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Abstract

Enthalpies of formation of adsorbates are crucial parameters in the microkinetic

modeling of heterogeneously catalyzed reactions, since they quantify the stability of

intermediates on the catalyst surface. This quantity is often computed using density

functional theory, as more accurate methods are computationally still too expensive,

which means that derived enthalpies have a large uncertainty. In this study, we propose

a new error cancellation method to compute the enthalpies of formation of adsorbates

more accurately from DFT through a generalized connectivity-based hierarchy. The

enthalpy of formation is determined through a hypothetical reaction that preserves

atomistic and bonding environments. The method is applied to a dataset of 60 adsor-

bates on Pt(111) with up to 4 heavy (non-hydrogen) atoms. Enthalpies of formation

of the fragments required for the bond balancing reactions are based on experimen-

tal heats of adsorption for Pt(111). Thus, the proposed methodology creates an in-

terconnected thermochemical network of adsorbates that combines experimental with

ab-initio thermochemistry in a single thermophysical database.
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Introduction

Activity and selectivity of a catalytic material are governed on the atomistic scale by the
free energy landscape, which is shaped by the stability of adsorbed intermediates and transi-
tion states. Accordingly, accurate parameterization of the thermophysical properties of the
adsorbed intermediates – primarily enthalpy and entropy – is of paramount importance in
elucidating the mechanism and microkinetic modeling.1–4 The entropy of an adsorbate is
a species-specific quantity that can be determined by the partition function using the har-
monic oscillator model, or with more accurate methods that include anharmonic effects.5,6

In contrast, the enthalpy of an adsorbate is not just a result of the partition function. As
an energy, it only has a physical meaning relative to some reference state. Although the
choice of reference energy is arbitrary, some reference states are more convenient than oth-
ers. Perhaps the most common and convenient choice is the enthalpy of formation, ∆fH
(often referred to as the “heat of formation”). When referenced to the same reference state,
the set of all chemical species, both gas phase and adsorbed, form a thermochemical network
(TN).

Although experimentally determined enthalpies of formation may be preferred, the enthalpies
of formation for the vast majority of the species in large gas-phase kinetic mechanisms (e.g.
combustion and atmospheric chemistry) have never been measured and are unlikely ever
to be measured (particularly open-shell species). In heterogeneous catalysis, the situation
is arguably much worse. Only a few experimentally collected enthalpies of formation of
adsorbates are available from carefully conducted single crystal adsorption calorimetry or
temperature-programmed desorption.7–9 In all of these cases, the missing values must either
be estimated (e.g. via group additivity10–12), or computed from quantum-mechanical (QM)
calculations.13 In the latter case, the standard approach is to formulate a hypothetical re-
action in which the target species, P (for which ∆fH is unknown), is formed from reactants
(for which the ∆fH are known): e.g. aA + bB + cC P. The reaction enthalpy at 0 K,
∆HQM

rxn , is computed using an electronic structure method

∆HQM
rxn = EP

0 +
∑
i ̸=P

νiE
i
0 (1)

where Ei
0 is the sum of electronic and zero-point energy for species i obtained by the QM

calculations, and νi is the stoichiometric coefficient. The enthalpy of formation of P at 0 K
is then given by

∆fH
P (0K) = ∆HQM

rxn −
∑
i ̸=P

νi∆fH
i (0K) (2)

The accuracy of ∆fH
P (we drop the temperature for simplicity) depends upon the uncertainty

of the two terms on the right-hand side of Equation (2). With the development of the Active
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Thermochemical Tables (ATcT),14,15 the enthalpies of formation for many gas-phase species
are now known with sub kJ/mol accuracy at 2σ uncertainty, which is more than adequate for
most microkinetic applications. When the enthalpies of formation for the reference reactants
are obtained from the ATcT, the uncertainty in ∆fH

P is dominated by the error in the
computed reaction enthalpy, ∆HQM

rxn . For molecular systems, various high-level QM methods
are capable of computing the reaction enthalpies and, thence, enthalpies of formation with
an astonishing accuracy of < ±1 kJmol−1.16–20

For chemical species adsorbed on metal surfaces, however, the situation is considerably more
complicated. At present, the coupled cluster methods comprising the heart of the aforemen-
tioned high-level QM methods are, at best, impractical.13 Instead, the current state of the
art in computational heterogeneous catalysis on transition metals remains density functional
theory (DFT) with a generalized gradient approximation (GGA).21–24 These methods are
typically assumed to provide heats of adsorption, ∆Hads, with uncertainties of±30 kJmol−1.9

This uncertainty makes it challenging to reach definitive conclusions about reaction pathways
in complex networks and the general activity of a specific catalyst facet.4,25–27

However, even if one were to accept the current restriction to GGA-DFT for adsorbate
thermophysical properties, that does not necessarily imply that the resulting enthalpies of
formation will be limited to accuracy on the order of ±30 kJmol−1. One can look at the
history of methods for molecular systems for guidance, where similar uncertainty limits were
once commonplace. To overcome these uncertainties, Pople and co-workers28,29 developed
an isodesmic approach to compute enthalpies of formation, which conserves the bond types
between reactants and products in the reference reaction. More elaborate schema were
developed to conserve hybridization, which are classified as homodesmotic reactions.30 The
overarching goal of all these methods is to devise reactions that increase error cancellation.
A corollary of increasing the size of the preserved molecular fragments or functional groups
is that the corresponding reaction enthalpy in Equation (2) approaches zero. Deriving these
reactions requires extensive chemical knowledge, as there are many possible sets of reference
species.28,30,31 Raghavachari and co-workers developed an elegant method to determine the
hierarchy of reference reactions classified by Wheeler et al.,30,32 called the connectivity-based
hierarchy (CBH).31,33 The CBH method provides a systematic and automated approach for
increasing the size of the molecular fragments that are conserved in the reference reaction.
It alternates between atom-centric and bond-centric conservation schema, with each new
expansion represented by a rung, CBH-n, with n = 0, 1, 2, 3, and higher. Climbing the
CBH rungs leads to increasing error cancellation for a given QM method and minimizes the
uncertainty in the computed enthalpy of formation, as shown for gas-phase systems.33–37

In the present work, we apply, for the first time, a structure-based error cancellation technique
for adsorbates in heterogeneous catalysis. We adapt the CBH method to automatically derive
a hierarchy of reference reactions for a test set of adsorbates on Pt(111). By combining
experimental heats of adsorption for all possible bond types with gas-phase enthalpies of
formation from the ATcT, we create a basis of accurate reference enthalpies of formation for
adsorbates. These experimental enthalpies of formation, in conjunction with the isodesmic
reactions, enable us to compute more accurate enthalpies of formation of adsorbates from
GGA-DFT energies. The resulting thermochemical network represents a breakthrough in
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combining experimental adsorption data with electronic structure calculations for computing
enthalpies of formation for adsorbed species on transition metals.

Methods

Connectivity-Based Hierarchy

The connectivity-based hierarchy provides the reactions for the various degrees of bonding
and hybridization conservation in an automated framework and was used extensively for
large organic molecules.31,33,36 The degrees of conservation can be classified as: conservation
of spin pairs (isogyric, CBH-0), bond types (isodesmic, CBH-1), immediate connectivity
of the heavy atoms (hypohomodesmotic or isoatomic, CBH-2), and immediate connectivity
of the bonds (hyperhomodesmotic, CBH-3).31,33 Although higher levels of this scheme are
theoretically possible, the adsorbates in the present work are too small to climb to higher
rungs. The CBH methodology is well established for gas-phase molecules, but it has yet to
be extended to the complex configurational space of adsorbates, i.e. considering the binding
to the catalyst surface.

Adsorbates can have a variety of configurations on the catalyst surface, as illustrated in
Figure 1: multiple covalent bonds with a surface atom (Figure 1a), branching points (Fig-
ure 1b), multiple binding sites (Figure 1c) or adsorb via physisorption through dispersion
interactions (Figure 1d). We focus solely on the Pt(111) facet in this work; however, the
developed CBH methodology works for any surface, including metal oxides and zeolites, as
long as a Lewis or Kekulé structure-based representation of the adsorbate with its bonds can
be created. The CBH scheme is explained in detail for adsorbed 1-propyl (*CH2CH2CH3),
which is a linear monodentate adsorbate on Pt(111) (see Figure 1a). The method works
for all possible adsorbate configurations illustrated in Figure 1, including adsorbates with
heteroatoms and is discussed in the SI in detail. An in-house Python code was developed to
construct the reactions for the CBH rungs automatically.

Monodentate adsorbate The hierarchy of the reference reactions is summarized in Fig-
ure 2. In the isogyric reaction at CBH-0, each heavy atom from the adsorbate is extracted
and completely hydrogenated, e.g. a C atom is saturated to CH4. All fragments of the
adsorbate are near the catalyst surface, which induces dispersion interactions. Instead of
using the energy of CH4 in the gas-phase, as would be the case following the standard CBH
approach,33 it is assumed that CH4 is physisorbed on the surface, and we use CH*

4 accord-
ingly. A higher amount of error cancellation can be expected when assuming physisorbed
species, since the typical DFT functionals that perform well for adsorbates are often less
accurate at predicting gas-phase energies.9,38–40 Following the formalism, the adsorption site
is treated as a single Pt atom that can have either single, double, or triple bonds that can
be saturated with H, too. The reaction is then balanced with the required amount of H*

2.

The first CBH rung above CBH-0 is an isodesmic scheme, where the molecule is separated
according to the bonds, resulting in 2 C-C single bonds (CH3CH

*
3) and 1 Pt-C single bond

(*CH3). Decomposing the adsorbate into larger fragments leads to overcounting of some of
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Figure 1: Generic representation of various possible adsorbate configurations on an adsorp-
tion site X and images of example structures. a) Adsorbates can bind to the surface with
single, double or triple covalent bonds (e.g. *CH2CH2CH3). b) Adsorbates can have multiple
branching points (e.g. CH*

3CHCH3). c) Physisorbed species interact through dispersion ef-
fects with the surface (e.g. CH3CH2CH

*
3). d) Multidentate adsorbates have multiple binding

sites with the surface (e.g. *CH*
2CH

*CH2). The possible extension of the generic molecule is
indicated by wiggly lines and A, B, C are generic representations for heavy (non-hydrogen)
atoms.

the atoms, as can be seen in the overlap of the fragments in Figure 2, which requires balancing
with the appropriate number of CH*

4 in this case. As detailed in ref. 33, it is possible to
balance these reactions automatically in a systematic approach by moving the products from
the previous rung to the reactant side. Terminal moieties of the adsorbate are treated as
atom-centric at this level, since they do not have a second bond to another heavy atom. The
reader is referred to the SI for the reaction equations with intermediate steps and a more
detailed description. At the CBH-2 level, each atom is considered with its immediate bonds
to adjacent atoms, resulting in a hypohomodesmotic reaction. *CH2CH2CH3 consists of a
Pt C C fragment (adsorbed ethyl *CH2CH3) and a C C C chain (physisorbed propane
CH3CH2CH

*
2). The hypohomodesmotic reaction is balanced with CH3CH

*
3 from the CBH-1

rung. It is not possible to ascend the CBH ladder beyond CBH-2 to preserve more of the
target adsorbate’s structure without reaching the target itself.
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Figure 2: a) Schematic illustration of the generalized connectivity-based hierarchy for adsor-
bates demonstrated for 1-propyl adsorbed on Pt(111) (*CH2CH2CH3). Not all intermediate
reactions are displayed in the manuscript for clarity and the reader is referred to the SI for
the details on the derivation of the CBH reactions.

At the isodesmic level (CBH-1), all CxHyOz adsorbates can be decomposed into 10 fragments
representing all the possible bond types, shown in Figure 3. These fragments are identical for
other (transition) metal surfaces due to the generic nature of the method, but the addition
of other heteroatoms would lead to different fragments. The hypohomodesmotic scheme at
the CBH-2 level requires considerably more species to account for the increasing complexity
in the configuration of the bonding environment and hybridization (see Figure S1).

Electronic Structure Method

We investigated a set of 60 adsorbates on Pt(111) used in the database of the Reaction Mecha-
nism Generator (RMG)41–43 to test the CBH method, containing all CxHyOz adsorbates with
no more than 2 heavy (non-hydrogen) atoms40 and an additional 40 adsorbates with up to 4
heavy atoms.3 The electronic structure calculations were conducted with QuantumEspresso
(QE)44,45 using the BEEF-vdW functional.46 All structures from Blondal et al.40 were re-
relaxed on the optimized slab from the QE DFT calculations to obtain a set of consistent
DFT energies. A (3×3×4) Pt(111) unit cell with an optimized lattice constant was used,
which corresponds to a coverage of 1/9th of a monolayer. Mazari-Vanderbilt smearing is
applied with a value of 0.02Ry. Adsorbates were relaxed, together with the 2 top layers of

the slab, to within 0.025 eV Å
−1
, with an energy cutoff of 50Ry on a (5×5×1) Monkhorst-

Pack mesh. The single-point energies were calculated at identical settings, with an increased
energy cutoff of 60Ry. Vibrational analysis was conducted through ASE, and imaginary
frequencies were set to 12 cm−1, similar to ref. 47. More details on the DFT calculations are
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Figure 3: Adsorbate fragments required for the construction of the isodesmic bond separation
reactions (CBH-1) for the investigated adsorbates on Pt(111) within this work.

reported in ref. 3, and the obtained raw DFT energies are provided in Table S1.

Experimental Enthalpies of Formation

The CBH scheme requires accurate enthalpies of formation for the reference species that
are used in the hypothetical reactions. Currently, neither experimental nor independent QM
enthalpies of formation that are required for the construction of the CBH-2 or CBH-3 rung are
available. Formation enthalpies of all fragments required for the construction of the isodesmic
reactions at the CBH-1 level were derived from experimental heats of adsorption.9,48–52 The
experimental heats of adsorption are assumed to be accurate to within ±10 kJmol−1.8,50 The
species, along with the reactions and measured heat of adsorption ∆Hads, are summarized
in Table 1. Enthalpies of formation are obtained from the heats of adsorption by combining
them with the tabulated gas-phase enthalpies of formation from the ATcT.14,15 The method
to compute ∆fH

exp
0K along with the necessary temperature corrections are discussed in detail

in the SI and all scripts are available in ref. 53. The results are reported in Table 1.

Results

The isogyric (CBH-0), isodesmic (CBH-1), hypohomodesmotic (CBH-2) and hyperhomod-
esmotic (CBH-3) reactions for all 60 adsorbates are summarized in Table S6-S8. The highest
possible rung depends on the size and configuration of the target adsorbate. Figure 4a
shows the computed reaction enthalpies for the various CBH rungs of the adsorbates that
were used as examples in Figure 1. The largest absolute value of the reaction enthalpy is
observed for the isogyric reaction, which has the least amount of preservation of the bonding
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Table 1: Measured heats of adsorption on Pt(111) and derived enthalpies of formation at
0K for the species that were used as fragments for the bond types to construct the isodesmic
bond separation reactions (CBH-1 rung). All enthalpies are in kJmol−1.

species bond type reaction ∆Hads T / K ∆fH
exp
0K ref.

*CH3 Pt–C CH3I + 2 * *CH3 +
*I -210c 320 -47.2 51

*CH Pt≡C CH2I2 + 4 * *CH + *H + 2 *I -470c 210 -35.8 54
*CH2

a Pt=C CH2I2 + 3 * *CH2 + 2 *I - - 46.5 54

CH3OH* C–O CH3OH + * CH3OH* -263 100 -245.0 52

CH2CH
*
2 C=C CH2CH2 +

* CH2CH
*
2 -40 112 22.1 55

H2CO
* C=O H2CO + * H2CO

* -55.2 235 -159.3 48

CH3CH
*
3 C–C CH3CH3 +

* CH3CH
*
3 -28.5 106 -96.0 9

CH*
4 C–H CH4 +

* CH*
4 -15 63 -81.3 9

H2O
* O–H H2O + * H2O

* -31.3 120 -267.9 9
*OHb Pt–O H2O

* + * *OH + *H 68 298 -164.7 50
*H Pt–H H2 + 2 * 2 *H -72 300 -32.7 9
a The enthalpy of formation of *CH2 originally measured by Wolcott et al.54 was
181 kJmol−1, but this enthalpy of formation is subjected to adsorbate-adsorbate inter-
actions from co-adsorbed *I. Instead they estimate the enthalpy of formation based on
a measured activation barrier for the dissociation of CH*

3 + 2 * *CH + 2 *H with
61 kJmol−1.56 This estimate provides the upper limit for the enthalpy of formation of
*CH2 as described in ref 54.
b The enthalpy of formation of *OH was calculated from an experimental reaction enthalpy
taken from Karp et al.50
c The measured heat of adsorption of these reactions was corrected by 2 kJmol−1 compared
to the original paper due to a systematic error as described in ref. 8.

environment. With each successive CBH rung, the absolute value of the reaction enthalpy
decreases, which leads to more accurate enthalpies of formation. This behavior is observed
for organic species in the gas phase as well.33,40 The trend from the example adsorbates is
confirmed by the average reaction enthalpies for the CBH levels in Figure 4b, demonstrating
an increasing cancellation of errors at higher CBH rungs. A systematic error cancellation is
also observed for the zero-point vibrational energies (ZPE), since larger fragments exhibit
similar vibrational modes as the target, which leads to an almost complete cancellation at
the CBH-3 level.32

A structural complexity that differs from the gas-phase CBH method is the binding to
the catalyst surface. For adsorbates with double or triple bonds to the surface or other
heavy atoms, the CBH-0 (isogyric) approach can lead to inconsistencies with respect to the
number of Pt atoms in the GGA-DFT calculations (see SI for an in-depth explanation).
This inconsistency can be resolved in an ad hoc manner by including the DFT energy for a
certain number of vacant slabs. However, more importantly, this inconsistency is resolved
completely when one moves to the CBH-1 (isodesmic) level, and no ad hoc corrections are
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Figure 4: a) Reaction enthalpy for the different CBH rungs for the example adsorbates. See
Methods section and SI for the corresponding reaction equations. b) Average absolute reac-
tion enthalpy ∆Hrxn and average change in the zero-point energy ∆ZPErxn of the reference
reactions for all adsorbates that could be computed with the various CBH rungs.

Ideally, the highest possible CBH rung would be used to compute the enthalpy of formation
of an adsorbate, since it exploits the highest possible cancellation of error. However, it is only
possible to climb to the highest CBH rungs for which accurate and independent reference
enthalpies of formation are available. In this study, we only use the experimental values
for the CBH-1 level, and we do not add additional values for the higher rungs, due to the
limited amount of available data. Using these fragments in the hypohomodesmotic reactions
or beyond will result in a linear combination of the lower CBH rungs; these higher rungs may
decrease in reaction enthalpy (see Table S2), but they do not lead to changes in the enthalpy
of formation. The proposed methodology joins the available experimental data for reference
species with the DFT calculations to compute the enthalpies of formation of adsorbates that
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are difficult to assess experimentally. Thereby, we effectively combine DFT with experiments
in a unified thermochemical network.

An enthalpy diagram for the computation of the enthalpy of formation within this CBH
approach is illustrated in Figure 5 for *CH2CH2CH3. The isodesmic reaction to determine
the enthalpy of formation of *CH2CH2CH3 is *CH3 + CH3CH

*
3 − 2CH*

4
*CH2CH2CH3.

Consequently, the enthalpy of formation of 1-propyl is anchored to *CH3, CH3CH
*
3, and CH*

4

via the reaction enthalpy from the DFT energies. The reference species are linked to the
enthalpy of formation of the experimental gas-phase precursor from the ATcT, which are
CH3I, CH3CH3, and CH4, respectively (see Table 1).

Figure 5: Enthalpy diagram to derive the enthalpy of formation of an adsorbate (in this case,
*CH2CH2CH3) from an isodesmic reaction via the connectivity-based hierarchy in combina-
tion with experimental heats of adsorption of the bond types.

Comparison with Prior Methods

Unfortunately, the availability of suitable data to benchmark the proposed methodology is
quite limited; instead, we choose to compare the derived enthalpies of formation with an-
other method, which was previously developed by the authors.40 In our previous approach,
the enthalpy of formation of the adsorbate is computed from an adsorption reaction of a
gas-phase precursor, where the heat of adsorption is derived from DFT. Combining the heat
of adsorption with the enthalpy of formation of the precursor from an existing gas-phase
thermochemical database ensures a thermodynamically consistent enthalpy of formation of
the adsorbate. Not all enthalpies of formation of the precursors are available, as many adsor-
bates form only meta-stable structures in the gas phase. Instead, the enthalpy of formation
is determined from an isogyric gas-phase reaction, similar to the CBH-0 rung. This approach
leads to a cancellation of the DFT energy of the gas-phase precursor, since it appears in the
heat of adsorption and the reaction enthalpy.40 Consequently, the method produces a fully
consistent TN, where every adsorbate is anchored to the ATcT via CH4, H2O, and H2. We
denote this method as the “adsorption reaction” approach. It was used to construct ther-
modynamically consistent microkinetic models that could successfully describe experimental
results.3,4,25,26,40,57–59 Nonetheless, the computed enthalpy of formation is subjected to the
large uncertainties inherent to the DFT energies, as there is no cancellation of errors in the
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heat of adsorption. It further depends on the accuracy of the DFT energies for the fragments
of the isogyric reaction in the gas-phase, which can contain considerable errors.39,60

Benchmark

With experimental enthalpies of formation for the bond types, the enthalpy of formation of
the target adsorbate can now be computed through the isodesmic bond separation reactions
derived at the CBH-1 level. The derived enthalpies of formation from the isodesmic bond
separation reactions are compared with available experiments as a benchmark in Table 2.
Karp et al.52 measured an enthalpy of formation of methoxy (*OCH3) of −161.2 kJmol−1

on Pt(111), which compares to −147.5 kJmol−1 with the adsorption reaction approach and
−163.6 kJmol−1 with the isodesmic reaction. The difference in the enthalpy of formation
for formic acid is increased to 8.5 kJmol−1 from 0.1 kJmol−1, but it is still within the ex-
perimental uncertainty. Excellent agreement is obtained for CH3CH2CH

*
3, which is within

±2 kJmol−1 for both approaches. This result also highlights that the previously developed
method produces accurate enthalpies of formation of the adsorbate with a closed-shell pre-
cursor.

The enthalpy of formation of monodentate formate (−347.3 kJmol−1) is significantly overes-
timated by both approaches, with −380 kJmol−1 (CBH-1) and −366.2 kJmol−1 (adsorption
reaction). However, the experimental enthalpy of formation of monodentate formate was ob-
tained at a coverage of 1/4 ML, so lateral interactions could destabilize the adsorbed formate
significantly;61 consequently, the actual enthalpy of formation of formate at a lower coverage
could be closer to the predicted theoretical values. The reaction enthalpy of the isodesmic
reaction for formate is −160 kJmol−1, which is considerably higher than the average over all
isodesmic reactions (see Figure 4). A large reaction enthalpy indicates comparatively little
error cancellation and thus a higher uncertainty in the enthalpy of formation. Moreover,
the isodesmic reaction of HC(O)*O has more fragments than any other isodesmic reac-
tion, which could compound additional uncertainties.32 It would be preferred to climb to
the hypohomodesmotic reaction, as it leads to a significant decrease in the reaction energy
(−25 kJmol−1).

The reaction enthalpy can be used as a measure for the effectiveness of the error cancellation,
where reaction enthalpies close to zero indicate the highest amount of cancellation. Overall,
the small benchmark study shows that the CBH approach provides enthalpies of formation
that are well within the experimental uncertainty of ±10 kJmol−1 for the adsorbates, except
for HC(O)*O due to the discussed reasons. The lack of experimental or highly accurate
theoretical data of larger adsorbates prevents further benchmark tests of the CBH approach
at the time of this publication.

Due to the limited availability of benchmark values, either experimentally measured or ob-
tained from more accurate QM methods, we compare the enthalpy of formation from the
CBH approach with the values from the adsorption reaction approach of Ref. 40 (see Fig-
ure 6). Computed enthalpies of formation from the isodesmic reactions should theoretically
produce enthalpies of formation closer to the actual enthalpy of formation. It is derived
from more accurate surface reaction energies instead of heats of adsorption, which contain
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Table 2: Comparison of experimental enthalpies of formation with the calculated enthalpies
from the adsorption reaction and the CBH approach. All values are in kJmol−1 and at a
temperature of 0K. The details on the experimental results is provided in the SI.

species isodesmic reaction ∆Hrxn ∆fH
exp † ∆∆fH

CBH-1 ∆∆fH
direct

*OCH3
*OCH3 + H2O

* *OH + CH3OH* 21.8 -161.252 -2.4 13.7

HC(O)OH* HC(O)OH* + CH*
4 CH3OH* + H2CO

* 113.9 -428.452 -8.5 0.1

CH3CH2CH
*
3 CH3CH2CH

*
3 + CH*

4 2CH3CH
*
3 10.1 -122.79 1.9 1.4

HC(O)*O HC(O)*O + H2O
* + CH*

4
*OH + CH3OH* + H2CO

* 160.2 -347.361 -32.7 -18.9
† The experimental enthalpies of formation are derived from the measured heats of adsorption reported in the cited
references and corrected to a temperature of 0K as described in the SI.

the uncertainties of the gas-phase DFT energies.39,60 The change in the enthalpy of formation
of most adsorbates is within ±30 kJmol−1, which is the accuracy of the GGA functionals,
but there are some adsorbates for which a larger deviation is observed. The mean absolute
deviation (MAD) across all 60 adsorbates between both methods amounts to 21 kJmol−1.
The enthalpy of formation from the CBH is mostly decreased to more negative values com-
pared with the adsorption reaction approach. Experimental enthalpies of formation of the
fragments for the bond types are always more negative (stabilized) than the values from the
adsorption reaction approach (see Table S5), except for *CH2, which explains the observed
shift in the enthalpy of formation. This deviation of experimental values and from the ad-
sorption reaction approach can point to a constant offset for the DFT energy of the fragments
for the isogyric reaction in the gas phase, which often necessitates the usage of correction
factors to better match the experiments with theory39 or in the BEEF-vdW functional in
general.

Figure 6 presents the change in the enthalpy of formation, separated by the type of surface
bond. Large changes are apparent for all cases. Bidentate adsorbates contribute the most
to the deviation, with a MAD of 33 kJmol−1, while the difference is the smallest for the
physisorbed species (10 kJmol−1) (see Figure S2). The BEEF-vdW functional is trained
to account for dispersion effects, so it can be expected that physisorbed adsorbates are
accurately described.46 This attribute of the BEEF-vdW also supports the observation that
the adsorption reaction approach works particularly well for adsorbates with a closed-shell
precursor. The enthalpy of formation of this precursor is determined through an isogyric
reaction from the ATcT database, which performs better for closed-shell species than for the
open-shell radicals.40

Adsorbates that bind to Pt through C with a double bond, such as *CH2, exhibit the highest
deviation from the adsorption reaction approach, with a MAD of 49 kJmol−1. This deviation
is partially related to the difference between the experimental and the adsorption reaction
value for the Pt C bond (∆∆fH = 40 kJmol−1, see Table S9). Unfortunately, the experi-
mental enthalpy of formation of *CH2 has a higher uncertainty than the other experimental
values; it is challenging to measure experimentally, and the current value is based upon an
upper limit estimate54 (see Table 1). The biggest difference for a single adsorbate occurs for
the two bidentate species *C*C and *CH*CH, with approx. 100 kJmol−1. These adsorbates
have two fragments of methylidene contributing to this difference, since they have two Pt C
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Figure 6: Comparison of the change in the enthalpy of formation at 0K of the adsorbates
from the CBH-1 method compared to the adsorption reaction approach of Blöndal et al.40

a) Adsorbates that bind through oxygen, b) physisorbed species, c) bidentate adsorbates
binding either through carbon or oxygen, d) adsorbates with no more than 2 C atoms binding
through carbon, and e) adsorbates with 3 C atoms binding through carbon. The dashed line
highlights a range of ±30 kJmol−1 which is assumed to be the uncertainty of the GGA
functionals. Although the enthalpies of formation of the adsorption reaction approach are
used as a reference, it does not imply that these are more accurate enthalpies of formation.

bonds. Another obstacle for these two bidentate adsorbates, as well as the related bidentate
*C*CH, is that there are resonance structures, i.e. different Kekulé structures that fulfill
the octet rule without a clear geometrical distinction. Different Kekulé structures leads to
different isodesmic reactions and, consequently, different enthalpies of formation (see the SI
for a more in-depth discussion). However, the topic of resonance structures goes beyond the
scope of the paper and is the subject of a companion work by the authors.

Test Case: Propane Dehydrogenation

A case study for a propane dehydrogenation mechanism is illustrated in Figure 7 to demon-
strate the difference between both approaches to derive the enthalpies of formation. The
mechanism assumes that propane is dehydrogenated on Pt(111) according to the following
elementary steps:

CH3CH2CH3(g) +
* CH3CH2CH

*
3

CH3CH2CH
*
3 +

* *CH2CH2CH3 +
*H

*CH2CH2CH3 + 2 * *CH*
2CHCH3 +

*H
*CH*

2CHCH3 CH2CHCH3(g) + 2 *

2 *H H2(g) + 2 *
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which is the main pathway for propene formation discussed by Saerens et al.62 In our compar-
ison, we do not assert that this mechanism the only important pathway, nor do we attempt
to provide new insights in this important process. In Figure 7a, the enthalpy of formation is
derived via the adsorption reaction approach through the heat of adsorption of a gas-phase
precursor. The enthalpy of formation of the gas-phase precursor should be identical to the
enthalpy of formation reported in the ATcT database, if a value is available. An isogyric
reaction for the gas-phase precursor creates imbalances in the bonding environment,33 which
is why there can be inconsistencies in the enthalpies. The enthalpy of formation at 0K
of propane from the ATcT is −82.7 kJmol−1, whereas the value predicted by the isogyric
reaction is −98 kJmol−1. Surprisingly, the predicted enthalpy of formation for CH3CH2CH

*
3

from the adsorption reaction approach is close to the experimental value (see Table 2). In
contrast, the enthalpy of formation of the intermediates is computed through the isodesmic
reaction in Figure 7b, and no gas-phase species are involved. Thus, this approach reduces
the required computational costs for the electronic structure calculations by eliminating the
need to compute the gas-phase precursor completely, which is often the biggest source of
error.39,40

The dissociation of CH3CH2CH
*
3 is predicted to be endothermic, which is related to the

enthalpy of formation of *CH2CH2CH3 (∆fH0K = −88 kJmol−1) as well as *H (∆fH0K =
−23.4 kJmol−1). CH3CH2CH

*
3 is energetically favored according to the computed enthalpies

of formations, whereas we expect it to be exothermic since dissociative adsorption is reported
in experiments.63 Using the CBH method for *CH2CH2CH3 (∆fH0K = −93 kJmol−1) in
conjunction with the experimental value for *H (−32.7 kJmol−1) is enough to change the sign
of the reaction enthalpy, which makes the dissociation energetically favorable. Consequently,
*CH2CH2CH3 is more stable than CH3CH2CH

*
3. This change in the relative stability of

adsorbed propyl has significant effects on the predictions of the microkinetic model about the
dehydrogenation activity of the Pt(111) facet. Reaction energies of the isodesmic reactions
for CH3CH2CH

*
3 and

*CH2CH2CH3 are fairly low and point to a high error cancellation and
presumably accurate enthalpies of formation.

Discussion

One of the well-known problems of the common GGA functionals is the overprediction of
the binding energy of adsorbates with an OCO backbone, such as CO*

2.
39 An enthalpy of

formation was computed with the adsorption reaction approach of −468 kJmol−1. With the
isodesmic reaction, 2H2CO

* − CH*
4 CO*

2, a similar enthalpy of formation is predicted
for CO*

2, −466 kJmol−1, which implies that CO*
2 still binds strongly to the Pt(111) surface,

in direct contrast to experimental results.64 The reaction enthalpy for the isodesmic reaction
is −229 kJmol−1, indicating little-to-no cancellation of error. Since both molecules interact
only weakly through dispersion with the Pt(111) surface, their hybridization remains similar
to the gas-phase molecule. In the gas phase, the C atom in CO2 has an sp hybridization,
whereas it is sp2 hybridized in H2CO. The difference in the hybridization results in an
imbalance in the reaction energy, and the enthalpy of formation of CO2 cannot be more
accurately estimated via CBH. It is not possible to create a hypohomodesmotic reaction for
CO*

2 due to the small size.
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Figure 7: Enthalpy diagram (at 0K) for the intermediates in a possible pathway in the dehy-
drogenation of propane over Pt(111) for a) the direct approach through heats of adsorption
and b) the connectivity-based hierarchy for adsorbates in combination with experimental
enthalpies of formation. The enthalpies of formation of CH3CH2CH3(g) and CH3CHCH2(g)
(blue line) were taken from the ATcT. The red arrows indicate the reference to the existing
thermochemical network through a) heats of adsorption and b) enthalpies of surface reac-
tions. No transition states are included in the enthalpy diagram as they are independent of
the used method. Note that the enthalpy of formation of the gas-phase precursor in a) for
propane and propene is derived through an isogyric reaction of CH4 and H2, which differs
from the enthalpy of formation from the ATcT. The reference for *H is omitted for clarity.

This particular case highlights one of the shortcomings of the CBH method: for small
molecules, it might not be possible to conserve the correct hybridization in all cases, and,
thus, the error cancellation is expected to be comparatively low. Even though the error
cancellation is low, the method still produces consistent enthalpies of formation comparable
with the prior approach. Consequently, whenever the reaction enthalpy is comparatively
high at the CBH-1 level, and no higher rungs are possible, the best one can do is to use
a more advanced QM method. Conversely, the full power of the CBH approach becomes
apparent when the molecules and/or adsorbates are significantly larger than the fragments
used to create the isodesmic or hypohomodesmotic reactions, since it allows for more a rigor-
ous conservation of the structure. The CBH approach becomes essential when the molecules
get even larger, such as C5 hydrocarbons and beyond for processes like the Fischer-Tropsch
synthesis, where only inexpensive GGA-DFT calculations are feasible.

Thermochemical Networks

Figure 8 presents two different thermochemical networks for the same 60 adsorbates. Fig-
ure 8a illustrates the TN obtained by the adsorption reaction to H2(g), CH4(g), and H2O(g)
through isogyric reactions;40 Figure 8b illustrates the TN obtained by the present work,
which involves a combination of experimental enthalpies of formation with DFT energies
in the error cancellation procedure. In each figure, the vertices represent the enthalpies of
formation of either the gas-phase reference species or adsorbates, and the edges represent con-
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Figure 8: Network representation of the thermochemistry database with the (a) adsorption
reaction approach and (b) the proposed procedure of this study with the coupling of exper-
imental and theoretical methods using the connectivity-based hierarchy approach. The size
of the nodes indicates how often a species is used as a fragment in the CBH scheme to assess
the enthalpy of formation of another adsorbate. Not all node labels are displayed for clarity.

nectivity through either the isogyric gas-phase reaction (Figure 8a) or the isodesmic reaction
(Figure 8b); the size of a vertex corresponds to its degree of connectedness within the TN. As
is clear from the two figures, the two approaches, though both internally thermodynamically
consistent, yield thermochemical networks with remarkably different connectivities.

In Figure 8a, all adsorbates are referenced to H2, CH4, and H2O, which ensures thermody-
namic consistency with the gas phase, as demonstrated in previous studies.3,4,25,57 In this
network, there are no connections between adsorbate vertices, and the enthalpies of forma-
tion for are completely independent of each other. Consequently, if the enthalpy of formation
of an adsorbate is adjusted within the adsorption reaction approach, it can easily be seen
that this adjustment does not affect any other species in the TN.

A completely different TN is obtained with the combination of experimental enthalpies of
formation and DFT in the CBH scheme, as shown in Figure 8b. All experimental enthalpies
of formation of the fragments that are used for the bond types are anchored to gas-phase
enthalpies of formation (see Table 1). This approach provides a larger set of anchor points to
the ATcT than the isogyric gas-phase reaction, and it uses the measured heats of adsorption.
Since the enthalpy of formation of all other adsorbates is derived from the isodesmic bond
separation reactions, the experimental enthalpies of formation of the reference adsorbates for
the bond types are nodes with many edges to larger adsorbates. The CBH method creates a
complex network, with many interconnected nodes that resembles more closely the structure
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of the typical TN e.g. the ATcT database.15 Not all of the fragments occur with equal
frequencies in the CBH scheme. Adsorbates like CH*

4, C2H
*
6, and CH3OH* are major hubs

in this network, while the enthalpy of formation of *CH is less frequently used, as indicated
by the size of the nodes.

One of the major advantages of the new approach is that each node can also be used as an
additional anchor point if experimental or more accurate theoretical data become available.
In this study, we focused only on deriving enthalpies of formation from the CBH-1 rung.
Going beyond the isodesmic reactions towards hypohomodesmotic reactions at the CBH-2
level would add another level of hierarchy to this approach, with additional edges between
the adsorbates. However, this expansion of the reference basis requires accurate enthalpies
of formation for the diatomic fragments (see Figure S1). Unlike the prior approach, changing
the enthalpy of formation or providing an additional anchor point for a higher CBH level
will affect all the thermochemistry values through the adjacent edges.

Beyond DFT

The CBH method depends on the chosen anchor points and the accuracy of the experimental
data for the bond types, which is usually reported to be within ±10 kJmol−1.7–9 Most of
the experimental heats of adsorption for the small fragments are known with suitably high
accuracy, except for the values for physisorbed CH2CH

*
2,

55 H2CO
*,48 and *CH2.

54 The heats of
adsorption of these molecules is difficult to measure, since they dissociate upon adsorption or
during the temperature programmed desorption, making the measured heats of adsorption
a convolution of various elementary steps.48,49,65,66 Additionally, the π-bonded ethylene is
only stable at high coverages, and the corresponding enthalpy of formation might thus be
a conservative estimate of the actual value. As these challenges are difficult to overcome
experimentally, it will be necessary to determine the enthalpy of formation of these adsorbates
either through different experimental references or with highly accurate QM methods, such
as quantum Monte Carlo,67 coupled cluster,68 and random phase approximation.69 Changes
in the enthalpy of formation of the small fragments due to better QM methods will have
a large impact on the entire network. Therefore, all effort should be directed into deriving
the enthalpy of formation of these key intermediates that form the central hubs in this TN,
either through additional experiments or through advanced QM methods (or both). The
approach becomes more powerful when the enthalpies of formation of the fragments at the
CBH-2 level are all either available through experiments or higher level of theory methods. A
high accuracy is also required for the entropy and heat capacity of the adsorbates to convert
between the experimental temperatures and standard conditions, which requires methods
that account for anharmonic effects.6

The construction of reactions that preserve the structure of a target species via the CBH is
strongly interwoven with group additivity methods.32 Group additivity methods have been
employed in heterogeneous catalysis to determine the enthalpies of formation.11,12 However,
the CBH approach is distinctly different, as it still requires and uses electronic structure
calculations to increase the accuracy from DFT without raising computational costs. The
idea behind group additivity is to circumvent the DFT calculation entirely and to estimate
the enthalpy of formation based on the structural decomposition of the target. This decom-
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position can also be conducted in a way to conserve bonding environment and hybridization,
which will lead to expression similar to the isodesmic or homodesmotic reactions from the
CBH. In fact, it would be possible to construct group additivity parameters based on the ac-
curate enthalpies of formation derived via the isodesmic bond separation reactions presented
in this work; as done by Ghosh and co-workers70 for gas-phase molecules.

The CBH approach developed by Raghavachari and co-workers33 extended in this study to
the adsorbate thermochemistry provides an automated way to derive reactions for various
degrees of preservation of the bonding environment and hybridization. One of the open
tasks is to include additional available experimental data for small adsorbates not explicitly
required in the CBH approach, like *H,65 *CO,65 and *O50 through Hess cycles. As the
size of reference species increases, there will be the need to ensure the fulfillment of Hess
cycles across all possible reaction sequences. This criterion will pose a minimization problem
of the linear algebraic equations, which is similar to the ATcT database.15 The proposed
methodology is generic and is expected to work for all metals, crystal facets, oxides, or
zeolites, as well as for electrochemical systems. We anticipate that this approach will be of
utmost importance to tackle the increasing computational costs for the investigation of larger
adsorbates and to reduce the uncertainty associated with GGA-DFT calculations, enabling
more sophisticated design of catalytic materials and reactors. Overall, this study provides a
significant step forward in constructing a unified thermophysical database for adsorbates.

Conclusion

This work presents the first application of an error cancellation method for the compu-
tation of enthalpies of formation for adsorbed intermediates on a heterogeneous catalyst
from DFT calculations with increased accuracy. The cancellation of errors from DFT is
achieved through an automatic structure-based fragmentation of the target adsorbate using
the generalized connectivity-based hierarchy method, which is adjusted and extended for
adsorbates on a catalytic surface in this work. The CBH approach combines the fragments
in reactions that preserve the bonding environment and hybridization of the target adsor-
bate. Enthalpies of formation of fragments can be determined from experiments (or more
accurate QM methods, when available) and combined with reaction enthalpies from DFT.
Therefore, the method will be particularly useful to derive enthalpies of formation of larger
adsorbates where high-accuracy QM calculations become prohibitively expensive and com-
paratively cheap DFT calculations can be used instead. The outlined approach to compute
the enthalpy of formation through this method no longer necessitates the computation of the
adsorbate precursor in the gas phase, for which the most frequently used functionals perform
poorly. Experimental enthalpies of formation are used for the fragments for the isodesmic
reactions, which provides the first coupling of experimental and theoretical data to create
a unified thermochemistry database for adsorbates on Pt(111). Thermochemical data de-
rived with this method deviates significantly from the adsorption reaction approach, and
it creates an entirely new thermochemistry network for the adsorbates. The demonstrated
concept provides a universally applicable framework with widespread application and a sig-
nificant advancement in the determination of more accurate thermophysical properties of
adsorbates.
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(3) Kreitz, B.; Lott, P.; Bae, J.; Blöndal, K.; Angeli, S.; Ulissi, Z. W.; Studt, F.; Gold-
smith, C. F.; Deutschmann, O. Detailed Microkinetics for the Oxidation of Exhaust Gas
Emissions through Automated Mechanism Generation. ACS Catal. 2022, 12, 11137–
11151.
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C-H Bond Activation of Light Alkanes on Pt(111): Dissociative Sticking Coefficients,
Evans-Polanyi Relation, and Gas-Surface Energy Transfer. J. Phys. Chem. C 2010,
114, 17222–17232.

24

https://doi.org/10.5281/zenodo.7506509


(64) Segner, J.; Campbell, C.; Doyen, G.; Ertl, G. Catalytic oxidation of CO on Pt(111):
The influence of surface defects and composition on the reaction dynamics. Surf. Sci.
1984, 138, 505–523.

(65) Brown, W. A.; Kose, R.; King, D. A. Femtomole Adsorption Calorimetry on Single-
Crystal Surfaces. Chem. Rev. 1998, 98, 797–832.

(66) Yeo, Y.; Stuck, A.; Wartnaby, C.; King, D. Microcalorimetric Study of Ethylene Ad-
sorption on the Pt{111} Surface. Chem. Phys. Lett. 1996, 259, 28–36.

(67) Iyer, G. R.; Rubenstein, B. M. Finite-Size Error Cancellation in Diffusion Monte Carlo
Calculations of Surface Chemistry. J. Phys. Chem. A 2022, 126, 4636–4646.

(68) Sauer, J. Ab Initio Calculations for Molecule-Surface Interactions with Chemical Ac-
curacy. Acc. Chem. Res. 2019, 52, 3502–3510.

(69) Sheldon, C.; Paier, J.; Sauer, J. Adsorption of CH 4 on the Pt(111) Surface: Random
Phase Approximation Compared to Density Functional Theory. J. Chem. Phys. 2021,
155, 174702.

(70) Ghosh, M. K.; Elliott, S. N.; Somers, K. P.; Klippenstein, S. J.; Curran, H. J. Group
Additivity Values for the Heat of Formation of C2–C8 Alkanes, Alkyl Hydroperoxides,
and Their Radicals. Combust. Flame 2022, 112492.

25


