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Consecutive adsorption of ethylene molecules on different nanoclusters, as representatives of the active sites of NIMCM-41 catalyst,
was investigated through studying the structural, topological, and energetic properties at the B3LYP/6-311+G* and M06/Def2-TZVP

levels of theory. The dimeric adsorption of the ethylene molecules was found to be exothermic on all sites (adsorption enthalpies

ranging from -54.7 to -13.1 kcal mol™' at M06/Def2-TZVP) with the most favorable adsorption on 2T while being non-spontaneous on

ST sites. The © complexation led to the positive total charge on the adsorptive molecules, lengthening the Ni-O and C=C distances,

and reducing the O-Ni-O angles, with the smallest changes on 2T and the largest alterations on 4T and 5T. The QTAIM analysis

revealed closed-shell interactions between the nickel ion and the olefinic bond. The calculated HOMO-LUMO gaps were attributed
to the highest and lowest reactivities of the adsorption complexes formed on 2T and 5T (4.22 and 3.11 eV at B3LYP/6-311+G¥*),

respectively. The results presented highlighted the importance of a systematic study on adsorption steps on different active sites of

transition metal catalysts.
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INTRODUCTION

Light olefins (ethylene, propylene, and butene), being
industrially produced by steam cracking [1-4], catalytic
cracking [5-6], and dehydrogenation [7-9], constitute the
main building blocks for the polymer and petrochemical
industries. The demand for short-chain (C4-C8) linear alpha
olefins is currently growing faster than that for larger
alkenes (C10+) [10-11]. This makes the interconversion
technologies quite necessary to bridge the gap between the
supply and demand [12-14]. On the other hand, nickel-
incorporated materials are deemed as well-known catalysts
for effective dimerization [15] or oligomerization [16] of
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olefins. That is why a lot of research is still being performed
on these catalysts. The large ordered channels of MCM-41
have shown highly efficient for oligomerization of ethylene
on the internally exchanged nickel ions [17]. The same
pathway most possibly relates to the gas-phase
transformation of ethylene to propylene over Ni-MCM-41
catalysts [18], which is postulated to commence from a
dimerization reaction. Layered nickel-silicate species [19]
and three-coordinated Ni** cations at the 5-membered rings
of phyllosilicate walls of NiMCM-41 [20] have been
proposed to be the active sites of the reaction.

The metallacycle mechanism is one of the accepted
the dimerization and

reaction cycles suggested for

oligomerization of ethylene over nickel-incorporated
catalysts [15]. This is a rational mechanism taking into

account that the these catalysts do not need any co-catalyst
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to form the activating metal-alkyl species as normally
required in homogeneous catalysis [21]. The formation of
the active species from a pre-catalyst in these materials is an
interesting yet less understood subject. Molecular
simulation is an ideal means to address such challenge [9,
16,22-25]. To the best of our knowledge, very scant
attention has been paid so far to obtain molecular insights
into the above-mentioned system. There exist several
theoretical reports on the interactions of Ni** with models of
aluminosilicates [21], none of them concerns to the MCM-
41 material. Recently, the molecular heterogeneities of the
digrafted Ni*" moieties exchanged into the defect models of
MCM-41 were investigated computationally [26] where the
ring (2MR)

structures were concluded to be the least and the most

2-membered and S5MR nickel-siloxane
favorable sites to form, respectively. There is still ample
room for making progress in mechanistic understanding,
however. More specifically, no theoretical studies dealing
with the adsorption stage of the reactions and the molecular-
level interactions at the local surface heterogeneities of the
nickel sites in MCM-41 catalysts through m complexation
have been implemented or, at least, reported in the
literature. This paper is then the first demonstration of the
relative adsorption properties of one or two molecules of
ethylene over different nanoclusters of the NIMCM-41 pre-
density functional theory (DFT)

catalyst within

framework.

a

COMPUTATIONAL METHOD

Two molecules of ethylene were adsorbed consecutively
on the pre-optimized clusters of NIMCM-41. A two-step
optimization procedure was then employed. First, the
adsorption sites of the NIMCM-41
followed by the
molecule (s) implemented by relaxing the organic part,

pre-catalyst were
optimized, adsorption of ethylene
the nickel ion, and the nearest interacting oxygen atoms
to include plausible effects on the skeletal vibrations due
to the adsorption. The details of the computations for
obtaining the nano-cluster geometries of the active sites can
be found elsewhere [26]. For short, the cluster modeling
approach applied in several previous studies [16,27] was
adopted in which all of the broken bonds at the boundaries
of the silicate molecular clusters were terminated by
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hydrogen atoms placed in the same direction as would be
observed in a perfect crystal for the next silicon atom
removed from the cluster. The size of the final NIMCM-41
clusters ranged from a 2T to a 6T unit. The corresponding
adsorbed structures are referred to herein as MxT or DxT
clusters in which x refers to the number of T atoms and M
or D signifies the monomeric or dimeric adsorption of
ethylene on the investigated sites.

The adsorption geometries were optimized using the
two hybrid functionals of B3LYP [28] and MO06 [29],
respectively, coupled with the 6-31+G* [30] and Def2-
TZVP [31] basis sets. These methods are known to yield
reliable data for both oxides and metal clusters; e.g.,
transition metal-exchanged materials [9,32-33]. Frequency
calculations were implemented using the B3LYP/6-
311+G* [34] MO06/Def2-TZVP  methods,
respectively. The atomic charges were estimated through
the natural bond orbital (NBO) calculations. The enthalpy
(AH,s), entropy (AS.gs) and free energy (AGas) changes

and

upon adsorption were calculated for the following

reactions:

[0,Si]-0:Ni + C,H, — [0,Si]-0,Ni...C,H, (1)
[0,Si]-O:Ni...C,H, + C,H, — [0,Si]-
O:Ni...2(C,Hs) ©)

The calculations of NBO population and the quantum

theory of atoms in molecules (QTAIM) were
implemented at the two levels of theory used for the
frequency calculation. For the sake of brevity,
hereinafter, the two methods (B3LYP/6-311+G*//

B3LYP/6-31+G* and M06/Def2-TZVP) will be referred
as L1 and L2, respectively. The computations were
conducted using NWChem 6.5 [35] and Multiwfn 3.3.8
[36]. Finally, the graphical outputs were generated by the
molecular visualization program Mercury 3.3 [37].

RESULTS AND DISCUSSION

The optimized adsorption structures at the L2 level of
theory are shown in Fig. 1. As illustrated, ethylene could
be stabilized through #*(C=C) adsorption on all
active sites in both monomeric and dimeric states as also
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M2T M3T MA4T

MS5T M6T1 M6T12

MG6ET3

Fig. 1. The optimized geometries of the adsorption complexes on the active sites of NIMCM-41 where the
darker (red) spheres represent the framework oxygen atoms, the plain (yellow) bigger balls are silicon
atoms, the plain grey spheres represent carbon atoms, and the small white balls are terminal hydrogen
atoms. The largest (green) ball represents nickel. Please refer to the online version for references to color.
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Fig. 1. Continued.
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Table 1. The Enthalpy (kcal mol"), Entropy (cal mol”' K™'), and Gibbs Free Energy (kcal mol ™)
Changes upon Adsorption at L1 and L2 (Please See the Corresponding Reactions and

Definitions in the Text) at 298 K

AH,gs ASas AGags

Cluster L1 L2 L1 L2 L1 L2

M2T -284 -324 -39.0 -38.5 -16.8 -209
M3T -21.1 -24.6 -39.2 -40.3 94 -12.6
M4T -31.0 -35.7 -38.1 -42.6 -19.6 -23.0
MS5ST -29.6 -324 -44.8 -38.3 -16.2 -21.0
M6T1 -17.4 -23.9 -319 -494 -7.8 9.2
M6T2 -20.9 -25.7 -43.9 -40.9 -7.8 -13.5
M6T3 -204 272 -42.3 -51.6 -7.8 -11.8
D2T -43.4 -54.7 -78.5 -78.9 -20.0 -31.2
D3T -27.5 -39.2 -79.8 -87.2 -3.7 -13.2
DAT -17.9 -24.8 -75.3 -76.7 4.6 -1.9
D5T -8.0 -13.1 -76.4 -74.0 14.7 9.0

D6T1 -20.8 -35.7 -72.7 -86.6 0.8 -9.9
D6T2 -24.6 -399 -82.2 -94.2 -0.1 -11.8
D6T3 -21.8 -40.1 -90.6 -97.5 53 -11.0

evinced by the negative entropy changes (vide infra).

Table 1 contains the enthalpy, entropy, and Gibbs
free energy changes upon adsorption of the first and
second molecules of ethylene over the active sites of the
NiMCM-41 catalyst where the thermodynamic data for
the formation of the DxT sites were obtained by taking
into account the collective changes in Egs. (1) and (2).
Adsorption on all of the sites was accompanied by a
decrease in entropy as expected. As also evident, the
monomeric adsorption of ethylene on all sites was
with  the adsorption
occurring on the 4T cluster sites (-35.7 kcal mol™ at L2)
followed by M5T and M2T, both with the enthalpies
of -32.4 kcal mol'. On the other hand, M6T1 showed
the least exothermicity (-23.9 kcal mol” at L2). The

exothermic most  favorable
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enthalpies might be compared against the theoretically
estimated adsorption energies of -28.7 kcal mol’ on
Ni-SSZ-24 [21].

The same trend was true for the case of free energy
changes such that all of the sites adsorbed the first
ethylene molecule spontaneously. The free energy values
(-23.0 to -9.2 kcal mol™ at L2) were mostly smaller than
the value (-12.9 kcal mol™) predicted theoretically for the
ethylene adsorption on the Ni-SSZ-24 zeolite [21]. More
strictly, the formation of M4T, MST and M2T =
NiMCM-41
thermodynamically than the corresponding complex on a
model Ni-SSZ-24 catalyst. The adsorption of the second
molecule was also found to be exothermic on all sites
except 4T and 5T with both of the methods (compare the

complexes in was more favorable
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enthalpy pairs of the dimeric and monomeric structures
in Table 1). However, the whole process of dimeric
adsorption was exothermic on all of the sites (-54.7 to
-13.1 kcal mol' of enthalpy change at L2). In other
words, the ethylene molecules were chemisorbed on all
sites with the lowest amount of adsorption heat evolved
on 5T. The dimeric adsorption of ethylene was most
favorable on 2T (AGa.s = -31.2 kcal mol” at L2) and
quite non-spontaneous on 5T (AG, = 9.0 kcal mol” at
L2) at of 298 K and
atmospheric pressure. This indicates that the activation of
the pre-catalyst through the dimeric adsorption of
ethylene molecules on 5T sites requires more severe

the adsorption conditions

(e.g.,  high-pressure)  conditions.  Otherwise, the
productivity will be too small at mild conditions on
conceivable  catalysts  containing 5T  structures

predominantly. However, the same properties connote to
the potential for controlling the chain growth during the
oligomerization reactions on such active sites. Overall,
the thermodynamic favorability of the adsorption of one
or two molecules of ethylene over different active sites of
NiMCM-41 followed the sequence of D5ST < DAT <
M6T1 < D6T1 < D6T3 < M6T3 < D6T2 < M3T <D3T <
M6T2 < M2T < MS5T < M4T < D2T as implied from the
Gibbs free energy changes. The two methods gave
almost the same trends, except that L2 predicted more
negative energy values compared to L1 (the free energies
fall within the range of -31.2 to 9.0 kcal mol" with L2
and -20.0 to 14.7 kcal mol” with L1). The vast range of
Gibbs free energies obtained here can be compared
against the magnitude of -5.3 kcal mol' on Ni-SSZ-24
zeolite [21]. Indeed, if comparable, for all of the sites,
except 4T and 5T, a dimeric m adsorption state is more
favorable to form on NiMCM-41 than on Ni-SSZ-24.
Further discussions of the NBO charges, geometrical
features, and QTAIM assessments can be found in the
These highlight
theimportance of studying different active sites when
the catalytic on transition metal
incorporated catalysts.

supporting  information. results

comparing events

CONCLUSIONS

In this study, initial adsorption steps in the reaction
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sequence of ethylene dimerization were investigated using
two density functional theory methods to give comparative
insights into the molecular heterogeneities in the model
NiMCM-41 catalyst. Total of 14 adsorption complexes were
investigated. The adsorption of an ethylene molecule was
found to be spontaneous (with free energy changes of
-23.0 to -9.2 kcal mol" at L2) and exothermic on all sites
with the most favorable adsorption on the 4T rings (-35.7
at L2) followed by S5T. The adsorption
enthalpies in the dimeric mode ranged from -54.7 to

kcal mol’

-13.1 kcal mol’ at L2 and was most favorable on 2T
(AG s -31.2 kcal mol' at L2) and quite non-
spontaneous on 5T (AG.,s = 9.0 kcal mol’ at L2).
Overall, the predictions by two methods were in
agreement with each other in most of the cases; however,
L2 predicted more negative energy values than LI1.
According to the NBO calculations, the total charge of
adsorptive molecules turned into positive values through
changing on average by 0.143 and 0.205 e per molecule
at the L2

adsorption stages, respectively. This minimum charge

level after the monomeric and dimeric
transfer was observed on the 2T sites.

Ethylene adsorption also led to an elongation of the
Ni-O distances, particularly with the dimeric adsorption.
This change was accompanied by some lengthening of
the olefinic bonds as a consequence of m complexation.
The adsorption of the ethylene molecules also led to
reduced O-Ni-O angles (82.5-109.8°), with the smallest
change on 2T and the largest alterations on 4T and 5T.
The QTAIM analysis revealed the electrostatic nature of
the interactions between the nickel ion and the olefinic
bond. In some cases, the nickel-surface interactions also
turned into a closed-shell type. Interestingly, the most
favorable sites of NIMCM-41 to form (5T and 4T), as the
most reactive sites, rendered the lowest favorability for
adsorption of the ethylene molecules and the lowest
reactivity to the subsequent reactions as found by the
HOMO-LUMO gaps and energetic data; the reverse
true for the 2T
underlined the relevance and usefulness of the theoretical
systematic of the steps
different active sites along with the experimental studies

argument was site. These results

investigations reaction on

of transition metal incorporated catalysts.
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