A inorganics

Article

Revealing the Minimum Energy Pathways for Formamide
Hydrogenation Reactions in the Presence of Platinum
and Platinum-Vanadium Clusters: A Quantum

Chemical DFT/Nudged Elastic Band Study

Natalia S. Panina *7, Tlya N. Klyukin %, Tatyana M. Buslaeva ** and Andrei I Fischer 1

check for
updates

Citation: Panina, N.S.; Klyukin, LN;
Buslaeva, T.M.; Fischer, A.L Revealing
the Minimum Energy Pathways for
Formamide Hydrogenation Reactions
in the Presence of Platinum and
Platinum-Vanadium Clusters:

A Quantum Chemical DFT/Nudged
Elastic Band Study. Inorganics 2023,
11,384. https://doi.org/10.3390/
inorganics11100384

Academic Editor: Enrico Benassi

Received: 31 August 2023
Revised: 15 September 2023
Accepted: 19 September 2023
Published: 25 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

St. Petersburg State Institute of Technology, Technical University, 26 Moskovsky pr.,

190013 St. Petersburg, Russia; andreasfischer@mail.ru

Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Sciences, 31 Leninskii pr.,
117907 Moscow, Russia; klukinil@igic.ras.ru

Lomonosov Institute of Fine Chemical Technologies, MIREA-Russian Technological University,

86 Vernadsky Ave., 119454 Moscow, Russia; buslaevatm@mail.ru

*  Correspondence: nataliepanina2707@gmail.com

These authors contributed equally to this work.

Abstract: A detailed study on the stages of catalytic reactions involving platinum and platinum-
vanadium clusters has been carried out. Minimum energy pathways (MEP) of reactions have been
constructed via the DFT/PBEO0/ def2tzvp method using NEB functional and optimized structures, and
points of minima and transition states have been calculated. A two-step process for the conversion
of formamide to methylamine under the action of H; has been considered as a test reaction. The
energy barriers of this reaction, not previously described in the literature, have been evaluated. It
has been shown that the main changes in the structural characteristics of the reagents, as well as the
migration of single H atoms from one metal center of clusters to another or to an organic substrate,
are initiated at the molecular level by shifts corresponding to the vectors of normal vibrations of

systems in transition states.

Keywords: platinum; platinum-vanadium catalysts; hydrogen migration; formamide; DFT mod-
elling; activation barriers of reactions; transition states

1. Introduction

In the last decade, due to the development of modern computational methods and the
emergence of powerful software packages, more and more theoretical works devoted to
the study of chemical reaction mechanisms have appeared [1-4]. Theoretical calculations
enable information to be obtained about key intermediates and transition states in a clear
and simple way [5-8]. Particular attention is paid in molecular modelling to processes used
in chemical technology [9-13]. In particular, there has been activity relating to processes
involving molecular hydrogen, such as hydrogenation, dehydrogenation, reforming and
hydrodeoxygenation [14-18]. In these processes, mono- and bimetallic catalysts based
on d-element metals, including platinum (Pt) and platinum-vanadium (Pt/V) catalysts,
have been widely used [19-23]. The mechanism of the interaction of hydrogen molecules
with the metal surface (or individual metal clusters) has been investigated in a number
of studies [24-28]. Usually, this process involves dissociative adsorption of Hy with the
cleavage of H-H bonds and the formation of M-H bonds [29-33].

The present work is a continuation of the authors’ earlier quantum chemical study
on the catalytic activation of Hy molecules by Pdy clusters [34] and its extension to mono-
and bimetallic Pt and Pt/V hydrogenation catalysts [35]. Using the model systems Pt; and
Pt3V as examples, the minimum energy pathways of reactions (MEP) were constructed
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via DFT/PBE0Q/def2tzvp using the NEB (Nudged Elastic Band) functional, confirming the
ability of these catalysts to accumulate hydrogen on these metal centers, almost barrier-
free [35].

The aim of this work is to identify the peculiarities of the catalytic processes of hy-
drogenation of organic substrates with the participation of platinum (Pt) and platinum-
vanadium (Pt/V) clusters, and to carry out a comparative evaluation of the activation
barriers arising in this process, as well as to ascertain the structures of key intermediates.
The search for transition states in catalytic processes is a challenging task. Conclusions
about the chemical reaction pathway are often based on analogies with other chemical
processes or on some intuitive assumptions. The advantage of using the NEB optimization
method in quantum chemical calculations is that it can be used to predict reaction pathways
based only on the structures of the reagents and products. Therefore, a decision was made
to apply this method to hydrogenation processes of some substrates using mono- and
bimetallic catalysts, where very little is known about the reaction pathway and, even, about
the progression of the reagents towards one another.

An additional goal of this paper is to discuss, in detail, some of the problems arising
in the construction of complex MEPs when using the NEB method [36]. This method
currently represents a promising trend in computational quantum chemistry and makes
it possible to localize intermediate and transition states on a complex potential energy
surface [37-39]. The authors have previously successfully applied this relatively new
method in [35,40]. Nevertheless, in order to use the method for the comparative evaluation
of other catalytic systems and to verify the correctness of the results obtained, it was
necessary to choose, as a test, a simple chemical process with an already studied reaction
mechanism including hydrogenation steps. The transformation of amides into amines
under the action of hydrogen, previously described in [41], was chosen as such a process.
The direct reduction of amides to amines is a convenient way to obtain organic systems
with a wide range of useful properties [42—45]. The mechanism of this process proceeding
on a Pt/V catalyst was considered in [41], using the example of the simplest formamide
and methylamine:

HCONH; + 2H, — CH3NH,; + H,0 1)

The metal centers of such a catalyst with accumulating Hy molecules were modelled
in [41], using the surface of platinum nanoparticles with a diameter of ~2 nm decorated
with vanadium centers—VO533~ anions. The difference between the current work and [41]
is that mono- and bimetallic catalysts are presented in the form of fragments of crystal
phases Pt? and Pt°/ VY. Such a catalyst, based on the solid solution of Pt%;V?, is formed
under autoclave conditions and is available to the authors of [35,46] in quantities that are
sufficient to enable its catalytic activity in the hydrogenation/dehydrogenation reaction to
be studied.

2. Results and Discussion

In [34], a quantum chemical study of the Pd, system led to the conclusion that the
metal cluster vertices become centers in the elementary act of the catalytic reaction. In the
present work, formamide hydrogenation was modelled using Pt; and Pt3V particles. Ac-
cording to [47-49] (ICSD database numbers 180976, 180978, 105840, 105841), the tetrahedral
structures of Pty and Pt3V belong to the simplest fragments of platinum and platinum-
vanadium catalysts. Note that the distance between the metal atoms in these fragments
did not exceed 2.8 A. The planar structure of PtV fragments was also given in [48] (in the
ICSD database, number 649828). It represents a rhombus in which one diagonal between
Ptand V atoms has a length of 2.7 A, while the other diagonal between two Pt atoms has a
length of 4.8 A.

The results of geometry optimization of model structures of tetrahedral clusters of Pty
and Pt3V in several spin states presented in [35] enabled the authors to choose clusters with
minimum energy values (E, + ZPE) and to restrict consideration to triplet reaction channels
involving Pty and quartet channels involving Pt3V. The average value of the interatomic
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distance in the optimized triplet Pty cluster was 2.59 A, which is very close to the distance
obtained in the DFT calculation [27], which was 2.58 A.

For Pt; and Pt3V, in addition to tetrahedral fragments, the simplest planar structures
were also considered. The optimized triplet planar structure with slightly non-equivalent
bonds (approximate symmetry Dy, ) for the Pty cluster was 62 k] /mol, which is less stable
than the tetrahedral structure, and it was not considered further. In the case of the Pt;V
cluster in the quartet state, the transition of the distorted tetrahedral structure to a planar
structure required only 16 kJ/mol, so the planar structures were also considered in the
study of reaction pathways.

2.1. Modelling of the Formamide Hydrogenation Reaction in the Absence of a Catalyst

According to the mechanism of the process of formamide hydrogenation to form methy-
lamine described in [41], reaction (1) proceeds in two stages. In stage I, the H atoms of the first
molecule, Hy, are attached to the O and C atoms of formamide HCONHj to form the interme-
diate compound H-O-CH,-NH, with a single C-O bond. In stage II, the hydrogen atoms of
the second molecule H; are attached to the O and C atoms of this compound, resulting in the
formation of the reaction products (1): molecules HyO and CH3NHo,.

The MEP curves of stages I and II of reaction (1) and their corresponding structures
are shown in Figure 1.
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Figure 1. MEP curves and their corresponding structural units of stage I: reagent I—{H, + HCONH,};
TS1; product [I-HOCH,;NH),; stage II: reagent II—{H, + HOCH,NH,}; TS2; product II—H,
O---CH3NH,.
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Here and subsequently, all MEP curves of reaction stages presented in the figures
are constructed using the NEB method, and each point of these curves corresponds to a
certain E, value. In the present work, the energies of minima and transition states on
the MEP curves were refined using a standard geometry optimization scheme taking into
account the zero-point energy (ZPE), so they may sometimes differ slightly from the energy
values presented in figures (see Section 3. Calculation details). At the same time, for a
better understanding of the magnitudes of the energy barriers counted from the reagents
or corresponding minima, their values are given in units of free energy change AG’, taking
into account entropic contributions. The free energy G° values, calculated at 298.15 K, as
well as the values of E.] + ZPE and the coordinates of all compounds considered in this
work, are given in Tables S1-54 of the Supplementary Materials.

At the first stage of reagent optimization, an electrostatic complex {H, + HCONH,},
denoted here as reagent I, was formed between one hydrogen molecule and the substrate.
Let us consider the changes in the structures describing the conversion of formamide
to methylamine. For better visualization, in the transition states (TS) shown in Figure 1
(and below), the red arrows show only the largest displacements of atoms involved in
normal vibrations with imaginary frequencies that cause changes in the structure. The
experimental value of the H-H bond energy in the Hy molecule is 436 k] /mol [50]. The
calculated value of the energy required to break the H-H bond in the H, molecule, in
the current study, was 475 kJ/mol. The formation of new bonds, H-O and H-C, as the
reagents move closer together should lead to a decrease in the H-H bond energy. In the TS1
transition state, the change in the H-H bond length occurred along the normal vibration
vector with the frequency v = 2267i cm~!. The value of the energy barrier AG? for TS1
at stage I of reaction (1) was 289 k] /mol, which is less than the bond-breaking energy of
an isolated hydrogen molecule. Judging by the interatomic distances obtained in the TS1
structure, in addition to the H-H bond breaking, the weakening of the C=0O double bond
to a single bond contributed to this rather large activation barrier.

At stage II of the reaction, another molecule, Hy, was attached to the intermediate
compound H-O-CH;NHjy, obtained at stage I, where the bond-breaking of H-H occurred
in TS2 along the vector of normal vibration with frequency v = 542i cm~!. At the same
time, one H atom approached the O atom, and the other H atom approached the C atom.
The large value of the activation energy AG? = 292 kJ/mol in TS2 was also due not
only to the breaking of the H-H bond, but also to the final breaking of the C-O bond,
which led to the formation of reaction products—molecules HyO and CH3NH;—united by
hydrogen bonding.

2.2. Modelling of the Formamide Hydrogenation Reaction in the Presence of Pty Clusters

The reaction of the conversion of formamide into methylamine under the action of
hydrogen with the participation of Pt clusters can be formally described by the follow-
ing equation:

(Pt4) + 2H, + HCONH,; — (Pt4) + H,O + CH3NH, 2)

The model cluster Pty is weakly polarized due to the asymmetry of the common cloud
of 5d-electrons in its most stable triplet state. The calculated values of the charges on
each pair of metal atoms are +0.039¢ (Mulliken) and +0.033e (Hirschfeld). The values
of the charges on the formamide atoms are q(O) = —0.35¢, g(N) = —0.41e, q(C) = 0.21¢
(Mulliken); g(O) = —0.29, g(N) = —0.14¢ and q(C) = 0.14¢ (Hirschfeld). Thus, this simplest
amide can form stable structures by attaching almost any of its atoms, including H atoms,
to the corresponding metal center. However, optimization of the geometry of the Pty
cluster, surrounded by several formamide molecules initially located at a relatively large
distance from the cluster (~8 A), showed that the formamide molecules were barrier-free
and coordinated by oxygen.
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Moreover, keeping in mind not only formamide, chosen as the molecule under study,
but also other practically important complex amides with extensive alkyl or other groups,
the C and N atoms may be met by significant steric hindrances to forming bonds with
the cluster. In the present study, calculations of an amide with -CHj3 groups have shown
that, in this case, the bonding to the metal occurs only via the oxygen atom. Therefore,
in the present work, it was this reaction channel that was considered for the addition of
formamide to model clusters.

The process considered for the addition of one molecule of formamide to the model
cluster Pty led to the formation of a stable structure Pt3Pt(10)~OC(H)NH, with the Pt-O
bond and was accompanied by the release of AGY of the order of 31 kJ/mol. Here, and
subsequently in this paper, for convenience, complex structures are formally represented
by a sequence of bonded atoms, where the lower index without parentheses corresponds
to the number of identical metal atoms and with parentheses, it corresponds to the atom
number indicated in the corresponding figures.

The addition of the first H, molecule to the Pty complex led to the barrier-free for-
mation of the {Pt3Pt(3)(H)>} structure, in which the bonding between hydrogen atoms on
the cluster was no longer present. This process was accompanied by a AG? energy release
of the order of 119 k] /mol. It is possible that the two exothermic processes mentioned
above—the addition of formamide and the H, molecule to the Pty cluster—change places
in the sequence or occur simultaneously.

The ability of Pty clusters to enable the barrierless accumulation of Hy molecules
during homolytic cleavage of the H-H bond is explained at the level of the MO method.
In the optimized system {Pt; + H;}, there are two occupied MOs that are very close
in energy, and which consist of the o-bonding MO of H, and the MO with the largest
contribution of Pt 5d-AO. Their energetic proximity creates a condition for the formation
of separate hybrid MOs corresponding to the formation of two Pt-H bonds on one metal
center with separated H atoms and rather short lengths (about 1.5 A) [35]. As a rule,
the most significant changes in the energy of the system correspond to the weakening
or breaking of some chemical bonds and the formation of new, stronger ones. On each
reaction pathway, activation barriers corresponding to these processes always exist. The
MEP curve connecting reagents and products in the NEB calculations often contains several
points corresponding to stable structures that are following one after another (min) and to
transition states (TS). In this case, the reaction rate along the pathway for each individual
MEP is determined by its highest activation barrier TS, counted from the energy of the
most stable structure preceding it. For the subsequent comparative analysis of the catalytic
ability of the clusters under consideration, it is necessary, based on the data for all obtained
MEDPs, to select the catalytic system for which the above-mentioned highest TS barriers
have the lowest activation energies.

Note that the structures of minima and TS presented in the figures reflect changes
not only in the bond lengths of molecules interacting on the cluster surface, but also in
the distances between the metal atoms of the clusters, which sometimes lead to significant
distortions in their simplest three-dimensional polyhedral structure.

In Figure 2, MEP(a), an electrostatic complex {Hy + Pt3Pt(10)~O-CHNH>} formed by the
first Hy molecule with a formamide molecule on the Pt4 cluster is considered as the reagent
(a). As the Hy approaches, its dissociative adsorption occurs with a significant decrease
in free energy during the formation of the bound system {Pt;Ptg)(H)2Pt(19)-O-CHNH>}:
AG? = —156 k] /mol. On the MEP(a) curve, this corresponds to the deepest minimum in
the formation of the min1(a) structure, which will be the reference point for estimating the
energy barriers of formamide hydrogenation at stage I.
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Figure 2. MEP curve of reaction (2) and the corresponding structures: a—stage I (hydrogenation of
formamide by the first H, molecule on the Pt, cluster). Images of TS6_1(a)—TS6_4(a) were obtained
from multiple xyz file.
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The section from the deep min1(a) to the min5(a) points of the MEP(a) curve describes
the migration of both H atoms towards the Pt ;) atom, with which the formamide molecule
is coordinated. The low-frequency barrier TS1 (v = 90i cm ') with AG? values of 56 kJ /mol
corresponds to conformation transformations leading to an increase in the valence angle
H11)~Ptg)~H(12) from 76° in min1(a) to 94° in min2(a). Further, at the activation barriers in
TS2 to TS4 with values AG? of 62, 70 and 71 kJ/mol, respectively, migration of H atoms
along vectors of normal vibrations with imaginary frequencies occurs. The formation of
bridging groups of the Pt-H-Pt type is one of the most important steps in the migration
of single H atoms along the active centers of metal atoms. At vibration displacements
corresponding to the normal vibrations of the system at the saddle point, the overlap region
of hydrogen AOs with the orbitals of some metal centers decreases and increases with the
orbitals of others. In this process, stronger bonds are formed. As a result of this migration,
similar to the hydrogen spillover phenomenon described at the molecular interaction level,
both H atoms with relatively small barriers gradually reach the Pt(,) atom bound directly
to the substrate molecule (see structure min5(a)).

In the MEP(a) curve, TS4 is followed by the transition state TS5 (v = 295i cm ') with
a large barrier AG? of 191 k] /mol, corresponding to the breaking of the bond of the H,
atom with the Pt(1) atom and its transfer to the substrate to form the group ~CH. In this
transition state, in addition to the Pt(;9)~H(11) bond, the weak Pt(;0)~C bond formed in TS5
at a distance of about 2.3-2.4 A is also broken.

In the last part of the MEP(a) curve, the TS6(a) transition state (v = 11561 cm~ 1) with
an even larger barrier (AG? = 228 k] /mol) is found, which at first slightly corresponds to
the breaking of the Pt(;9)~H(12) bond and the transition of the hydrogen atom to oxygen
with the formation of the -O-H group. Increasing the number of images on the MEP(a)
curve made it possible to establish that the TS6(a) barrier corresponds not simply to the
detachment of the H(;5) atom from Pt(;(), but to the initial formation of the Pt(g)~H(12)-O-
bond, followed by the breaking of the Pt(19)~H(12) bond and the formation of the -OH
group. The latter effects were established through point-by-point examination of images
from multiple xyz files (see images TS6_1(a) to TS6_4(a) in Figure 2).

Stage II of the formamide hydrogenation process (interaction of the product(a),
{Pt3Pt(10~O(H)-CH,NH,}, with the second H; molecule) is described by two different
curves: a preliminary MEP(b), obtained via the standard NEB calculation, and the total
MEP(c), also constructed via the NEB method, but constructed from four sections (shown
in different colors) with refinement of the energies at the points of minima and transition
states. These MEPs are shown together in Figure 3 as an illustration of the difficulties
in correctly describing the energy barriers for some complex cases when using the NEB
approach to calculate only a single MEP curve. The point is that the NEB method does not
always work well when there are many minima on the MEP curve.

On the previously obtained MEP(b) curve, several points of minima were located
below the level of the first minimum in energy. Therefore, it was not clear which energy was
the reference point for the estimation of activation barriers. In the unlicensed ORCA-5.0.1
software package [51] that implements the NEB method, a warning is issued during the
MEP calculation when an intermediate minimum has been found. If this minimum proves
to be lower than the energy level of reagents or previous structures, it is recommended to
split the previously obtained MEP curve into several sections, refining, in each of them,
the position of the minimum points and the values of energies at these points using the
standard optimization method. When the curves of individual sections are stitched together,
a general MEP curve is obtained.
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In Figure 3, the optimized electrostatic complex {H; + Pt3Pt(10)~O(H)CH,NH>} formed
by the second molecule H, with the product (a) of stage I is considered as the reagent (c)
within the MEP site highlighted in black. The barrierless dissociative adsorption of the
H, molecule on the Pt atom of the above product is accompanied by a large exothermic
effect AG? of the order of 151 kJ/mol, with the formation of a stable min1(c) structure. The
counting of TS energies belonging to the sections of the MEP curve of stage II starts from
its deep minimum.

The transition state TS1(c) (L = 228i cm~!) with a AG? barrier of 82 k] /mol is due to
the C-O bond breaking and the formation of a min2(c) structure with H-O-Pt(;9)-CH,NH;
bonds at the coordination of two substrate fragments on one platinum center. Furthermore,
in the red and green sections of the MEP(c) curves in TS2(c) (v = 174i cm ™), the Pt(10)—-
CH,NH, bond is broken with a barrier AG? of 62 k] /mol, and a Pt9)-H(14-CH>NH, bridge
is formed in min3(c). Then, in TS3(c) (L = 121i cm ™), the Pt(9)~H(14) bond breaks with a
barrier of AG? 63 kJ/mol to form free methylamine.

The process of methylamine production described by reaction (2), however, does not
stop here, because the molecule H,O has not yet been formed. Moreover, at the boundary
of the regions highlighted in green and turquoise, there is a min4(c) point that has the
lowest energy value, which corresponds to the attachment of methylamine to the Pt(;) atom
of the cluster by a strong bond, Pt~-NH,CHj3, and the formation of a bridging bond, Pt(g)—
H(13)-Pt(10). Furthermore, it is the stability of the min4(c) structure that will determine the
large barriers of the subsequent TS and the activation energy E, of stage II of the reaction
(2) as a whole. The resulting visualization of the transformation of the TS3(c) molecular
structure to min4(c), using ChemCraft software, also appears inconclusive. Therefore, as
in the case of the last structure of TS6(a) stage I hydrogenation on the Pty cluster, it was
necessary to perform a point-by-point examination of images from several xyz files (see
images min4_a(c) and min4_b(c) in Figure 2). In TS3(c), the formation of a bridging group,
Pt(9)-H13)~Pt(10), and Pt(9)~H14) bond breaking were observed. The liberated methylamine
in TS3(c) performed rotational displacements, orientating the N atom with a negative
charge of about —0.5¢ towards the nearest Pt7) atom with a small positive charge of 0.1e.
In the min4_a(c) structure, the distance between these atoms was 3.308 A, in min4_b(c),
it decreased to 2.518 A and at a distance of 2.110, the Pt7;-NH>CHj3 bond stabilized in
the min4(c) structure corresponding to the deepest minimum on the MEP(c) curve. The
transformations described can be seen by watching the video Pt4.avi in slow motion.

The last section of MEP(c) stage II is shown in Figure 3 in a turquoise color. The TS4(c)
barrier (v = 1035i cm '), counting from the indicated mind(c) structure, had a AG® value
of ~102 kJ/mol. This corresponded to the bond-breaking of the aforementioned bridging
group Ptg)—H(13)-Pt(109) and the transition of the H(13) atom onto the O atom to form a
coordinated HyO molecule in min5(c). The largest TS on the MEP(c) curve, however, was
the TS5(c) barrier (v = 170i cm 1) with a AG? value of 132 kJ/mol. This was due to the
breaking of the strong Pt(7)~N bond and the withdrawal of the nucleophilic center, -NH>,
of the resulting methylamine molecule from the cluster atom Pt(7. As a consequence, the
new Pt-N bond of methylamine was not formed with any other Pt atom, but was held close
to the platinum cluster structure by the H-bond of Pt(7~(OHy)----NH>CHa.

Therefore, in stage I of the formamide hydrogenation reaction, the most significant
activation barrier occurred in TS6(a) with AG? = 228 k] /mol, which was due to the complete
detachment of the H atom from the Pt atom and its transition to the O atom of formamide.
In stage II, the highest activation energy in TS5, estimated at AG? = 132 kJ/mol, was
due to the breaking of the strong Pt-N bond formed during the reaction. Both of these
barriers were smaller than the activation barriers in this reaction, arising from the H-H
bond breaking without a catalyst (289 and 292 kJ/mol).
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2.3. Modelling of the Formamide Hydrogenation Reaction in the Presence of Pt3V Clusters

Modelling of the reaction of formamide conversion to methylamine under the action
of hydrogen with the participation of Pt3V clusters is performed as follows:

(Pt3V) + 2H; + HCONH; — (Pt3V) + H,0 + CH3NH, 3)

This also begins with the attachment of the HCONH, molecule to one of the atoms of
this cluster. Formamide can be attached either to a vanadium atom (reaction 3a) or to a
platinum atom (reaction 3b) of the Pt3V cluster. Let us consider both variants.

In the reaction 3a the formamide molecule attaches to the V atom of the Pt3V cluster
without a barrier, with the release of energy AG? of 65 k] /mol. The total MEP curves of the
hydrogenation reaction (3a) with refined structures are shown in Figures 4 and 5.
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Figure 4. MEP curve of reaction 3a and the corresponding structures: a—stage I, hydrogenation by
the first Hy molecule on the Pt3V cluster.

In the MEP(a) curve of Figure 4, the reagent (a), as in the case of reaction (2) involving
the Pty cluster, is the electrostatic complex {Hy + Pt3V (19)~O-CHNH>}. As the H, molecule
approaches the Pt3V 10-O-CHNHj cluster, dissociative adsorption of hydrogen on Pt7) also
occurs with a large energy decrease (AG? = —176 k] /mol) in the course of formation of the
compound {PtPt(7)(H);V (19)~O-CHNH>}. In min1(a), the Pt-Pt and Pt-V distances are in the
range of 2.5-2.7 A, i.e., the initial state of the metal cluster can be defined as a weakly distorted
tetrahedron. In the region from minl(a) to min3(a), the MEP(a) curve mainly describes
the migration of H atoms along the metal centers of the clusters—the spillover zone of H.
Compared with min1(a), the structure of TS1(a) is strongly distorted: the distances between V
and Ptg) atoms decreased from about 2.5 to 2.4 A, and between Pt7) and Ptg), they increased
to 3.9 A. Thus, the distorted Pt3V tetrahedron becomes noticeably flatter when one of the
edges, say in its base, is lengthened. In Section 2, in the case of the Pty cluster, the energy
difference between the tetrahedral and planar structures was ~62 kJ/mol, whereas for Pt3V,
the transition of the tetrahedral structure to a planar structure required only 16 k] /mol. The
system stabilized in min2(a), due to the formation of the bridging group Pt—H11)~Pt),
and the metallic framework V-Pt(7—Ptg)~-Pt(9) in this structure became nearly planar as the
diagonal distance Pt(7—Pt(g) increased to about 4.1 A.

One of the high activation barriers in TS3(a) (v = 87i cm~!) with AG? 116 kJ/mol
corresponds to the low-frequency molecular vibrations, which can be classified as slow
anharmonic molecular vibrations occurring in the spectral area below 100 cm~!. This
vibration shift results in the Pt;~H(11) and V-C bonds breaking with the forming of a
~CH, group in the fragment substrate. The highest activation barrier in TS4(a) with AG®
163 kJ/mol corresponds to the high-frequency vibrational shift along the normal vibration
with frequency v = 966i cm ™!, which leads to Pt7-H12) bond breaks with the formation of
a —-OH group. These processes lead to the formation of the structure {Pt;V-O(H)CH,NH,},
the product (a) of hydrogenation of formamide by the first Hy molecule, in which the
substrate is attached to a planar Pt3V cluster.

Stage II of formamide hydrogenation in reaction (3) is described by the MEP(b) curve
and its corresponding structures, shown in Figure 5.

When approaching the second molecule H; to the product (a) {Pt; V-O(H)CH,;NH;}
of stage I hydrogenation (Figure 4), optimization of the geometry of the planar bimetallic
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cluster again led to a distorted tetrahedral structure. In stage II (Figure 5), the electrostatic
complex {Hj + PtyPt(7)(H)2,V-O(H)CH,NH,} is considered to be reagent (b). The sharp
decrease of AG? energy by about 170 k] /mol in the MEP curve (b) in min1(b) was due, as
in the previous cases, to the dissociative adsorption of hydrogen on the platinum center.

In TS1(b) with the barrier AG 45 k] /mol, a vibration shift corresponding to a normal
vibration with frequency v = 131i cm ! leads to the breaking of the O-C bond and the
formation of the V-N bond in min2(b). In TS2(b) (v = 72i cm~!), complex low-frequency
conformational transformations result in the transfer of the H(;3) atom from Pt7) to the -CH,
group, and a stable -CHj group is formed in min3(b). Therefore, the deepest minimum
at MEP(b) corresponds to the min3(b) structure. It is this minimum that determines the
height of the subsequent barrier. Further, in TS3(b) (v = 60i cm '), a similar complex
low-frequency conformational transformation initiates the transition of the H(14) atom from
Pt(7) to the -NH; groups. Such transformation leads to the breaking of the V-N bond and
transfer of the “extra” H(y4) atom in the amide group to the -OHq,) group.

This process completed the formation of a vanadium-coordinated H,O molecule with
a hydrogen bond to the N atom of methylamine in product (b) {Pt;V-(OH,)---NH,CHj3}.
The MEP(b) curve in TS3(b) had the highest barrier with AGY =209 kJ/mol. However, its
value is determined not only by the breaking of the aforementioned bonds, but also by the
energy of the deepest minimum for the min3(b) structure.

Therefore, upon the addition of the substrate to the vanadium atom of the Pt3V
cluster in stage I of formamide hydrogenation, the highest activation barrier in TS4(a)
(AGY =163 kJ /mol) was associated with the detachment of the H atom from the Pt atom.
This large value was due to the starting point at MEP(a) being the deep minimum of the
reagent (a). In stage II of the hydrogenation reaction, the activation energy in TS3(b) was
about 209 k] /mol. This was also due to the previous deep energy minimum of the structure
with the V-N bond.

20
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Figure 5. Cont.
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Figure 5. MEP curve of reaction 3a and the corresponding structures: b—stage II, hydrogenation by
the second Hy molecule on the Pt3V cluster.

In the reaction 3b, the formamide molecule is bound to the Pt atom of the Pt3V cluster.
As in the previous cases, the process of substrate addition to the Pt is barrier-free, and the
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calculated energy release AG® is about 26 k] /mol, which is close to the exo-effect of the
interaction of formamide with the Pty cluster (see Section 2.2). The total MEP curves of
the hydrogenation reaction 3b, with refined structures and energies at the corresponding
points of minima and TSs, are shown in Figures 6 and 7.

The electrostatic complex {Hj + VPt Pt(10)-OC(H)NH>} is considered as the reagent
(a) in the MEP(a) section of the stage I curve of the formamide hydrogenation reaction. As
the H, molecule approaches the bimetallic cluster, its barrier-free molecular adsorption
by the V atom occurs, and the formation of the distorted tetrahedral structure minl1(a)
of the bimetallic cluster {V(H),PtPt(10)~OC(H)NH>} occurs. In this case, the energy AG?
decrease is only 18 k] /mol. At the same time, when H; was adsorbed by the Pt atoms, the
estimated exo-effect was much larger (see Sections 2.2 and 2.3). The point is that, when
coordinated by a V atom in the {Pt3V + Hy}, the o-binding MO of Hj, is energetically too far
from the MOs consisting of V 3d-AO or their combination with Pt 5d-AO. Therefore, these
MOs cannot mix with each other when the reagents get closer in order to form separate
hybrid MOs describing two V-H bonds on the same V atom without H-H binding, as was
possible in the Pt3Pt(H), cluster [35]. Thus, molecular adsorption of H, with preservation
of the H-H bond and formation of weak V-H bonds of about 2.0 A in length occurs on
vanadium centers with a much smaller exo-effect than in the case of dissociative adsorption
of hydrogen on platinum centers.

In the flattened version, the min2(a) structure of the bimetallic cluster V(H)2Pt2Pt(10)—
OC(H)NH; is about 12 kJ /mol more stable than the distorted tetrahedral min1(a). The
activation barrier in TS1(a), located between minl1(a) and min2(a), is also small, with a
AGY of about 13 kJ/mol.

Further, in TS2(a) (v = 285i cm™!), with a barrier AG? of 29 kJ/mol, the Hu1)-Hay)
bond in the H, molecule adsorbed by vanadium is broken and the H;) atom is transferred
to the Pty center. When the bond lengths of V-H11), Pt10-H(12) and, importantly, the
bond length of Pt(g)-Pt(10) are reduced by more than 1.1 A, a min3(a) structure is formed in
which the metal framework reverts to a distorted tetrahedral configuration with a short
and strong Pt(19)~H(12) bond. In the MEP(a) curve, the min3(a) structure corresponds to the
deepest minimum.
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Figure 6. MEP curve of reaction 3b and the corresponding structures: a—stage I, hydrogenation by
the first molecule H, on the Pt3V cluster.
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Then, the TS3(a) barrier (v = 135 cm~!) appears on the MEP(a) curve, the value AG®
of which, counted from the energy of the min3(a) structure, is 126 k] /mol. This energy is
required in order to break the Pt(;0)~H12) bond (and the Pt(;9)~C bond formed in TS3), but
is partially compensated for by the formation of the H(;2~C bond in the min4(a) structure.
Under the action of the displacement corresponding to the normal vibration with frequency
v =591i cm~! in TS4(a), there is a migration of the H11) atom from vanadium to the Pt(q)
atom, with the formation of structure min5(a). The TS4(a) barrier is 121 kJ /mol. This value
is too high for the usual migration of H atoms over the considered metal centers. However,
in this situation, it is explained by the depth of min3(a), from which the subsequent TS
barriers are counted.

In the final stage I, hydrogenation of formamide, the largest TS5(a) barrier of 148 kJ/mol,
occurs in the MEP(a) curve, caused by the breaking of the Pt(19)~H11) bonds. The transfer
of H(y1) to the O atom of the substrate fragment practically completes the formation of the
product of stage I hydrogenation of formamide.

Stage II of the process of interaction of the product (a) with the second H, molecule
is described by the complete MEP(b) curve, which is made up of nine sections; the corre-
sponding structures are shown in Figure 7.

The electrostatic complex {Hj + {VPt;Pt(10)~O(H)CH2NH,} is considered as reagent (b)
of the reaction 3b. The energy decrease AG? in the formation of the min1(b) structure is one
of only 15 kJ /mol, which is due, as in stage I, to the barrier-free molecular adsorption of the
hydrogen molecule by the V atom. In the region from TS2(b) to TS4(b), the MEP(b) curve
mainly describes the migration of H atoms along the metal centers of the clusters—the
spillover zone of H. In TS2(b), there is a transition of the Hj4) atom to Pt(q), with the
formation of a much stronger Pt-H bond than with the V-H bond. The stabilization of
the min3(b) structure is, however, small, since most of the activation energy is spent on
breaking the molecular bond H13)~H14).

The most significant stabilization of the system occurs in the min5(b) structure, when
the transition of the second, already single, H(;3) atom from the V atom to Ptg) takes place.
On the MEP(b) curve, the min5(b) structure corresponds to the deepest minimum, which
will determine the relative heights of the subsequent TS5(b) to TS8(b) barriers of reaction
3b. The most significant of these are TS5(b) and TS8(b), which are 131 and 129 kJ/mol and
are due to the breaking of C-O and Pt(10)~H13), respectively.

Therefore, for both stages of the process of formamide hydrogenation to methylamine
in the case of catalytic reaction 3b (the substrate is coordinated to the platinum center
of the Pt3V cluster and H, molecules are attached to the vanadium atom), the lowest
activation barriers AGY among all model reactions considered here were obtained (Table 1).
In all these reactions, methylamine was the final product of hydrogenation, forming a
hydrogen bond with the H,O molecule coordinated on the metal atom of the cluster: {Pt3Pt-—
O(H)-H---NH,CH3s}, {VPt,Pt-O(H)-H:--NH,CHj3} and {Pt;V-O(H)-H--- NH,CHj3}. The
estimated energies AG? of formation of such bonds were 20, 21 and 36 kJ/mol, respectively.

Table 1. Calculated energy values AG? (kJ/mol) of the highest TS barriers arising on the path of the
minimum energy of the formamide hydrogenation reactions.

Reactions AG® AG"
Stage I Stage 11
(1) {2H, + OC(H)NH;} 289 (TS1) 292 (TS2)
(2) {2H, + Pt3Pt—-OC(H)NH,} 228 (TS6) 132 (TS5)
(3a) {2H, + Pt3V-OC(H)NH,} 163 (TS4) 209 (TS3)
(3b) {2H; + VPt Pt-OC(H)NH,} 148 (TS5) 131(TS5), 129(TS8)

3. Details of Calculations

The study of catalytic systems with the description of structures corresponding to the
most important MEP points (minima and TS) and estimation of the TS energy barriers of
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individual reaction steps was carried out via the DFT/PBE0/def2tzvp method [51], using
the NEB function [36,52,53] implemented in the ORCA software package [54-56]. The
family of Def2 basis sets for platinum includes effective core potentials constructed with
scalar-relativistic corrections [57]. This makes it possible to avoid the use of all-electron
basis sets and relativistic Hamiltonians. The def2tzvp basis is widely used at present and is
a Gaussian basis of medium quality. It is suitable for determining ground state geometries
of a wide range of compounds, including transition metal compounds, and its use in
combination with DFT methods represents a reasonable compromise between the costs of
machine time and the quality of the results obtained. A thorough analysis of DFT methods
for optimizing the geometry of platinum compounds was carried out in [58]. The authors
concluded that, for such compounds, the most efficient DFT method is PBEO/def2tzvp.

The MEP curve connecting reagents and products was obtained through interpolation
of a set of energies of a discrete number of intermediate structures (images), and the
geometry of each image was minimized under certain conditions. The number of images
is specified in the input data. The more images that are selected, the more accurate the
MEP interpolation curve will be, but the longer the calculations will take. The results of
calculations are formed as a discrete set of optimal values of image energies, from which
an MEP curve is constructed using re-parametrization and interpolation, which should be
further processed using available graphical software.

All main points of the MEP curves (minima and TS) obtained via the NEB method
are further refined using one of the standard optimization schemes [59]. To identify the
highest activation barriers that determine the reaction rate, all values of TS maxima are
evaluated not relative to one another, but relative to stable structures formed on the reaction
path with the deepest minima. Activation barriers are calculated from free energy changes
AGY at saddle points relative to these minima. The values AG? include the change in
entropic contribution TAS, calculated in this work for 298.15 K, and a pressure of 1.00 atm.
The points of the MEP curves obtained via the NEB method, however, include only the
electronic energy E¢ and do not include the ZPE correction and the entropic component.
Therefore, the relative values of the barriers obtained from the MEP profile and from the
calculation of AG? may differ.

All calculations were performed for the gas phase case. Molecular structures and
normal vibrations were visualized using the ChemCraft program [60].

4. Conclusions

To reveal the peculiarities of reactions of formamide hydrogenation to methylamine
under the action of metal clusters Pt; and Pt3V using NEB functional, the minimum
energy pathway (MEP) was constructed by estimating energy barriers of reaction steps and
determining intermediate structures at critical points—minima and transition states (TS).

Based on the results of DFT/NEB studies on the aforementioned reactions, it was
concluded that intramolecular vibrations with the largest amplitude, corresponding to
the vectors of normal vibrations in transition states, are responsible for the migration of
single H atoms over the considered metal centers and are also the reason for the breaking
or formation of bonds during the interaction of the reagent with the substrate. At such
vibrations, the formation of Pt-H-Pt and V-H-Pt bridging groups at the cluster units
promotes a change in the overlapping region of the bonding orbitals of the H and metal
atoms, which, in turn, allows single H atoms to migrate from one metal cluster center to
another with relatively low barriers.

It was found that the highest TS barrier values in the reactions studied, on which their
rates depend, are largely determined by several factors. One of these is the exothermic
processes relating to the addition of H, molecules to the clusters under consideration,
leading to the formation of stable products and corresponding to deep minima on the MEP
curves, which become reference points for the estimation of energy barriers. Another factor
is the formation of intermediate strong metal-N bonds during catalytic processes, which
also leads to the appearance of deep minima on the reaction pathway, often determining
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large barriers of subsequent TSs and activation energy E, for the reaction as a whole. The
third factor is the formation of single H atoms that hydrogenate the substrate, which occurs
at their complete detachment from the metal cluster and is characterized by relatively large
TS barriers.

From Table 1, it is seen that the model reaction 3b involving the Pt3V catalyst with the
formamide attached to one of the Pt atoms moves via TSs with the lowest barrier values,
when compared with other model reactions under consideration. This reaction is the most
profitable one and can determine the reaction rate in the process of formamide hydrogenation.
It is also the NEB method that made it possible to find the minimum energy path.

The NEB method has established that low-barrier transitions of Pt3V clusters of the
tetrahedral form of the metal framework into its planar structures play an active role in
hydrogenation processes. Such transitions, found on the paths of minimum energy of
formamide hydrogenation reactions on Pt3V clusters, provide the most favorable paths for
chemical reactions. This phenomenon requires particular research focus, but it is possible
that among the reasons for the lower activation barriers in the case of Pt3V clusters is their
ability to flexibly change the geometry of their metal framework during vibration shifts of
the reagent. For Pty clusters, such structural transformations require much higher energy.

In the final hydrogenation products {Pt;Pt-O(H)-H---NH,CHj3}, {VPt,Pt-O(H)-H- -
NH,CH3} and {Pt3V-O(H)-H:--NH,;CH3}, methylamine forms hydrogen bonds with H,O
molecules, coordinated on the metal atoms of the cluster with energies AGY of about 20, 29
and 36 kJ/mol, respectively. The role of hydrogen bond formation in the reaction product
is very important: it prevents the reorientation of the nucleophilic N atom of the formed
methylamine toward other atoms of the metal framework in order to form new structures
with a strong Pt-N bond.

The construction of MEP curves via the NEB method in the case of complex molecular
processes involving multi-electron systems is a time-consuming and technical task. As this
study progressed, useful experience in their construction was gained, allowing the authors
to state that the NEB method, which requires only the geometry of reagents and products
to start the MEP search, is quite reliable. The following advantages of the NEB method can
be noted: (1) it gives reasonable MEPs if a sufficient number of images are included in the
chain and (2) all intermediate images can be optimized in parallel, significantly reducing
the total computer time required.

Brief description of NEB method origin [61-63] and practical hints for the construction
of MEP curves in the case of complex molecular processes are given in the Supplementary
Materials section.
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Band Method; Tables S1-S4 include the Cartesian coordinates of compounds and their energy
characteristics for critical points (minima and transition states) of the MEP curves of reactions;
Video S1: Energy path of hydrogenation reaction: formamide.avi, Pt4.avi, VPt3.avi, Pt3V.avi.
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