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Understanding kinetics and reaction mechanisms is a major
challenge in catalysis. Theoretical chemistry can offer a
unique input by identifying the transition states and the
associated activation barriers for elementary reaction steps.
However, their determination requires intensive quantum
chemical computations, and hence the theoretical exploration
of complex catalytic reaction networks at solid surfaces
remains a tremendous challenge. Simpler methods to rapidly
determine activation energy barriers are therefore needed for
a preliminary screening.

The parametrization of reactive force fields is a fast and
simplified solution to evaluate the total electronic energy and
forces. However, the accurate treatment of molecular inter-
actions at metallic surfaces remains difficult. Another
approach is by using Brgnsted—-Evans-Polanyi (BEP) rela-
tions, which classically link kinetics (activation barriers) with
thermodynamics (reaction enthalpies).'!' These relations,
examined in recent density functional theory (DFT) studies
on the dissociation of small molecules over transition-metal
surfaces,”™ are established for a given reactant and an
elementary step by varying the nature of the catalyst. In these
studies, the activation energy barrier is plotted against either
the reaction energy or the stability of the final dissociated
state. However, this relation has not been examined for
multifunctional reactants, where the chemical nature of the
atoms neighboring the reactive centers changes. This would
be truly valuable for fine chemistry reactions, particularly in
regard to selectivity issues.

The selective hydrogenation of unsaturated aldehydes
(acrolein, crotonaldehyde, and prenal) on platinum is an
important reaction prototypel”! with a complex network of
elementary steps. Indeed, four centers (three carbon and one
oxygen) can be hydrogenated sequentially and with various
orders. This reaction can competitively yield three possible
partially hydrogenated products (unsaturated alcohol
(UOL)—which is the target compound—saturated aldehyde
(SAL), and the enol (ENOL)) and one completely hydro-
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genated saturated alcohol (SOL; see Schemes 1 and 2). Thus,
a set of various carbon or oxygen reactive centers is obtained
according to their position in the molecule, to the degree of
hydrogenation of their neighboring atoms, or to the substi-
tution by methyl groups for the terminal carbon C4. Finding a
correlation between the chemical structure and the hydro-
genation reactivity is a challenge.
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Scheme 1. First and second hydrogenation routes of trans-acrolein
(UAL) on Pt(111) to yield monohydrogenated mhi and dihydrogenated
dihjk species. Propen-2-ol (UOL) and propanal (SAL) are the compet-
itive intermediate products.

In our recent studies, all the first and second hydro-
genation routes of acrolein on Pt(111) were explored by DFT
calculations. Smaller activation barriers were systematically
obtained for the hydrogenation at the C=O bond. A
preliminary microkinetic model based on the energy barriers
calculated by DFT™® showed a better selectivity for SAL on
platinum, in agreement with experimental observations."
This selectivity results from a competition between the
energy barriers of the surface hydrogenation steps and the
desorption energies of the partially hydrogenated products.
However, the picture remains incomplete in regard to the
third and fourth hydrogenations that lead to SOL. Moreover,
no explanation is offered to interpret the differences observed
in the selectivity between acrolein and other unsaturated
aldehydes, such as crotonaldehyde or prenal'” except
desorption properties.'®!

In this study, we demonstrate by using an original
definition of the Brgnsted—Evans—Polanyi relation how the
activation barriers of this prototype reaction can be predicted
in a fast and accurate way. First, the linear scaling relations are
illustrated for the hydrogenation pathways at the various sp’
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centers of acrolein and its hydrogenated derivatives. They are
then are validated with the hydrogenation of prenal and a few
derivatives. Hence, we aim to demonstrate how the reactivity
of these centers can be predicted from the calculation of only
a few of them, thereby allowing the selectivity of a complete
family of reactants to be determined or explained.

Only half of the complete reaction scheme was addressed
in our previous investigation (see Scheme 1), and we now
complete the mechanistic picture in this study (Scheme 2; see
the Supporting Information for all the details).
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Scheme 2. Third and fourth hydrogenation routes of trans-acrolein
derivatives on Pt(111) that yield the trihydrogenated species thijk and
the final product, the saturated alcohol (propanol, SOL).

A plot of the activation energy E, against the reaction
energy Eyyq of each of the 32 elementary steps involved in the
complete hydrogenation mechanism of acrolein on Pt(111)
(Figure 1a) does not show a linear relation. Hence, the
classical BEP relation does not seem to apply. In contrast, a
linear behavior is found (Figure 1b) when the energy of the
transition state (E™S | | or here also the activation energy E,,)

coads”’

a) Classical BEP b)
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is plotted against the energy of the precursor state (EY, ).
This coadsorption state formed between hydrogen and the
reactant is the last stable or metastable structure just before
the reaction occurs. The dispersion is large if the four reactive
centers are considered together. However, the separation into
three subsets (O1, C2, C3 + C4) gives a linear correlation of
excellent quality (Table 1). For each subset the data points
differ by the chemical environment of the reactive atoms.
Notice that the slope of the line for the C2 subset is slightly
different from that of the C3 and C4 centers. Hence, the BEP
relation can be extended to the selective hydrogenation of
acrolein on Pt(111), which proceeds by different formulation.

Table 1: Parameters of the linear relations between the coadsorption
energies of the transition (TS) and of the initial (IS) states (separated
reactants) for acrolein.”!

E;r:ads =Ax E::iads +B A B R2

BEP at O1 1.0308 0.2785 0.9951
BEP at C2 0.8690 0.3391 0.9948
BEP at C3 1.0353 0.9034 0.9980
BEP at C4 1.0472 0.9149 0.9992

[a] See Figure 1c for definitions. R?=linear regression coefficient.

The good correlation obtained between the energy of the
transition state and that of the precursor state originates from
their geometrical similarity (hydrogen being adsorbed at a top
site for attack at O1 and C2, or at hollow sites for attack at C2,
C3, and C4, and the reactant adapting its adsorption
structure). Our approach for hydrogenation agrees with
previous relations, where the separated coadsorbed state
corresponds conversely to the final state.>*’! However, a
variety of reactive centers in the molecule is explored here,
instead of multiple catalytic surfaces.

The transferability of the exposed scaling relation” was
then tested by considering another reactant. Prenal was
selected because of the large difference in the selectivity
observed on platinum. The results for the eight hydrogenation
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Figure 1. a) BEP diagram of the activation (E,.) versus the hydrogenation (Ey,q) energy for acrolein on Pt(111). b) Linear scaling relations (32 full

circles) between the coadsorption energies of the transition (ET:

coads

) and the initial (2, ) states for acrolein on Pt(111) (see Table 1). The eight

empty squares correspond to the first and some of the second hydrogenation steps of prenal on Pt(111). c) Definitions of the energies involved in

the relations uncovered in (a) and (b); FS=final state.
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Table 2: Applications of the linear relations demonstrated for acrolein
(see Table 1) to some of the hydrogenation steps of prenal on the basis
of the corresponding initial coadsorption states for prenal E* |, [,

coads

E;(c)t" = (A_.I ) X Elcsoads + B E::iadss E:Zt" E?cEB AE[Z]
TS, —0.91 0.25 0.27 —0.02
TSh, —0.99 0.47 0.55 —0.08
S —1.04 0.87 0.86 0.01
Ts", —1.02 0.87 0.81 0.06
TS, —2.15 0.62 0.70 —0.08
TS, —2.44 0.20 0.20 0.00
TS, —1.88 0.83 0.82 0.01
TS —~1.88 0.84 0.79 0.05

[a] AE is the error between the activation energy EX%" estimated by the

act

correlations and those coming from the nudged elastic band (NEB)
approach EN:°. All the energies are in eV. h=hydrogenation.

act

steps optimized on Pt(111) are reported in Table 2 (see also
the Supporting Information). In particular, the coadsorption
energy of the initial precursor states EX_, and the optimized
activation barriers EN-® are indicated. The corresponding
eight points (2 points for each of the 4 sets) reported in
Figure 1b (empty squares) fit perfectly with the correlations
drawn for acrolein. Hence, the linear relations are validated
for this second reactant. Thus, the corresponding activation
barriers for the hydrogenation of prenal could have been
estimated by applying the relations obtained for acrolein
(ES . being the only data required to calculate E°™, as shown
in Table 2). The absolute error AE between the true energy
barrier (EN-?) and the estimated one (EZ") ranges from 0 to
80 meV, which definitely shows the quality of the linear
relations. More precisely, all the activation barriers for the
hydrogenation of prenal on Pt(111) can be estimated very
rapidly on the basis of only the geometry optimization of each
initial precursor state. This model will have major conse-
quences not only in answering the questions of the change in
selectivity observed in the hydrogenation of crotonaldehyde
and prenal on platinum, but presumably also in exploring
many other reactions. Once the reactivity is known on a
prototype process, it could simply be extended to a large
range of molecular species by changing the environment of
the reactive centers.

Hence, our density functional theory investigation of the
complete hydrogenation pathways of acrolein and its partially
hydrogenated derivatives on Pt(111) allows an extension of
the Brgnsted—Evans—Polanyi relation to be proposed. Linear
relations between the transition-state and the precursor-state
energies have been demonstrated for various pathways
corresponding to hydrogen attack at a given reactive center
of the molecule, whatever the chemical environment of the
site. Our approach supports previous studies dealing with
simple reactions of small molecules over transition-metal
surfaces.

The scaling relations link the activation barriers of all the
hydrogenation steps of the reactive centers and the adsorp-
tion energies of the corresponding precursor states. Their
intrinsic quality is assigned to a chemical and structural
analogy between the initial precursor state and the associated
transition state.
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The linear relations found allow the direct prediction of
the differences in selectivity observed for other unsaturated
aldehydes on platinum. In fact, they have been validated by
examining the same reaction with prenal and its hydro-
genated derivatives. More generally, it opens up promising
perspectives for the quick examination of the reactivity of a
whole family of organic compounds. By coupling these
relations with others that change the chemical nature of the
metal, our approach could provide a general tool for a fast
and quantitative evaluation of the activity and selectivity of
these catalysts. Moreover, other types of catalytic reactions
could be examined with this model.

Experimental Section

The complete details of the methodology are reported in the
Supporting Information. DFT calculations in periodic boundary
conditions (VASP package!'!) were performed at the generalized
gradient approximation with the Perdew Wang 91 exchange-correla-
tion functional. Atomic cores were described with the projector-
augmented-wave method. A cut-off of 400 eV was selected for the
plane-wave basis-set expansion. A (3 x 3) supercell (four metal layers
and a vacuum of 11.5 A) on the Pt(111) surface was chosen with a (3 x
3x1) Monkhorst-Pack k-point mesh. The reaction pathways were
minimized according to the climbing-image nudged elastic band
(NEB) method.
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