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The catalytic dehydrogenation of light alkanes is key to trans-
form low-cost hydrocarbons to high value-added chemicals.
Although Pt is extremely efficient at catalyzing this reaction, it
suffers from coke formation that deactivates the catalyst.
Dopants such as Sn are widely used to increase the stability and
lifetime of Pt. In this work, the dehydrogenation reaction of
ethane catalyzed by Pt3 and Pt2X (X=Si, Ge, Sn, P and Al)
nanocatalysts has been studied computationally by means of
density functional calculations. Our results show how the
presence of dopants in the nanocluster structure affects its
electronic properties and catalytic activity. Exploration of the

potential energy surfaces show that non–doped catalyst Pt3
present low selectivity towards ethylene formation, where
acetylene resulting from double dehydrogenation reaction will
be obtained as a side product (in agreement with the
experimental evidence). On the contrary, the inclusion of Si, Ge,
Sn, P or Al as dopant agents implies a selectivity enhancement,
where acetylene formation is not energetically favoured. These
results demonstrate the effectiveness of such dopant elements
for the design of Pt–based catalysts on ethane dehydrogen-
ation.

1. Introduction

Ethylene is a key chemical commodity in the petrochemical
industry for which global demand continues to grow
worldwide.[1] Ethylene is usually produced by decomposition of
hydrocarbon feedstocks through steam cracking, a well-known
industrial process that has some major drawbacks that makes it
non–optimal:[2,3] (i) the process is highly energy–intensive; (ii)
the low selectivity toward the production of particular olefins
(iii) the dwindling petroleum reserves and (iv) the rising oil
prices. Due to these facts, the searching for more economical
feedstock and more efficient conversion technologies is crucial
for the petrochemical industry. Two alternatives have been
developed, namely, the oxidative and non–oxidative catalytic
dehydrogenation of alkanes. Within the oxidative dehydrogen-
ation procedure, the endothermic formation of ethylene is
coupled with the strongly exothermic oxidation of H2.

[4] This

process allows using lower reaction temperatures than cracking,
but it consumes the energetically valuable H2 and, in presence
of oxygen, there is a non–negligible risk of ethylene combus-
tion. Moreover, it suffers over–oxidation processes to carbon
dioxide, decreasing its efficiency.[5] At this point, non–oxidative
catalytic dehydrogenation appeared as a useful approach.
Homogeneous or supported metal–based catalysts such as Cr-
oxides[6] or organometallic compounds[7,8] activate the C� H
bonds of alkanes. Likewise, Pt[9] is the most active pure metal
catalyst for the dehydrogenation of light alkanes. However, this
metal tends to fully dehydrogenate hydrocarbons leading to
coke deposits that deactivate the catalyst.[10] Doping Pt with
other elements such as Sn, Ga or Zn is a recurrent method to
improve the selectivity and stability of this catalyst, although
this problem is far from being solved yet. Therefore the search
for improved and more selective catalysts is still an active field
of research, in which Si and Ge have been recently proposed as
efficient alloying agents to boost the catalytic performance of
Pt.[11]

From a theoretical point of view, the dehydrogenation of
alkanes has been intensively investigated. However, most of the
studies were focused on the reaction of propane to obtain
propene[12] whereas ethane dehydrogenation[13,14,15] has been
less studied. Examples include the analysis of supported
catalysts[13] or single atom metallic catalysts,[11g,14] but the
studies of small clusters (namely nanoclusters)[15] as catalysts in
non–oxidative alkane dehydrogenation processes are somehow
scarce. Noteworthy, it has been reported the use of small
clusters as a reliable model systems for the theoretical analysis
of ethane dehydrogenation reaction mechanisms,[15,16] thus
providing pivotal information for the understanding of such
processes. Moreover, nanoclusters made of just a few atoms,
where most of the atoms are at the surface and available to
interact with the reactants, are key to optimize the use of the
precious metals in catalysis. Furthermore, they often display
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superior catalytic performance, and they serve as good models
for the active sites.

In view of the excellent results observed when using novel
dopants such as germanium or silicon for platinum
nanocatalyts,[11c,17] in the present work we thoroughly address a
possible selectivity enhancement in the ethane dehydrogen-
ation reaction catalyzed by Pt3 and Pt2X clusters (X=Si, Ge, Sn, P
and Al) as model active sites. In this way we include other main
group elements or cheap metals that could be useful in
industry, as well as Sn which is he most widely used promoter
for Pt. Our objective is to theoretically evaluate how modifica-
tions in the electronic structure of the nanoclusters by the
addition of dopants affect the catalytic activity and selectivity of
Pt, by analysing all possible energetic profiles. Considering such
a small cluster models allows to have almost identical geo-
metries and isolate the electronic effects induced by different
elements. The knowledge gathered from this work will allow us
to split hairs over the structure–activity relationship to design
catalysts with an improved performance that ultimately will
require lower amounts of energy and expensive transition
metals.

Computational Details
Theoretical calculations have been carried out by using the
GAUSSIAN 16[18] or AMS2021[19] suite of programs. Optimizations
were computed within the DFT framework[20] using the hybrid
PBE0[21] functional in combination with TZVP basis set for C, H, Ge,
Si, P and Al atoms and Hay–Wadt[22] effective core potential Lanl2DZ
for Pt and Sn atoms as implemented in GAUSSIAN 16. Initial
benchmark using pure PBE and metahybrid M06[23] functionals
show similar trends on the reaction profiles. Dispersion corrections
are included by means of Grimme’s GD3 model.[24] In all systems,
optimization was performed using unrestricted wavefunction as
invoked by the guess=mix keyword in order to include the
possible existence of open shell singlet states. Molecular orbitals
were calculated at the same level of theory. All the stationary points
were characterized by harmonic vibrational analysis. Local minima
showed positive definite Hessians and transition states showed
only one imaginary frequency value associated with the nuclear
motion along the chemical transformation under study. Thermal
corrections were not scaled. Activation Gibbs energy barriers were
considered comparing energies of stationary points directly con-
nected by IRC calculations.

Energy decomposition analyses (EDA) have been carried out at
PBE0-GD3/TZ2P level from the PBE-GD3/TZVP&LANL2DZ optimized
geometry by using AMS2021. This method is based on
Morokuma[25] partitions and the extended transition state (ETS)
method developed by Ziegler and Rauk.[26]

For the location of the minimum energy crossing points (MEPCs)
crucial in two-state reactivity scenarios[27] we have simplified our
approach to a pseudo-one-dimensional model. In this set up, we
chart out each of the two crossing surfaces across various values of
a specific reaction coordinate, in our case C� Pt bond lengths. The
intersection of these one-dimensional curves provides an approx-
imate location of the lowest energy crossing point between the
surfaces. However, for greater precision and efficiency, employing a
gradient-based method to precisely identify the MECP between the
surfaces is preferable.[28] In our study, we have utilized a python
script for performing MECP (Minimum Energy Crossing Point) with

Gaussian.[29] This program performs several key functions: it (a)
generates appropriate input files for an electronic structure code,
(b) executes the code, (c) retrieves energies and gradients from the
output on both surfaces, (d) combines them to produce an effective
gradient pointing towards the MECP, and (e) utilizes this gradient
to update the geometry until convergence is achieved. Once the
MECP were located, we used MOLSOC[30] to calculate the spin orbit
coupling between both electronic states.

2. Results

2.1. Electronic Structure Analysis of Pt3 and Pt2X Nanoclusters

Initial conformational exploration of the selected nanoclusters
show that all of them present a highly symmetric cyclic
structure (S3 group of symmetry for Pt3 and C2v for doped Pt2X)
as the most stable conformation. The existence of alternative
non–cyclic open structures was also considered. However, these
linear structures were discarded due to their instability.

Once the most stable conformation of the nanoclusters was
assessed, we started analyzing the molecular orbitals of Pt3 and
Pt2X in order to recognize the different electronic features of
the nanoclusters due to the substitution of one Pt atom by Si,
Ge, Sn, P or Al.

Our calculations show a different MO diagram scenario for
Pt3 and all the doped nanoclusters due to the existence of
additional d-orbitals in the former (Figure 1). On the one hand,
the most stable configuration of Pt3 corresponds to a highly
symmetrical low–spin open shell singlet were all Pt� Pt bonds
are equivalent (dPt-Pt=2.50 Å) and the HOMO–LUMO gap is of
60.2 kcalmol� 1 (Pt3-s). The effect of spin polarization was further
analyzed by performing an optimization using a restricted
configuration (i. e. considering only paired electrons) that results
in a destabilization of +1.7 kcalmol� 1 compared to the
unrestricted case. Remarkably, our calculations show that the
high–spin triplet state (Pt3-t) is also energetically accessible at
room temperature (singlet–triplet energy gap of
+0.8 kcalmol� 1). In this high–spin state not all the Pt� Pt bonds
are equivalent, since two of them are slightly elongated,
whereas the third one shrinks (dPt–Pt of 2.56 Å and 2.25 Å,
respectively), thus resulting in a small charge polarization.

Regarding the doped clusters, we have classified them in
two groups. On the one hand, when Pt is mixed with Sin Ge or
Sn, our calculations show an increase of the HOMO–LUMO gap
(62.9–66.6 kcalmol� 1). In fact, our results indicate that the low–
spin singlet (Pt2X-s) is the only electronic state energetically
accessible (singlet–triplet energy gap of +14.2, +12.5 or
+9.9 kcalmol� 1 for X=Si, Ge or Sn, respectively). Noteworthy, in
these doped nanoclusters we do not observe any stabilization
arising from the spin polarization (i. e. there is no energetic
difference between considering restricted or unrestricted wave-
functions in the optimization). In addition, a charge transfer
from the dopant X to the Pt2 fragment is observed, resulting in
an increase of the natural NBO charge of Pt atoms (phenomen-
on that has been related to a higher catalytic activity).[12e]

On the other hand, P and Al present a different electronic
structure as a consequence of the uneven number of electrons
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in the phosphorus and aluminium atoms. Pt2P shows a doublet
ground spin state with a high SOMO-LUMO gap
(+65.5 kcalmol� 1), where the unpaired electron is mostly
delocalized on the two Pt atoms. Moreover, we have observed
an energy gap of +9.7 kcalmol� 1 between the doublet low–
spin and the quadruplet high–spin electronic states. In the Pt2Al
nanocluster, the computed SOMO-LUMO gap is lower than any
other monodoped complexes (+42.2 kcalmol� 1), and the un-
paired electron is mainly located on the Al atom. In this case,
the computed energy gap between the doublet low–spin and
the quadruplet high–spin electronic states is of +4.0 kcalmol� 1.
This could facilitate the participation of Al and/or high–spin
states in the C� H activation process, contrary to all other doped
nanoclusters studied. Evaluation of the spin density in these
compounds reveals electronic differences between Pt2P and
Pt2Al. In the latter, the unpaired electron is mainly delocalized
on the Pt atoms, whereas in the former, the electron delocalizes
in the complete structure.

In view of these results it could be hypothesized a different
reactivity of Pt3 and Group–14 Pt2X doped nanoclusters in
ethane/ethylene dehydrogenation reaction due to the existence
of stable high–spin states in pure Pt, not accessible in the
bimetallic compositions. Moreover, the existence of unpaired
electrons in the ground state of Pt2P and Pt2Al might also have
a significant effect on the dehydrogenation reaction profiles.

2.2. Ethane Dehydrogenation Catalyzed by Pt3 and Pt2X
Nanoclusters

Once the electronic differences between Pt3 and Pt2X (X=Si, Ge,
Sn, P and Al) nanoclusters were identified, we proceed to
evaluate their activity on ethane dehydrogenation. The activa-
tion energies associated with the less energetic C� H activation
processes are collected in Figures 2, 3 and 4 (see Supporting
information for complete reaction profiles including H–rear-
rangements between intermediates).

At the initial stages of the reaction, in the monometallic
cluster we observed an energetically favoured coordination of
one or two sigma C� H bonds of ethane to only one of the Pt
atoms of the cluster resulting in a bond elongation of c.a.
0.06 Å, and a stabilization of 4–5 kcalmol� 1 with respect to
isolated Pt3 and ethane moieties. Surprisingly, the coordination
of ethane to Pt3 implies a modification in the singlet–triplet
relative energy of the formed reactive complexes where high–
spin triplet state 1a-t is ca. +1.5 kcalmol� 1 more stable than its
low–spin singlet analogous 1a-s, despite uncoordinated Pt3-s
being slightly more stable than Pt3-t (see above). Moreover,
analysis of the first C� H bond activation shows that the triplet
state is more reactive (larger C� H bond elongation) than the
singlet one. This is reflected by a lower Gibbs activation energy
of the former (TS1a-t is ca. 1 kcalmol� 1 less energetic than
TS1a-s) in agreement with the results, obtained for Pt3 propane

Figure 1. MO diagram and energy gap (in kcal mol� 1) between frontier orbitals of ground state Pt3 and Pt2X (X=Si, Ge, Sn, P and Al) computed at PBE0-GD3/
TZ2P level of theory. Spin density plot of Pt2P and Pt2Al (isovalue=0.0004) and NBO charge transfer from dopant X to the Pt diatomic units are also included.
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dehydrogenation reported by Ge et al.[12d] In fact, this step is
exothermic only in the triplet state (relative reaction Gibbs free
energies of � 3.6 kcalmol� 1 and +0.9 kcalmol� 1 of INT1a-t and
INT1a-s, respectively). Our calculations show that transition
structures associated with the C� C breaking process lies ca.
+25 kcalmol� 1 above TS1a-t (see Supporting Information),
therefore these reaction paths were not further explored.

Once the first C� H bond is broken and the Pt� C and Pt� H
bonds are formed, two possible mechanisms can be postulated
independently of the electronic state of the catalyst: ˊ-
coordination and di-ů-coordination channels. In the ˊ-coordina-
tion channel the second C� H bond breaking process is
associated with the development of the double C� C bond as
reflected by the C� C bond distance shortening and the
formation of the characteristic planar structure of ethylene.

Within this channel, the C� Pt bonding mechanism has been
described by Raybaud et al.[31] as the donation from the ˊ-
orbital of ethylene to an empty orbital of one Pt atom with
electron back donation from the metal to the antibonding ˊ*-
orbital (namely (C=C)� Pt ˊ-bond). On contrary, within the di-ů-
coordination the second C� H bond breaking process is not
related to the formation of the C� C double bond. In this latter
case, the carbon atoms remains pyramidalized (characteristic of
a sp3 hybridization) and each C atom is bonded to a different Pt
atom via C� Pt ů-bonds. This di-ů-bonded configuration has
been proposed to be a key intermediate in ethylene
reactivity[12b,32] catalyzed by metals (vide infra) and is character-
ized by shorter C� Pt distances than the analogous ˊ-bonded
complexes (i. e. 0.10 Å shorter distances in 2a-s/t-di-ů compared
to 2a-s/t-ˊ).

Figure 2. Reaction profiles associated with the dehydrogenation reaction of ethane catalyzed by Pt3 computed at PBE0-GD3/TZVP & LANL2DZ level of theory.
Relative Gibbs energies, (considering the initial nanocluster–ethane complexes as reference), and activation Gibbs energies (considering stationary points
directly connected by IRC), are in kcal mol� 1. Distances are in Å. Profiles considering high–spin Pt3 are depicted in blue.
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Overall, exploration of low–spin and high–spin states
reactivity show that both coordination channels are energeti-
cally feasible, thus forming the 2a-s/t-ˊ and 2a-s/t-di-ů
products (see Supplementary Information). Remarkably, the
low–spin ˊ-coordination channel shows an activation barrier
associated with the second C� H bond breaking process ca. 2–
3 kcalmol� 1 lower than the first activation, in agreement with
the reports of Vlachos et al.[33] for extended Pt(111) and Pt(211)
systems. It is worth to mention that the activation barriers
associated with ˊ-coordination channel are ca. 5–8 kcalmol� 1

less energetic than its di-ů-analogous (TS2a-s/t-ˊ compared to
TS2a-s/t-di-ů in Figure 2). Thus, on Pt3 the first dehydrogenation
step of ethane will proceed similarly, regardless of the spin state
and coordination mode. The second dehydrogenation event,
however, will proceed with a significantly smaller barrier in the
Pt3 triplet state.

When considering the Group 14–Pt2X doped nanoclusters
(X=Si, Ge, and Sn, Figure 3) as catalyst the scenario is somehow
simpler. On one hand, only the singlet electronic state is
energetically available. In fact, the analogous triplet spin

transition state TS1b-d-t lies about 30–40 kcalmol� 1 above
TS1b-d-t, and therefore the reactivity of the Pt2X-t (X=Si, Ge,
and Sn) nanoclusters was not further discussed (see Table 1 and
Supplementary Information). On the other hand, all attempts to
obtain transition structures associated with the di-ů-coordina-
tion channel evolve to the ˊ-coordination ones in just few
optimization steps.

When adsorbing ethane on Pt2X (X=Si, Ge, and Sn),
analogously to the Pt3 case, we observed an energetically
favoured coordination of one sigma C� H bond of ethane to one
of the Pt atoms (stabilization of ca. 4 kcalmol� 1) associated with
a C� H bond elongation. The Gibbs activation barrier associated
with the first dehydrogenation event is only ca. 5 kcalmol� 1,
very similar to Pt3, and slightly decreases when going from Si to
Ge and Sn. Once the INT1b–d-s is formed, the second C� H
bond activation can only proceed through the ˊ-coordination
channel to form the 2b–d-s-ˊ. Contrary to the Pt3-s case, the
rate-limiting step is the second dehydrogenation, which needs
to surmount a barrier of ca. 14 kcalmol� 1. Within this set of
dopants, Sn is the one that would provide better performance,

Figure 3. Less energetic reaction profiles associated with the dehydrogenation reaction of ethane catalyzed by Pt2X (A) X=Si, (B) X=Ge, (C) X=Sn nanoclusters
computed at PBE0-GD3/TZVP & LANL2DZ level of theory. See caption of Figure 2 for further details.
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as reflected by the lower activation barriers associated with
both C� H activation steps.

Despite the different electronic structure of Pt2P and Pt2Al
compared to the other monodoped nanoclusters (i. e. having an
unpaired electron in the electronic ground state), the energetic
profiles computed are quite similar to those obtained for the
other Pt2X clusters. In fact only low-spin states of ethane–
nanocatalysts complexes are energetically available (1e/f-q ca.
18 kcalmol� 1 more energetic than 1e/f-d analogues), even
though the high-spin state of isolated Pt2Al being
+4.0 kcalmol� 1 higher in energy than the ground state (vide
supra).

For Pt2P, after the initial activation of the first C� H bond,
INT1e-d can only proceed through the ˊ-coordination channel
to form the 2e-d-ˊ complex, being this latter step the one with
the highest activation barrier. Noteworthy, due to the above
mentioned open shell nature of the nanocluster, the
phosphorus atom participates in the bonding between the first
hydrogen atom and the nanocluster, contrary to the previously
described cases, as reflected by the short P� H distance in
INT1e-d (1.63 Å, ca. 0.19 Å longer than the P� H bond distance

found in phosphines). Analogously, similar profiles were
obtained for Pt2Al nanocluster. In this case, despite the fact that
the SOMO orbital is mainly located on Al, the first C� H bond
activation is related to an initial coordination to Pt. In fact, the
transition structure associated with dehydrogenation directly
involving Al (TS1f’-d in the Supporting Information) is
+31 kcalmol� 1 above TS1f-d.

Remarkably, for Pt2Al it was possible to locate the TS2f-d-di-
ů state, associated with the di-ů-coordination channel. However,
the high activation barrier computed for that step makes this
channel not energetically feasible compared to the ˊ-coordina-
tion channel.

In general, our calculations suggest that Pt3 and Pt2X (X=Si,
Ge, Sn, P and Al) nanocatalysts would be effective catalysts for
ethane dehydrogenation reaction to generate ethylene, despite
the activation barrier associated with the second dehydration
step being slightly higher for Pt2X cases than for monometallic
Pt3. Remarkably, the existence of open–shell low–spin catalysts
does not affect significantly the reaction profiles.

Figure 4. Less energetic reaction profiles associated with the dehydrogenation reaction of ethane catalyzed by Pt2X (A) X=P (B) X=Al nanoclusters computed
at PBE0-GD3/TZVP & LANL2DZ level of theory. See caption of Figure 2 for further details.
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