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Abstract

Linear scaling relationships (LSRs) and Brgnsted — Evans — Polanyi (BEP) or transition state
scaling (TSS) relations aid with the prediction of electronic energies. Yet, temperature effects and
pre-exponentials are often taken as constants across metal surfaces and a homologous series.
Vibrational scaling relationships (VSRs) offer a way to determine such parameters. Transition
state vibrational scaling relations (TSVSRs) between local minima and transition states of AHx (A
=C, N, O) surface diffusions correlate with BEP relations and broaden to thermochemical property
scaling. Using density functional theory (DFT), we extend TSVSRs to AHx dehydrogenation
reactions on transition metal surfaces, relating vibrational modes of local minima to transition
states. We first predict the slopes of the TSS relations by incorporating bond angles using the
Slater-Koster structure factors and hybridization through crystal orbital overlap population
(COOP) analysis and energy overlap integrals between adsorbates and metal surfaces.
Additionally, we uncover universal thermochemical property scaling, enabling the estimation of
entropies and temperature corrections to enthalpies across a homologous series. We demonstrate
both significant vibrational corrections in reactions with low intrinsic electronic barriers and
considerable variation in the pre-exponential of a simple dehydrogenation reaction across metals
and AHx adsorbates.

Keywords: Brgnsted-Evans-Polanyi relation, transition state vibrational scaling relation,
vibrational entropy, dehydrogenations, pre-exponential
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Introduction

Density functional theory (DFT) calculations provide information on adsorption energies and
vibrational frequencies of adsorbed surface species and transition states.1? However, conducting
DFT calculations for complex reaction networks and numerous materials is time-consuming.®
Semi-empirical estimation methods have been developed to overcome this challenge.* Several
models and descriptors already exist for AHx dehydrogenations (A = C, N, 0).>7 One such model
is the linear scaling relationship (LSR), where the binding energy of a partially hydrogenated
adsorbate AE4#* scales with the binding energy of an atomic adsorbate AE4

AEAHX = mpAE4 + b, 1
where m; and by are constants. Across transition metal surfaces, linear scaling is due to the
correlation between binding energies and the d-band center of the metal surface.® Linear models
also relate the electronic energies of transition states to local minima of AHx dehydrogenations,
either of the initial state, the final state, or the difference.” Specifically, Brgnsted-Evans-Polanyi
(BEP) relationships, originally developed for homogeneous chemistries,®1° are currently used in
the context of heterogeneous catalysis to correlate the activation barrier E,, with the reaction energy
AErxnll

E, = aldE, ., + C, 2
where a and C are constants. An alternative form of the BEP correlates the transition state energy
Ers with the final (Exg) or initial (E;s) state energy, known as the transition state scaling (TSS)
relationship,?

Ers = aEps + C. 3

Scaling relationships are not limited to electronic energies; vibrational frequencies associated
with the interaction of metal surfaces with adsorbates are fundamentally related to scaling between
adsorption energies.® Similarly to LSRs, frequencies associated with metal-adsorbate driven
vibrational modes of partially hydrogenated adsorbates (v4#*) correlate linearly with those of
atomic adsorbates (v4). Additionally, frequencies of metal-adsorbate related normal modes of
transition states correlate linearly with those of local minima for AHx diffusions.** However, such
vibrational mode correlations are lacking for surface reactions.

Linking quantum data to macroscopic phenomena necessitates the calculation of vibrational
thermodynamic quantities, requiring vibrational frequencies of adsorbed surface species as inputs.
For example, vibrational entropies are used for calculating pre-exponentials of rate constants, and
the vibrational enthalpy provides temperature corrections to quantum energy calculations. To
obtain vibrational frequencies is computationally demanding. As a result, while LSRs/BEPs aid
with calculations of electronic energies, temperature effects and pre-exponentials are typically
taken as constants across metal surfaces or in a homologous series.*® Approximations for pre-
exponentials (A) of elementary surface reactions are often derived from transition state theory
(TST);Y for the unimolecular reaction of a surface species,'® one has

kT q*

A= : 4
h q

where kj is the Boltzmann’s constant, T is the temperature, h is the Planck’s constant, and g* and
q are the partition functions at the transition state and reactant state, respectively. For a 1%-order
reaction, the pre-exponential is often taken as 10 s,1"18 or approximated as kzT/h, by taking



g* and g to be similar in magnitude. This (constant pre-exponential) is the case in predicting
reaction maps for discovering suitable catalysts. However, for molecular dissociation on surfaces,
low-level normal modes are lost at the transition state (TS)'°, resulting in g* being much smaller
than g. For unimolecular dissociation reactions, experimentally-determined pre-exponential
factors are often well below 10 s1.1° Reaction modeling would benefit if pre-exponentials or
temperature corrections could be obtained more accurately, with minimal time and computational
resources. Currently, the scaling of vibrational frequencies between local minima and TSs of AHx
dehydrogenations across transition metal surfaces is unknown. If such correlations and vibrational
frequencies of local minima were available, the associated thermochemical properties could be
estimated. Our work attempts to take a first step in this direction.

Using d-band theory and linear muffin tin orbital theory (LMTQO), our group identified the
existence of vibrational scaling relationships (VSRs) and predicted the slopes of VSRs building
off of LSRs for AHx adsorbates.® We recently expanded the theory to predict TS vibrational scaling
relations (TSVSRs) from the corresponding BEP-like relationships for AHx diffusions. For more
complex reactions with dissociating atoms or molecules in transition state structures, additional
analysis is necessary. Here we identify TSVSRs for CHx, NHx, and OHx dehydrogenation
reactions on transition metal surfaces, relating vibrational modes of local minima to TSs. We
predict the slopes of the TSVSRs from the corresponding TSSs and pertinent geometric data,
including incorporation of bond angles through the Slater-Koster structure factors. We further
examine electronic effects and hybridization through crystal orbital overlap population (COOP)
analysis and energy overlap between adsorbates and metal surfaces. Additionally, we uncover
universal thermochemical property scaling, enabling the estimation of entropies and temperature
corrections to enthalpies across a homologous series.

Computational Methods and Theory

Density functional theory calculations

Electronic energies and vibrational frequencies were calculated for AHx (A = C, N, O)
dehydrogenations on eight fcc (111) transition metal surfaces. Metals used include Silver (Ag),
Gold (Au), Copper (Cu), Iridium (Ir), Nickel (Ni), Palladium (Pd), Platinum (Pt), and Rhodium
(Rh). Periodic DFT calculations were performed using the Vienna ab initio Simulation Package
(VASP)® version 5.4.1 with the projector augmented wave (PAW) method.?° Input files were
created using the Atomic Simulation Environment (ASE).? The revised Perdew-Burke-Ernzerhof
(RPBE) density functional?? with D3 dispersion corrections?® was used. Self-consistent energies
were converged to 10° eV. A gamma-centered 3x3x1 Monkhorst—Pack k-point mesh?* for
sampling the first Brillouin zone was used for all slab calculations. For gas-phase molecules and
ferromagnetic surfaces spin-polarization was included.

Unit cell set-up

A 3x3 slab with four layers was used to model (111) transition metal surfaces. The bottom two
layers were held fixed for all calculations, and a vacuum of 20 A was added between slabs. A plane
wave cutoff of 400 eV was used, and all forces were converged below 0.03 eV/A for geometry
optimizations. The first order Methfessel-Paxton method was used with a smearing width of 0.2
eVv.

Bulk metal structures were obtained from the American Mineralogical Crystal Structure
Database.?® Bulk values for transition metal surfaces were calculated using a 11x11x11 k-point
grid, the tetrahedron method with Bldchl corrections, a 520 eV plane wave cutoff energy, and a



0.02 eV/A force cutoff. Gas-phase molecules were placed inside 10x10x10 A supercells with a
single gamma point sampling of the Brillouin zone and a 0.005 eV/A force cutoff.

Transition state (TS) calculations and normal mode assignments

The TS geometries were determined using the nudged elastic band (NEB) method and refined
with the climbing-image or dimer method.?®2” TS structures were verified to have one imaginary
mode. Vibrational frequencies were computed from the eigenvalues of the Hessian matrix, with a
displacement width of 0.015 or 0.005 A for all atoms in the adsorbate. Surface atoms were frozen
for normal mode calculations. Perpendicular (v,) frequencies were identified according to the
largest displacement normal to the surface between a carbon, nitrogen, or oxygen atom with the
nearest neighbor metal atom.®

Projected densities and Crystal Orbital Overlap Population Analysis (COOP)

Electron densities calculated from VASP were projected onto atomic s, p, and d orbitals.
LOBSTER? was used for COOP analysis with the pbeVaspFit2015 basis set with Gaussian
smearing and a smearing width of 0.03 eV. Selected basis sets in LOBSTER comprised of sand d
valence orbitals for Pt, s and p valence orbitals for C, N, or O, and the s valence orbital for H. For
COOP, the overlap between the atomic adsorbate and the nearest-neighbor metal atom was
calculated. The software package pDOS_overlap?® was used for processing VASP density of states
(DOS) files and LOBSTER COOP data, in addition to calculating orbital interactions.

Adsorption reference and thermochemical equations

Adsorption sites chosen for initial and final states were not optimized in terms of stability, but
instead attempted to be consistent across metal surfaces. However, if a chosen local minimum for
a given metal possessed imaginary frequencies, the adsorbate was moved to a different site. Each
local minimum was relaxed and in the lowest energy conformation at the chosen adsorption site.
For dehydrogenations, all energies are calculated with respect to the gas-phase molecules of CHa,
NHs, H20, and Hz, and final states are considered as infinitely separated species. Temperature-
dependent thermochemical properties were calculated from vibrational frequencies using
statistical mechanics for harmonic oscillators.®%3! For a local minimum, there are 3N degrees of
freedom (DOF) attributed to vibrational modes, where N is the number of atoms in the adsorbate.
ForaTs, there are 3N — 1 DOF, where an imaginary mode is associated with the negative curvature
of the reaction coordinate. For thermochemical properties, each real vibrational mode
v; contributes individually over a summation:

1
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where R is the gas constant.®



Transition state scaling (TSS) derivation for surface chemistry

On transition metals, changes in the adsorption energy of a species are reliant on the coupling
between adsorbate orbitals and the metal d-band, AE,;.°> The scaling between the TS energy AETS
with the initial state (1S) energy AE'S is®

AETS = mgAELS, 8

where my, is the slope. A similar relation can be written for the scaling of AETS with AETS for a
late TS. From linear muffin orbital theory (LMTO),32% AE, for an adsorbate is related to adsorbate
and metal dependent constants, the distance between the adsorbate and the nearest metal atom, and
the angular momenta of the interacting adsorbate and metal d orbitals. Since most adsorbates have
hybridized s and p states, in previous work® we showed that the total contribution to AE, from the
adsorbate is additive

AEg = y(n(F)MaMy)?Sy, 9

where y is a proportionality constant and n(#) depends on bond angles.®? 3% M, and M,, are
potentials around the adsorbate and metal atoms in isolation.3* S,, is a distance-related variable

defined as
Sp = < fe + f—”), 10

rfs ™
Here r is the distance between the adsorbate and nearest neighbor metal atom, f; and £, indicate

the fractional contributions of s and p adsorbate orbitals that bond to the surface, and n depends
on the angular momenta of the adsorbate bonding orbital and metal d states

Tl:2(la+ ld+1), 11

such that r is raised to the power of ng = 6 and n,, = 8.3 When the bonding atom(s) of the TS
and IS have similar potential, filling, and band center, we can write the TSS slope as

N (77 (fTs))ZSrT;S

—.
(TI (TA'IS)) Sy

As the Slater-Koster structure factor n(#) depends only on bond angles and the relevant orbital

overlap between the adsorbate and the metal surface, it may be relatively constant across transition

metals but varies between surface species and adsorption sites on the same metal surface.'®3* The

12

TS
ratios ?T should vary only marginally with respect to the transition metal surface but will differ

between surface sites and adsorbed species.'® Our calculations and results provide further insights
into these points.

Results and Discussion

Incorporating Geometry and Hybridization into Adsorption Energy Scaling

Unlike TSVSRs previously developed,'® vibrational scalings for dehydrogenation reactions
need to account for the TS structure, including the bond angles of the TS to the surface and the
hybridization changes across metals. Before extending the existing theory of TSVSRs to
dehydrogenations, we first examine the effect of structural complexities on the TSSs.

To attest whether we can capture the effects of bond lengths, bond angles, and hybridization
in energy scaling, we calculate the Slater-Koster structure factors n(#) and S, for AHx
dehydrogenations. The n(#) values are calculated from the sum of atomic adsorbate (C, N, or O)
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molecular orbital overlaps with the pertinent metal atomic orbitals,>* as detailed in Supplementary
Note 1 of the Supporting Information (SI).

Figure 1 compares the slope m of the TS vs. FS energy relations obtained from DFT data vs.
those predicted from Eq. 12 for the AHx species indicated. We chose the FS since most
dehydrogenations have a late TS. The predicted slopes are the average value obtained from using
each surface as the reference metal. Predictions using Pt as the reference metal only are provided
in Figure S1 and Table S1 of the SI. For some dehydrogenations, such as CH, NH, OH, and CHs,
using Pt data exclusively to calculate slopes is sufficient, while for H20, CH2, CH4, and NH3
dehydrogenations, the predictions deviate. Incorporating all metals largely improves slope
predictions, especially in cases where geometries vary across surfaces. For most dehydrogenations,
the overall projected slopes are close to the DFT-fit data and slightly underpredicted. The two
reactions that break from this trend are H20 and NHs; particularly, H20 deviates the most from
the DFT-fit slope. Examining the projected slopes and the geometries of the TS and FS for each
individual metal (provided in Table S2 and Figure S2 of the Sl), the FS geometries of Pt and Ir
have the OH adsorbed at a bridge site and possess the highest predicted slopes. For all other metals
the FS is in a hollow site. The TS structure is over an atop site or on the edge of the atop-bridge

TS
intersection. Compared to other reactions (Table S3 in the SI), on average S”ﬁ tends to be higher

and M lower on most metals for H20 dehydrogenation. However, Pt and Ir have high M
(77 rFS ) (n rFs))

and ﬁratlos, contributing to predicted slopes above 1, and causing the overall overpredicted
Sn

slope. Additionally, the higher E"E TS;;Z on average for NHs dehydrogenation causes overpredicted
n(frs

TS
slopes S is much lower for CHs4 dehydrogenation causing underpredicted slopes. While the

predlcted R2 |s poor, this is mainly due to discrepancies in CHa, NH3, and H20 dehydrogenations.
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metal surfaces for a given adsorbate. However, due to the change in TS structures across surfaces,
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are most pronounced for adsorbates with filled valence shells of the bonding atom that often

The ratios 22 SFS ~——===as previously stated, should be relatively invariant across transition

——== vary among metals for the aforementioned dehydrogenations. These variations
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specific metals and dehydrogenations are provided in Table S3 of the SI. Neither ;"TS nor
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CHx dehydrogenations are similar for all x (x = 1,...,4), those for NHx and OHx vary with x.
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Figure 1. Predicted AHx dehydrogenation TSS energy slopes my for
transition vs. final states on (111) surfaces of various metals. Values
are calculated from Eq. 12. The black line indicates parity. The fitted
DFT data are from slopes listed in the Sl (Table S1). Excluding H20,
NHs, and CH4 data, which are often physisorbed to the surface,
increases the predicted R? from 0.11 to 0.60.

To our knowledge, this is the first time that slopes of TSS for any homologous series and across
metals have been theoretically predicted. TSVSR slope predictions for diffusions were previously
reduced to a single reference DFT calculation on platinum. Extension of this theory to
dehydrogenations demonstrates the potential for reduced computational effort, as in some cases
(U(TATS))Z
(1Grs))”
calculations on one reference metal. When calculations are required on more than one metal
surface, the exercise demonstrates how the TS structure introduces uncertainties in predictions that
involve parameters sensitive to surface sites. Particularly, TSVSRs are vulnerable to changes in
the TS structure, as vibrational frequencies depend on binding geometries. It should also be noted
that since the TS is generally late for most dehydrogenations, the predicted slopes would be similar
(close to 1) across all metals and reacting species. For OH, H20, and NHz dehydrogenations, the
atomic adsorbate of the TS structure is centered on the same site as the initial state, and the TS
geometry is comparatively earlier than the other dehydrogenations. Predicting one slope could
possibly be extended to other molecules in a homologous series using a single DFT reference
calculation.

Examining hybridization between states of AHx dehydrogenation reactions may offer greater
insight into the contributions of adsorbate molecular orbitals to bonding with d atomic orbitals of
metal surfaces. COOP analysis allows for the classification of bonding and antibonding character
between two nuclei,®” and the energy overlap integral quantifies overlapping electron density in
energy space.?® Using COOP and the energy overlap, we apply recently developed theory?® to
determine bonding states along the atomic adsorbate and the nearest neighbor metal atom bond
and the orbital overlap involved in those bonding states.

TS
estimating the ratios of jZTs and for a given dehydrogenation only requires DFT



Figure 2 shows molecular orbital resolved overlap population analysis and energy overlap for
the TS and FS of CH4 dehydrogenation with Pt as the reference metal, chosen here as an example.
In Figure 2a and 2c, we show COOP analysis for the nearest neighbor Pt-C bond of the adsorbed
CHs--H complex at the TS (a) and of CHs centered on an atop site at the FS (c). Figure 2b and 2d
illustrate the energy overlap of CH4 TS (b) and FS (d) molecular orbitals with Pt atomic orbitals.
From COOP analysis, there are two distinctive orbital energy centers at the TS and FS. The
integrated COOP demonstrates the lower energy overlap population near -5.0 eV for both the TS
and FS has the greater bonding character. Additionally, the energy overlap for the metal atomic
orbitals with the lower energy molecular orbital shows the dominant d-state atomic orbital for both
TS and FS is the dz? atomic orbital. The dz? orbital is mainly responsible for atomic adsorbate-
transition metal bonding on the atop site.®® The s orbital overlap is also a significant contributor to
the adsorbate-metal bond, but coupling to the metal sp states is considered a constant across
transition metal surfaces.® Variation from one metal to another, and what dictates scaling
relationships among transition metal surfaces, is coupling to the metal d states. For calculating the
Slater-Koster structure factors, we then only consider the terms pertaining dz? contributions from
the metal states. The slope fit to DFT data for CH4 dehydrogenation is 0.93; the slope predicted
from Eq. 12 using all possibly influential sp adsorbate orbital overlaps with metal d atomic orbital
overlaps is 0.75, and the slope predicted using dz? contributions for the Slater-Koster factors is
0.74. For other dehydrogenations where more than one metal d-orbital influences the bonding
state, we use a weighted average based on the fraction of each metal atomic orbital to the
normalized energy overlap integral to compute the slopes. The predicted slopes using all orbital
overlaps vs. dominant orbital overlaps are nearly equivalent, demonstrating that if the
hybridization of the adsorbate-surface interaction can be reduced to a defined molecular interaction
with a particular atomic orbital, we can predict linear scaling relationships for energies, and by
extension, TSVSRs.
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Figure 2. a) COOP analysis of the CH4 dehydrogenation transition state on Pt(111), chosen as an
example, and b) the energy overlap of CH4 TS molecular orbitals with Pt atomic orbitals. c) COOP
analysis of the CH4 dehydrogenation final state on Pt(111), and d) the energy overlap of CH4 FS
molecular orbitals with Pt atomic orbitals. For COOP analysis, the overlap population is between
the atomic adsorbate carbon and the nearest neighbor metal atom, denoted by the blue line. The
black dashed line indicates the Fermi energy.

In the next section, we examine TSVSRs for dehydrogenations and predict slopes of
perpendicular mode correlations by incorporating second nearest neighbor metal atoms.

Scaling of perpendicular normal mode vibrations and slope prediction
Based on previous work,® * we extend perpendicular normal mode (v,) scaling to AHx
dehydrogenation reactions. The perpendicular frequency is classified according to the
displacement normal to the surface between a carbon, nitrogen, or oxygen atom with the nearest
neighbor metal atom. The relevant theory is summarized in Supplementary Note 2. The first
derivative of the TS’s perpendicular frequency (vI5)? with respect the FS’s perpendicular
frequency (vI5)? gives the slope of the TSVSR
d([VIS]Z) HFS <R£S> <COSZ(9TS)> 13

m, =——————=Mmpr—— | —=
v d([ViS]Z) E#TS RflS COSZ(GFS)
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of the TSS energy relationship between the TS and the FS, and u is the reduced mass of the

adsorbate. Variable R,, has been defined previously as®

R fins(ng + Dr™ + fyn,(n, + 1)rns

e rz(fsrnp + fpr"s)

where r, f;, f,, and n were formerly discussed in the definition of S,,. 6 is the angle between the

vertical direction from the surface through the adsorbate atom and the direction from the nearest

metal atoms to the adsorbate atom. Across transition metal surfaces, we define a linear relationship

between the perpendicular frequencies of the TS and FS, vTS and vi*, or the TS and IS, vTS and

vis

An analogous model can be applied to the TS-IS case as well. Here m is the slope

, 14

(VIS)Z = mv(v£5)2 + by, 15

where m,, is the slope theoretically obtained from Eq. 13, and b,, is the y-intercept.

In Figure 3, we demonstrate TSVSRs for DFT-computed frequencies between the local minima
and TSs of CH dehydrogenation on transition metal surfaces. Extending from AHx diffusions to
dehydrogenations, linear correlations for squared frequencies between different surface sites and
adsorbate configurations exist. For CH dehydrogenation on all metal surfaces, the initial state is
CH adsorbed in an fcc hollow site, while the final state is C adsorbed in the same fcc hollow site
and H adsorbed in a nearby hollow site. The TS for this particular dehydrogenation correlates
worse with the IS (Figure 3a) than with the FS (Figure 3b).

Table 1 lists all DFT-computed linear correlations for AHx dehydrogenations. Figures S2-S4
in the SI show the surface sites of the local minima and transition states on Pt.

For CHx dehydrogenations, the fit is better with TS vs FS data, but for other dehydrogenations
the fits between TS vs IS or TS vs FS are comparable. This is interesting to note given that TSVSRs
should scale between different adsorbates and surface sites.® It is also essential to address
disparities in TS geometries for AHx dehydrogenations. Most dehydrogenations have roughly
invariant and late transition state structures across metal surfaces, but for some species there is
considerable variability. For example, CH2 TSVSRs have worse fits than other chemisorbed
species because on several metals, such as Ir, Pt, and Rh, the transition state complex is early.
Given the TSs among metals are easily distinguishable, we can construct a VSR that relates CH2
adsorbed at a bridge site and CH adsorbed in a fcc hollow site (Figure S5a in the SI). The
perpendicular mode, vIS, at the early TS can be converted to a late TS frequency, and the TSVSR
fit will significantly improve. The late TS frequency is determined by taking vI5 at the early TS
on Ir, Pt, and Rh and using the regression equation in Figure S5a to transform the bridge-like TS
frequency to a hollow-like TS frequency. The adjusted CH2 TS vs. FS TSVSR slope and y-
intercept are 0.87 and 1.93, respectively, and the R? is 0.91 (Figure S5b in the SI).

Noting a similar trend with poor prediction of the TSS slope in the previous section, the fit of
the TSVSR for H20 dehydrogenation is quite scattered. While clear disparities at the TS could be
outlined and corrected for CH2 dehydrogenation, for H20 dehydrogenation the failed TSVSR may
be examined through differences in binding stability among metals. Previous studies have detailed
differences in hydroxyl and water adsorption between transition metal surfaces; notably, 5d
transition metals such as Pt, Ir, or Au have the hydroxyl most favorably adsorbed at an atop®-4° or
bridge*! site, while 3d transition metals, such as Cu, have the hydroxy! stabilized in a 3-fold hollow
site.*? Considering the TS vs FS data (Figure S6 in the SlI), v1° over the atop site is distinctively



higher for 5d compared to 3d transition metals. While the TS complex is still interacting with the
dissociating hydrogen atom, the more stabilized 5d metals (where hydroxyl-like binding is taking
place at the atop site) have higher vIS frequencies. 3d metals have lower vIS frequencies at this
site likely due to the opposite effect, where hydroxyls are favorably adsorbed in 3-fold hollow
sites. This calls into question how and when TSVSRs can be used if adsorption sites are dissimilar
or unstable across surfaces. Further investigation into electronic structure effects should be
considered if TSVSRs are expanded to other reactions.

—~ 35 . 354
. & o) .
b
% 301 aEJ 30
< <
o o
= 25; = 95
x ]
%201 #
5%
5101 [Ag 5 151
N:‘ . 2 2 N:‘ AU _4A9 2
a 10. VL,TS=O'85VJ_JS_4'94 S 10 o’ VL,TS:]-'OZVL,FS_]--G?
15 20 25 30 35 40 45 10 15 20 25 30 35

ij_,r'm'tiaf state (104 Cm_z) ij_,ﬁnai state (104 Cm_z)
Figure 3. Perpendicular mode (v,) scaling for CH dehydrogenation on (111) surfaces.
Correlations are for a) transition vs. initial and b) transition vs. final states from DFT data.

Table 1. Scaling of perpendicular modes for AHx dehydrogenations on (111) surfaces from DFT
data for the transition state (TS) vs. initial state (I1S) and final state (FS). Using these correlations
and frequency of the IS or FS (recommended), one can estimate the frequency of the TS, avoiding
expensive DFT calculations.

Perpendicular mode scaling (TS | Perpendicular mode scaling (TS
vs. IS), Eq. 15 vs. FS), Eq.15
Reacting y-intercept y-intercept
species slope (10* cm™) R? slope (10* cm™) R?
CH4 0.93 -3.89 0.89
CHs 1.19 1.3 0.77 0.91 1.82 0.90
CH2 0.74 8.58 0.40 0.61 7.99 0.68
CH 0.85 -4.94 0.70 1.02 -1.67 0.99
H20 0.60 8.06 0.23
OH 1.82 -4.12 0.81 0.93 0.62 0.82
NH3 1.04 -3.86 0.81
NH2 1.28 -2.52 0.87 0.74 3.46 0.88
NH 0.90 0.50 0.99 0.86 2.02 0.95
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Figure 4 shows predicted slopes my against slopes of perpendicular normal modes fit to DFT
data. Predicting transition vs. final state correlations allows us to include CHa4, H20, and NHs
dehydrogenations, which are weakly physisorbed molecules in the IS. The FSs are modeled as
infinitely separated species, where perpendicular modes are obtained from C, N, or O interaction
with the metal surface. Table S4 in the SI shows slope predictions when only first nearest neighbor
metal atoms are used. For the predictions in Figure 4, a modified version of Eq. 13 that incorporates

second nearest neighbor metal atoms is used
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Figure 4. a) Predicted AHx dehydrogenation TSVSR slopes (mv) for transition (TS) vs. final states
(FS) on (111) surfaces. Values are calculated from Eg. 16 using Pt as the reference metal. The black
line indicates parity. The fitted DFT data are from perpendicular mode scaling, whose slopes are in
Table 1. b) Same as a) except predicted slope my incorporates values for all metal surfaces.

d(VET) s (3m, cos? 0F) REGR)
TR R u”( ney cos2(65°) Rﬁ%m)) '

For FS and TS terms, the first and second nearest neighbor metal atoms are included in slope
calculations. In Figure 4a, the predicted slopes are calculated using Pt as the reference metal.
Figure 4b encompasses variation in binding geometry among metals by taking the average value
of the predicted slope for each surface; for most dehydrogenations, we obtain better or similar
predictions of perpendicular mode scaling when accounting for all metals. Table S4 in the SI lists
the predicted slopes. For some reactions, such as NH, OH, CHs, NHs, and CHa4, using Pt data alone
is sufficient for slope projections. For CH dehydrogenation, Pt FS data possesses a low cos(8) at
hollow sites compared to other metals, likely contributing to overprediction of the slope. For CH2
and NHa, the Pt TS is earlier compared to other metals and cos(6) is higher, also contributing to
overpredicted slopes. For H20 data, where TSS predictions and TSVSRs already demonstrated
severe disparities in scaling at the TS, slope predictions for perpendicular mode scaling cannot be
gauged accurately. As previously discussed, there may be binding stability issues conflating
scaling relations for this particular reaction, and future work seeking to extend TSVSRs should
investigate how to mitigate these effects. In the next section we examine scaling relationships for

thermochemical properties and possible advantages of such correlations.
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Universal scaling relations and extensions to thermochemistry

Here we exploit the possibility of universal relations across metals and adsorbates. For AHx
dehydrogenations, entropic effects calculated from the harmonic oscillator approximation can be
captured by relating the initial or final state entropies to the transition state entropy. Figure 5 shows
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Figure 5. Linear scaling relationships for enthalpies (H) between a) transition vs. initial
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states (R2 = 0.96) and b) transition vs. final states (R? = 0.98). TSVSRs for perpendicular normal

modes (v, ) between c) transition vs. initial states (R? = 0.46) and d) transition vs. final states
(R? = 0.81). Entropic (Svib) scaling relationships between e) transition vs. initial states (R? =

0.85) and f) transition vs. final states (R? = 0.84). Vibrational entropies calculated at 200°C.
Scaling relationships are for all AHx dehydrogenations on all metals.

universal correlations for all dehydrogenation reactions on (111) transition metal surfaces for
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electronic energies, perpendicular normal modes, and entropies between the TS and IS or FS. Our
previous work has established entropic scaling relationships between local minima and TS for
diffusions of atomic adsorbates across metal surfaces,®® but the contribution of thermochemical
properties was minute. Universal scaling of perpendicular normal modes (c-d) is weaker than
energies (a-b) and computed thermochemical values (e-f); vibrational frequencies related to the
interaction between the adsorbate and the metal are sensitive to surface sites and to the early/late
characteristics of the TS structure. Both TSSs for electronic energies and TSVSRs for
perpendicular normal modes have been rigorously related to d-band and LMTO theory across
metal surfaces.

Universality in energy scaling may also be driven by the large difference in adsorption
energies, dependent on the reference state. Additionally, universal scaling in adsorption energies
of dehydrogenations may originate from the geometric similarity between the structures of the TS
and local minima.” Importantly, universal entropic correlations for AHx dehydrogenations appear
to hold across a homologous series. Entropic correlations for a given dehydrogenation are
sometimes poor, as certain vibrational modes do not scale across metal surfaces. Universal
vibrational correlations could simply be driven by the significant differences in frequencies among
surface species. Universal entropic scaling possibly results from the summation of contributions
from individual vibrational modes. Low-lying vibrational modes contribute the most to entropic
terms, and scaling across a homologous series is mainly due to the number of low vibrational
frequencies per dehydrogenation, which generally increases as the valency decreases.
Furthermore, if only vibrational degrees of freedom are available for surface species, the number
of possible frequencies increases with the size of the molecule, and hence the entropy also
increases. While this assumption is not valid for weakly physisorbed molecules, such as CHas, in
this work we considered all degrees of freedom as vibrational as a foundational case.

Figure 6a and b show a box plot representing the spread of pre-exponentials for CHx
dehydrogenations and free energies of activation for CHa dehydrogenation, respectively.
Vibrational entropies and Gibbs energies become significant for dehydrogenation reactions with a
low energy barrier, especially at high temperatures; temperature corrections to enthalpies double
the energy of activation for some metals. In contrast, they contribute only slightly to the free energy
of activation when the energetic barrier is high. This finding may also explain why using energies
instead of free energies in the BEPs has been sufficient in many cases. For a homologous series,
pre-exponentials vary by as low as half an order of magnitude and up to one-and-a-half orders of
magnitude (Figure 6a), indicating a significant uncertainty in reactivity maps when varying the
metal surface due to entropic effects.

Svib scaling opens the possibility of using such correlations to estimate vibrational contributions
at the TS by computing the normal modes of a given adsorbate. In tandem with electronic energy-
scaling, we can promptly gauge whether vibrational scaling is significant across a homologous
series. We can also estimate the pre-exponential and temperature contributions for a given reaction
at the TS using local minima calculations. As shown in Figure 6, such parameters may vary
significantly. In the case of the CHx homologous series, it would be essential to account for
vibrational entropies and enthalpies. To develop thermochemical scaling relationships for a new
homologous series, we propose calculations for each reaction on a reference metal, assuming that
the TS across metal surfaces is relatively similar (the fundamental assumption of a homologous
series). Using the vibrational entropic and enthalpic scaling relationships, the corresponding
property at the TS can be estimated. For example, if the TS structures are similar across surfaces,
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one can scale the frequencies related to the metal-adsorbate interactions, as shown here, and
assume all other frequencies to be the same across metal surfaces.
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Figure 6. a) Box plot representing the spread of pre-exponentials for CHx dehydrogenations
on (111) surfaces and b) electronic energy and Gibbs free energy at different temperatures for
CHas dehydrogenation on (111) transition metal surfaces. In a), unfilled triangles indicate the
average value of the pre-exponential for a given dehydrogenation.

Conclusions

In all, we expanded on previous theory developed for transition state scaling (TSS) energy
relations and attempted to link their slopes to those of transition state vibrational scaling relations
(TSVSRs) for AHx dehydrogenations. As the TSS relationship is fundamentally related to the BEP
relationship®2, we note the BEP correlation across AHx dehydrogenations is valid as well. We
correlated perpendicular normal modes between local minima and transition states and also
predicted the slopes of the TSVSRs from corresponding TSSs and pertinent geometric data. While
some TSVSRs correlate well across surfaces and their slopes can be reasonably predicted, other
dehydrogenation reactions present additional challenges in accounting for binding stability or other
disparities not explicitly addressed here. Future work seeking to expand TSVSRs should also focus
on how vibrational correlations fail, and if bonding site and changes in electronic structure across
different surfaces can be predicted. TSVSRs for larger molecules than those described here should
still correlate across metals if there is a distinguishable ‘group’ adsorbed on the surface. In this
work, the identifiable group was the carbon, nitrogen, or oxygen atom in the AHx adsorbate. If
there are multiple groups influencing the surface during a reaction, such as in C-C bond cleavage,
then identifying and scaling adsorbate-metal driven modes would require careful consideration of
the position and movement of adsorbed molecules. Additionally, the discovered universal
thermochemical property scaling demonstrated the potential for estimating entropies and
temperature corrections to enthalpies across a homologous series. We found that the pre-
exponentials of simple dehydrogenations vary by half to one-and-a-half orders of magnitude across
metals, creating additional uncertainty in predicting reactivity maps if these variations are not
taken into account. The pre-exponential also increases significantly from ~2x10% to 2x10%® s as
the carbon valency decreases, and thus, the kzT/h approximation for calculating the pre-
exponentials introduces significant error. Given the scaling of vibrational frequencies across
metals and the universal thermochemical scaling relationships, it is possible to account for entropic
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effects within a homologous series and across metals. For larger molecules, entropic scaling
relationships for estimating pre-exponentials may be especially useful for reducing computational
cost. Additionally, the temperature-dependent enthalpic contribution to the free energy of
activation becomes significant for reactions of a low intrinsic electronic energy barrier. Finally,
we proposed a methodology of how to extend these findings to other homologous series.

Supporting Information

The Supporting Information is available free of charge at DOI:
Parity plot for predicted TSS slopes for TS vs FS data using Pt(111) as the reference metal;
Geometries of the IS, TS, and FS for each AHx dehydrogenation on Pt(111) and on
Rh(111) for H20 dehydrogenation;
Perpendicular mode scaling between hollow and bridge sites and adjusted TS vs FS scaling
for CH2 dehydrogenation;
Perpendicular mode scaling for TS vs FS data of H20 dehydrogenation;
Table of predicted TSS slopes using all metals and Pt as the reference metal only;
Table of predicted TSS slopes for H20 dehydrogenation on all metal surfaces;
Table of Slater-Koster structure factors and variable Sp;
Table of predicted TSVSR slopes for TS vs FS data using only 1% nearest neighbor metal
atoms and using 1%t and 2" nearest neighbor metal atoms;
Calculation of Slater-Koster structure factors;
Overview of TSVSR theory;

Data Availability

VASP output files describing geometries, as well as an excel file that contains frequencies,
energies, and other values calculated from DFT used in generating the figures contained in this
work are available on Zenodo at https://zenodo.org/record/5188795#.YR-a8I5KhPY. Any other
data will be provided by the corresponding author upon request.
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