this implies a change of +0.012. This charge of +0.012 was

then distributed in all adsorbate and Platinum cluster atoms. In this example, the charge of each adsorbate

and Pt cluster atom was made more positive by 0.0012 (0.0012 = 0.012/10, where 10 is the number of atoms

in CH3OH+ Pt4). Table S10 gives all calculated partial charges as well as modified charges that were used in

the MD simulations for all adsorbates considered in this work.

Reflective wall in MD simulations for Pt/Al2O3 systems

To prevent that in a rare occasion one water molecule escapes the water column (water to vacuum interface

in Figures S7 and S8) and travel to the bottom part of the alumina slab due to the periodic boundary con-

ditions, a Leonard Jones wall located 14 Å below the top of the simulation box was included in all MD sim-

ulations. Any water molecule that escapes the water to vacuum interface, will eventually hit the wall and will
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be reflected again to the water column. An analogously scheme was used by Hess to prevent water mol-

ecules to escape from a region.95

Justification of scaling strategy used for the FEP simulations of the Pt/Al2O3 systems

On one hand, we acknowledge that the charge redistribution of the Platinum particle is a real contributor

for the solvation free energy, but on the other hand this is very minor for most of the adsorbates in the Pt4
cluster model (see for a comparison of the two scaling schemes in Table S11). The two exceptions found

(COH and CHOH) correspond to a small cluster effect, that caused high Platinum charges, that are not

accurately described by the force field and get diluted at larger Platinum particle sizes (see above). This

is because the large partial charges induce an artificially large Platinum-Water interaction that would not

be realized on larger Pt particles. For all other adsorbates, the size of the Pt particle does not have a sig-

nificant influence on the calculated free energies. For this reason, we limited the scaling scheme to the

adsorbates and keeping the small and computationally tractable Pt4 cluster model for DFT calculations.

The Al2O3 slab is present during the FEP simulations, but it is not included in the scaling for two reasons:

1) the alumina charges are held fixed for all adsorbates, as it is mostly unaffected by the adsorbate, 2) some

of the adsorbates in the catalytic sites cover some surface area in the alumina, not scaling the alumina will

avoid to capture this undesired contribution; as the replacement of a hydrated site with the adsorbate (or

vice versa) can have a significant influence the reaction thermodynamics and will be treated with an explicit

water molecule in a future research.

A summary of partial charges of the Pt4, Pt8, and Pt20 cluster models on a per Pt atom basis is provided in

Figure S15. The results show that the charge per Pt decreases as the cluster size gets larger, to the extent of

being diluted as the particle sizes increase. Hence, while particle size does not influence adsorbate partial

charge in a systematic way, it does influence Pt cluster size in a systematic way. For this reason, and also

since we wish to restrict the calculation of solvation thermodynamics to the adsorbates themselves (and

not the Pt cluster) the scaling in the free energy calculation does not include the platinum particle.

On our previous studies,40,54 in the calculation of the solvation free energy and entropy with MD, the Plat-

inum atoms were included in the scaling of the FEP calculation, accounting for the Coulombic component

in the solvation, due to charge redistribution in the Platinum atoms. A comparison of the solvation entropy

calculated with the previous studies40,54 scheme, including both the adsorbate and the Platinum

Coulombic component (Scaling: Ads(LJ + Coul)+Pt(Coul)) and the method employed in the main text,

only scaling the adsorbate (Scaling: Ads(LJ + Coul)) is provided in Table S11. The inclusion of this compo-

nent in most of the cases had aminor effect in the solvation entropy, with the exception of COH and CHOH,

because they presented high cluster charges; the charge transfer effect is diluted with larger Platinum par-

ticles. This justifies not including the Platinum in the scaling, to avoid any small cluster effect in the cases of

COH and CHOH, keeping the same scaling scheme in all adsorbates and still capturing the relevant inter-

action in the solvation entropy.

Comparison of free energy between the multiscale sampling method and implicit solvation

A comparison was made with the solvation free energy calculated with the multiscale sampling model re-

ported in the results section with VASP implicit solvation method published by Mathew et al.96 The com-

parison is shown in Table S13.

Order parameters for water structure

Molecular structure of water has been previously studied on the literature,41 the water structure resembles,

even though not perfectly, a tetrahedral or a ‘‘ring-and-chain’’ like structure for liquid water.97 Two classical

features based on the work of Debenedetti et al.98 that measure the degree organization of water are

based on the radial distribution of water and the degree of matching a tetrahedral structure are: the orien-

tational order parameter (q) which measures the angle organization degree of hydrogen bonding and the

translational order parameter (t), related to the oxygen water distance distribution homogeneity; when

these parameters approached to zero the water structure resembles the ideal gas configuration and higher

number means a more ice like structure. To characterize and compare the structure of interfacial water,

these two organizational features were estimated for the different structures in the alumina base system

and pure aqueous conditions of water formaldehyde and methanol. The order parameters for the list of

adsorbates, adding the pure water, a formaldehyde molecule and a methanol molecule in the bulk

aqueous conditions are shown in Figure S21. The results show that the alumina-based system has a higher
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translational order parameter and a lower orientational order parameter. The increase in the translational

order in the alumina-based system is related to the higher packing increase of the interfacial water and the

decrease in the orientational order parameter is attributed to the reorganization of water towards the

alumina surface, breaking the bulk hydrogen bonding structure of water.

Isothermal compressibility of water

The thermal fluctuation of the solvent is a property of the liquid that can be related to the solvation ther-

modynamics, as a solvent that presents more fluctuation can more easily accommodate a solute,36,99 as it is

also more mobile. The isothermal compressibility factor for the first layer of the Pt(111) and Alumina based

systems was calculated following Kjellander100 and normalizing it to the respective volume of water in the

bulk solutions, a value of 1 indicates the same compressibility of water in bulk conditions and a lower values

means a lower compressibility compared with bulk water conditions, see Equation 4. The results are shown

in Table S15. The behavior of the Alumina system shows a lower compressibility than the Platinum systems,

this is related to themagnitude of the entropic penalty that will be required to accommodate the adsorbate

in both systems, being the alumina more penalized in this aspect.

Relative isothermal compressibility of water =

CN2D� CND2

CND

���
Surface

CN2D� CND2

CND

���
Bulk

(Equation 4)

Effect of the sample size in the coefficient of determination for the entropy and interaction

energies in Pt(111)

To evaluate the effect of the sample size on the coefficient of determination (R2) in the Pt(111) results sec-

tion (Figure 4) a bootstrap simulation was performed with a sample size of 10, equal to the number of ad-

sorbates for the Pt/Al2O3 system. The distribution of bootstrapped sample is shown in Figure S22. The

percentile confidence interval at 95% of the R2 for the Pt(111) data was [0.79, 0.98], this implies that the

smaller sample size of the Pt/Al2O3 cannot by itself explain the decrease in the R2 from the Pt(111) system

(0.91) to the Pt/Al2O3 system (0.62), indicating that some intrinsic differences between terrace and perim-

eter sites occurs, with an impact in the solvation thermodynamic correlation behavior presented herein.
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