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‡Institute of Nuclear Sciences, Vincǎ, University of Belgrade, P.O. Box 522, 11001 Belgrade, Serbia

*S Supporting Information

ABSTRACT: We performed density functional theory
computations to study the structural and electronic properties
as the basis of ethylene addition activity for [Ni(XC)4]n (X =
Se, S)-extended lattices. We demonstrated that the mecha-
nism of ethylene cycloaddition to a periodic [Ni(SeC)4]n two-
dimensional (2D) network is analogous to that previously
described for [Ni(SC)4]n 2D sheets and similar to the metal
bis(dithiolene) molecular complexes [M(S2C2R2)2] (M = Ni,
Pd, Pt, Co, Cu). These nanosheet materials avoid decom-
position upon olefin addition, which is one of the main
limitations of the molecular metal bis(dithiolene) complexes,
as we find the decomposition processes to be thermodynami-
cally unfavorable. Our calculations also suggest that the
preferred conformation of the [Ni(SeC)4]n bilayer lattice is
parallel displaced, with the Se atoms positioned above the Ni atoms, which is different from the eclipsed conformation found for
[Ni(SC)4]n. We also managed to optimize an adduct of [Ni(SC)4]n in the bilayer form, which exceed the ethylene coverage of
molecular complexes. We calculate that the preferred three-dimensional geometry of the stacked sheets is eclipsed because of
strong van der Waals interactions. Such an arrangement of the sheets indicates that these materials should be highly porous,
pointing to the high capacity for olefin bindings. Indeed, a few moderately stable ethylene adducts have been located. Owing to
their unique structures and chemical reactivity, these newly predicted materials can be potentially developed as electrocatalysts
for olefin purification.

■ INTRODUCTION

Pure olefins represent some of the most important precursors
in the chemical industry, as they are broadly used in the
production of various chemicals such as alcohols, ethers, esters,
acids, and different polymers.1,2 Because they appear as a
mixture with other organic components in the petrochemical
feedstock, especially with paraffins and sulfide contaminants,
the separation and purification of olefins represent pivotal
engineering steps in their preparation. The current approach
for olefin separation relies on cryogenic distillation, which
makes the overall process of olefin production quite
expensive.3 Thus, there is a need to develop alternative/
cheaper methods. Some studies have suggested the application
of transition metals; however, Cu(I) and Ag(I) as olefin
carriers through reversible bindings have found their practical
use limited because of the deactivation caused by common
impurities (H2O, H2S, CO, acetylene, etc.).

4,5

A more promising method was proposed by Wang and
Stiefel, who utilized an electrochemical system based on the
nickel bis(dithiolene) complexes (Ni(S2C2R2)).

6 The advant-
age of these complexes, compared to those previously reported,
is in their inactivity to molecules recognized as common

impurities, which makes them highly selective for olefin
binding. A procedure has been developed that reversibly binds
olefins to nickel dithiolenes under controlled conditions; the
release of olefins is controlled via electrochemical reduction.
Crystallographic characterization revealed that the products of
olefin addition to nickel bis(dithiolene) complexes contain two
Sligand−Colefin bonds.6−10 Therefore, these reactions can be
viewed as a nucleophilic cycloaddition of CC bond to the
bis(dithiolene) complexes.
Our aim here is to predict the structure of an advanced

heterogeneous bis(dithiolene)-like catalyst that could be used
for olefin purification, based on the strategy proposed by Wang
and Stiefel, but with improved characteristics. Many attempts
have been made in order to theoretically anticipate the
structure of metal dithiolenes or analogues, with potential
applications in homogeneous catalysis, based on the previously
described mechanisms of olefin addition.11−19 However, these
homogeneous catalysts would often entail different practical
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limitations, such as the tendency to decompose in the reaction
with olefins, show low olefin-to-metal complex binding ratio
(1:1), as well as practical complexity of the separation
procedure. To avoid such practical disadvantages of metal
dithiolenes as potential homogeneous catalysts, we turn our
attention toward investigating analogous heterogeneous
catalysts.20 In particular, we turn to materials inspired by the
work of Kambe and co-workers, who have recently synthesized
a two-dimensional (2D) material which contains NiS4 motifs
networked with the C6 aromatic units.21 This planar nanosheet
material exhibits an extended π-conjugation over the Ni
bis(dithiolene)/benzene units within the framework of a
hexagonally ordered structure. Considering that similar 2D
materials (atomically thin), such as graphene,22−24 hexagonal
BN sheets,25−28 and analogues, have recently made significant
inroads into various nanotechnologies, it is reasonable to
expect that nickel dithiolene based nanosheet materials will
also capture much attention soon, owing to their unique
electronic and mechanical properties that have been thus far
uncovered.29

From our perspective, the most intriguing feature of this
material is its potential reactivity with olefins that was
predicted in a study based on the density functional theory
(DFT).30 In our previous work, we studied the possible
reaction pathways, using an appropriate hybrid functional
applicable to periodic system (HSE06) for that purpose,
knowing that the pure density functional overstabilizes the
reaction barriers.31 A new low-laying energy pathway for the
olefin addition onto this material was discovered. We also
examined some additional binding motifs from the molecular
system point of view (such as ethylene binding to nickel and
coordinated sulfur), as well as new motifs that are only possible
in 2D arrangements (such as ethylene binding to two sulfur
atoms of adjacent chelate rings of the same C6 unit). This was
the crucial point that revealed the potential efficiency of this
material as a catalyst for olefin purification.31

In the present study, we use the same density functional
(HSE06) in order to investigate the potential reactivity of an
analogous [Ni(SeC)4]n material toward the olefins and to
compare it with the previously calculated energy profiles for
the dithiolene-based π-conjugated nanosheet. We find that
molecular nickel bis(diselenolene) is a promising alternative to
the parent sulfur complex because of its very low barriers and
stability versus the decomposition.
Inspired by a recent study, which revealed that the π-

conjugated 2D [Ni(SC)4]n material may exist in the form of
bilayers rather than in the single-layer form,32 we extended our

investigation to include the bilayer and polylayer [three-
dimensional (3D)] sulfur and selenium-based structures and
examine their capability for ethylene binding. Furthermore,
because of the well-known tendency of nickel bis(dithiolene)
complexes to decompose in the reaction with olefins,10 we
have also theoretically studied the persistence of these
materials against decomposition upon ethylene addition. This
was done based on the model systems that are capable of
reproducing multiple intraligand ethylene additions, by
calculating the appropriate heights of the barriers, and
comparing them to the proposed decomposition scheme for
the molecular system.

■ COMPUTATIONAL DETAILS

We performed all calculations using the Gaussian 09 suite of
programs.33 All DFT calculations were done by employing the
screened hybrid functional HSE06.34−36 This functional has
been chosen mostly because it uses an exact short-range
exchange, avoiding any numerical issues that appear in the
periodic boundary calculations (PBC) with the functional that
includes a long-range exact exchange. In addition, this
functional is advantageous over the pure functional, such as
Perdew−Burke−Ernzerhof,37 because it predicts the heights of
the reaction barriers more accurately. All calculations were
performed as closed shell, which considers nickel atoms in
their singlet spin states. We have also performed the series of
single-point calculations, so as to determine the preferred
arrangement of hypothetical polylayered (3D) structures. For
this purpose, we compared the HSE06-based results with those
obtained by the pure Truhlar’s functional (M06-L).38 All
calculations have been done by utilizing the def2-SVP basis set
(hereafter called DZ),39 which was previously confirmed to
provide the results close to the ones obtained with a larger
basis set def2-TZVPP (within 1 kcal/mol).31 Numerical
vibrational frequencies were calculated in order to confirm
the nature of the intermediates or adducts (no imaginary
frequency) and the transition states (only one imaginary
frequency). The PBC calculations used 20 k points for both
mono- and bilayered [Ni(SC)4]n/[Ni(SeC)4]n structures, with
unit cells that include three nickel atoms, whereas 116 k points
were used for polylayered (3D) structures of the same unit
cells.40

■ RESULTS AND DISCUSSION

We begin our study with the examination of the geometrical
and electronic properties of the 2D nickel bis(diselenolene)-

Figure 1. (a) Optimized structure of the [Ni(SeC)4]n 2D sheet calculated at the HSE06/DZ level of theory. The unit cell is delimited by the
dashed rhombus, whereas the red double arrow gives the large pore size. (b) Space-fill representation of 2D hexagons is drawn using Mercury.41 Ni,
Se, and C atoms are presented as green, orange-brown, and gray spheres, respectively.
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based lattice. The optimization of such a structure yields a
porous cross-linked planar Ni(SeC)4 network, with the Ni−Se
covalent bonds defining the square-planar coordination of the
nickel center (Figure 1). This structure can be viewed as 2D
fused hexagons, with NiSe4 centers as the sides and C6 rings as
the vertices. The optimized lattice parameter of the unit cell
(dashed lines in Figure 1) is 15.26 Å, which is slightly bigger
than the dithiolene-based 2D sheet (14.62 Å).30 This is also
reflected in the increased pore size with respect to the
dithiolene-analogous lattice (12.4 vs 11.9 Å). The values of the
optimized bond lengths of Ni−Se, Se−C, and C−C are 2.256,
1.855, and 1.437 (1.412) Å, respectively.
Ethylene is considered to act as a nucleophile in the

reactions with dithiolene-like complexes, and it donates π-
electrons to the lowest unoccupied molecular orbitals
(LUMOs) of the complexes. It was shown that smaller energy
differences between the LUMOs of the complexes and the
highest occupied molecular orbital (HOMO) of ethylene lead
to the increased binding abilities of the complexes.16 Thus, we
analyze and compare the crystal orbitals of 2D Ni(SeC)4 and
Ni(SC)4 sheets (Figure S1) obtained with periodic calcu-
lations. It turns out that for these two related materials, the
crystal orbitals appear to be similar in energies and in spatial
distributions. The energy differences between the lowest
unoccupied crystal orbital, for sulfur and selenium-based
nanosheets, and the HOMO of ethylene are 3.70 and 3.84
eV, respectively. Thus, one could expect a similar reactivity and
binding ability of these two 2D materials toward the olefins,
based only on the frontier molecular orbitals analysis.
Here, we examine the same binding pattern of ethylene on

the 2D Ni(SeC)4 sheet (Figure 2). According to the calculated

thermodynamics, the ethylene binding species are labeled as
stable adducts (which can be the final products) or
intermediates (which are less stable structures, proposed as
intermediates but not stable enough to constitute the final
products). All the stable adducts refer to the addition of
ethylene onto two selenium atoms (a) of adjacent chelate rings
of the same Ni center (interligand addition, 2); (b) of adjacent
chelate rings of the same C6 unit (intraligand addition, 3d);

and (c) within the same chelate ring (intraligand addition, 3s).
For the adducts 2 and 3d, two related isomers are possible
because of the relative orientation of the C−C bond of
ethylene with respect to the molecular plane [parallel (2, 3d)
vs twisted (2y, 3dy)]. The two intermediates appear as a result
of ethylene coordination to the nickel atoms (4), or binding
across the nickel−selenium bond (5). The calculated
thermodynamic data of various ethylene-bound species for
the [Ni(SeC)4]n nanosheet, as well as for the original sulfur-
based 2D structure, are compiled in Table 1.

For the Ni(SeC)4 sheet system, the thermodynamically most
stable species is the intraligand adduct 3s_Se, which is almost
isoenergetic to the interligand adduct 2_Se (−18.0 vs −17.7
kcal/mol). The adduct 3d_Se is slightly less stable (−16.3 kcal/
mol with respect to the separated reactants, 1_Se and ethylene).
As these three adducts possess very similar stabilities, all can be
considered as the potential thermodynamic products of the
reaction between 1_Se and ethylene. Compared to the planar
products, the formation of twisted isomers 2y_Se and 3dy_Se
would be less exothermic (Table 1). On the other hand, the
4_Se and 5_Se intermediates are considerably less stable, with
the former being slightly endothermic (by 0.7 kcal/mol). By
comparing the relative stabilities of the two thermodynamic
products associated with Ni(SC)4 and Ni(SeC)4 lattices
(hereafter denoted as 1_S and 1_Se), it can be noticed that
the first one is 3.4 kcal/mol more stable than the second one
(2_S vs 3s_Se). Furthermore, all 1_S/ethylene adducts are
slightly more stable than the 1_Se/ethylene adducts (Table 1).
In contrast, the intermediates 4 and 5 are slightly more stable
with 1_Se.
Regarding the kinetics of the process, different pathways

were considered, as depicted in Figure 3. The mechanisms are
labeled mainly as “direct” (when the Se atoms directly bind the
target carbon atoms) and “indirect” (when an intermediate is
formed by ethylene coordination to a Ni atom). As previously
found in the sulfur-bearing (1_S) periodic system, the direct
formation of 2 with a single transition state is possible through
an appropriate transition state TS2. This contrasts with the
molecular system, where the Fan−Hall mechanism through 2y
was proposed, because of the inadequate orbital symmetries.11

Both mechanisms are studied here and appear to be
competitive, with the rate-determining steps of 18.6 (TS2_Se)
and 18.2 kcal/mol (TS2y from 2y_Se). The direct formation of
the intraligand adducts 3s_Se and 3d_Se have significantly lower
barriers, with the activation energies of 6.3 and 5.6 kcal/mol,
respectively.
On the other hand, the indirect mechanism begins with the

coordination of ethylene to a nickel center, to form 4_Se, with
an activation barrier of only 6.0 kcal/mol (Figure 3). A
subsequent rearrangement into the intermediate 5_Se (with a
Ni−Se coordination) is an exothermic (−6.0 kcal/mol) and

Figure 2. Optimized structures of the relevant species calculated at
the HSE06/DZ level. Ni, Se, and C atoms are presented as green,
orange-brown, and gray spheres, respectively.

Table 1. Calculated Thermodynamics (kcal/mol) at the
HSE06/DZ Level for the Ni(SC)4 and Ni(SeC)4 2D
Sheetsa,b

structure 2 2y 3s 3d 3dy 4 5

[Ni(SC)4]n
31 −21.4 −17.9 −18.2 −18.1 −15.2 3.2 −5.0

[Ni(SeC)4]n −17.7 −13.7 −18.0 −16.3 −11.3 0.7 −6.7
aAll energies are relative to the separated reactants, 1 and ethylene.
bNegative sign denoted that a product is more stable than the
reactants.
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very fast process (with a barrier of 1.7 kcal/mol). This
intermediate can isomerize into both 2_Se and 3s_Se adducts, by
overcoming the barriers of 9.6 kcal/mol (TS52) and 12.3 kcal/
mol (TS53), respectively (Figure 3). In this step, there is a low
kinetic selectivity toward the formation of the interligand
adduct 2_Se, with a difference of 2.7 kcal/mol in the barriers.
In summary, the preferred/low energy route is the direct

pathway to the formation of 3d_Se with an overall barrier of 5.6
kcal/mol. In other words, 3d_Se is the kinetic product of the
reaction. However, the direct route to 3s_Se imposes only 0.7
kcal/mol higher barrier (5.6 vs 6.3 kcal/mol), so these
processes are expected to be highly competitive, and a kinetic
selection would be difficult. On the other hand, 3s_Se is the
preferred thermodynamic product of the reaction. The
formation of 2_Se can be considered as noncompetitive,
owing to the much higher rate-determining step barriers of
the three pathways: Fan−Hall (18.2 kcal/mol), direct (18.6
kcal/mol), and indirect (9.6 kcal/mol). However, because of
the low-barrier formation of the stable intermediate 5_Se and its
moderate selectivity toward 3s_Se, the formation of some 2_Se
cannot be ruled out. Therefore, all adducts are accessible,
which would make the product of reaction between 1_Se and
ethylene mixture.
By comparing the reaction profile of 1_Se with the previously

published profile for 1_S, it can be deduced that the two
materials display similar patterns for the reaction with
ethylene.31 This can be viewed through the similar barrier
heights for the formation of respective adducts, as well as
through their similar thermodynamic stabilities. From this
perspective, both 2D materials might be considered as
potential heterogeneous catalysts for olefin purification,
without giving precedence to any. This is the reason why we
keep investigating both materials in the following sections,
presenting the results for 1_Se and 1_S in the main text and in
the Supporting Information, respectively.
In order to estimate the influence of entropy on the ethylene

binding to 1_Se, we employed cluster models and calculated
gas-phase free energies for the most species that constitute the
direct pathway at 298.15 K, within the harmonic potential
approximation at stationary points, keeping the same level of
theory used in PBC calculations (Figure S2a). The estimated
Gibbs free energy changes were then calculated by adding the
corrections (Δcorr) to the enthalpies obtained from the periodic
calculations

Δ = −G E( )corr
gas gas

cluster

It can be seen from the diagram that after the inclusion of
these corrections to account the entropy contributions of
ethylene bindings (∼15 kcal/mol), all adducts are still
stabilized. The kinetic product 3d_Se has almost zero free-
energy change (−0.4 kcal/mol) though, as a consequence of
the compensation between the binding enthalpy and the
entropy loss, whereas the thermodynamic product 3s_Se is 3.5
kcal/mol more stable than the separated reactants. On the
other side, the effect of entropy on the kinetics is slightly less
pronounced (∼13 kcal/mol), but it still considerably
destabilizes the transition states. Nevertheless, the activation
energies are lower than 20 kcal/mol (TS3d and TS3s) and may
be considered as moderated and surmountable even at the
room temperature. Thus, it can be concluded that this material
would display effective olefin binding despite the substantial
entropy loss.
Beside their abilities to bind olefins, these catalysts should

also be capable to release them upon reduction, which is one of
the main requirements for the olefin separation process. It has
been shown that for the analogous molecular systems
(dithiolene-like complexes), the reduction to the anionic
complexes drives the ethylene detachment, which makes the
whole process electrochemically controllable.6 As the inclusion
of charges in PBC is quite a challenging task, we investigated
the reduction of 1_Se/(C2H4) adducts using the cluster models.
Our previous results, considering 1_S, have shown that the
multiple electron addition is needed to make the mono-
ethylene adducts unstable and thereby make the reaction of
ethylene release exothermic.31 Here, we employed similar
clusters as used for the prediction of the entropy effect of
ethylene adsorption, in order to examine the ethylene release
process of 1_Se in detail (Figure S2b). We started with the
saturated cluster up to coverage 1 (5 C2H4 coordinated in 2y
fashion per 5 Ni atoms), gradually removed the ethylene
molecules one by one, and calculated the thermochemistry of
the successive steps. It turns out that the single-electron
reduction is sufficient to make the reaction of the first ethylene
detachment exothermic (eq 1). However, the release of the
second molecule of ethylene would require an injection of two
additional electrons (eq 2). Upon the release of the second
ethylene molecule, successive dissociations of other ethylene
molecules would be performed by spontaneous processes, eqs
3−5 (see also eqs 6−13; Supporting Information). According
to the fact that these clusters contain five nickel centers, and
only three electrons are needed for all ethylene molecules to be
detached, it can be concluded that this catalytic step would be

Figure 3. Energy profiles for the reaction of 1_Se with ethylene via direct and indirect pathways (black plateaus), as well as for the Fan−Hall
mechanism (red plateaus), calculated at the HSE06/DZ level.
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more cost-effective compared to the molecular systems (1 e−

per 1 Ni). However, it should be noted that these results were
obtained using the small cluster systems, and more accurate
predictions may be achieved by employing the bigger clusters.

[ ] → [ ] +

Δ = −

− −

H

2y (C H ) 2y (C H ) C H

2.4 kcal/mol
SC 2 4 5 SC 2 4 4 2 4

(1)

[ ] → [ ] +

Δ = −

− −

H

2y (C H ) 2y (C H ) C H

10.7 kcal/mol
SC 2 4 4

3
SC 2 4 3

3
2 4

(2)

[ ] → [ ] +

Δ = −

− −

H

2y (C H ) 2y (C H ) C H

12.5 kcal/mol
SC 2 4 3

3
SC 2 4 2

3
2 4

(3)

[ ] → [ ] +

Δ = −

− −

H

2y (C H ) 2y (C H ) C H

4.1 kcal/mol
SC 2 4 2

3
SC 2 4

3
2 4

(4)

[ ] → [ ] +

Δ = −

− −

H

2y (C H ) 2y C H

1.2 kcal/mol
SC 2 4

3
SC

3
2 4

(5)

We also theoretically predicted the standard redox potentials
needed to reduce the [2ySC(C2H4)5] adduct and compared it
with the experimentally measured reduction potentials of some
related dithiolene complexes. The calculations were carried out
in solution, using a solvation model based on density, on the
basis of Born−Haber cycle42 to approximate the experimental
conditions reported for the corresponding nickel bis-
(dithiolene)/olefin systems.43 The calculated E0 for the half
reaction [2ySC(C2H4)5] + e− → [2ySC(C2H4)5]

− is −1.48 V
with respect to Fc/Fc+, which is very close to the
experimentally determined value for the [Ni(S2C2(CF3)2)2]
(norbornene)/(norbornadiene) systems (−1.32 V).43 The E0

values for the half reactions that refer to the addition of second
and third electrons are −1.68 and −2.49 V, respectively. These
results show that the electrochemical steps of reduction cost a
similar amount of energy as those for dithiolene complexes,
although this should be taken with caution, considering the fact
that the 2D material was approximated with a cluster model.
As it was already mentioned in the Introduction section, one

of the practical limitations for the usage of certain catalysts for
olefin purification is their poisoning by common impurities
(H2O, H2S, CO, and C2H2). One would expect that the
molecules which possess an electron-rich center, such as CO
and C2H2, should also exhibit strong binding activities to these
surfaces. To this end, we studied the tendencies of these two
molecules to interact with 1_Se. It turns out that carbon
monoxide is not able to form any adducts with this surface
because every attempt to optimize any CO-bounded species
led to the complete detachment of the CO molecule. In
contrast, our results have indicated that acetylene would
interact strongly with 1_Se, by forming adducts that are even
more stabilized as compared to the analogous 3d_Se and 3s_Se
species (Figure S3). However, we have also found that the
activation barriers for acetylene adsorption appear to be about
4 kcal/mol higher in energy than the analogous barriers for the
ethylene approach (Figure S3). Therefore, a selective olefin
binding to these catalysts might be achieved under well-
controlled reaction conditions.
Decomposition Model. In molecular systems, the result

of intraligand addition of an olefin onto the nickel

bis(dithiolene) complexes (adduct 3) undergoes a decom-
position into a heterocyclic ethylene-dithiolene adduct (DHD,
i.e. dihydro-1,4-dithiine), and a series of metal-containing
species (MD).10 As the main products of the reaction between
1_Se and ethylene are intraligand adducts 3s_Se and 3d_Se, it is
of great importance to examine the probability of DHD-related
fragments to detach from the lattice, which would lead to the
damage to the material. The same potential risk exists in the
1_S nanosheet, considering that the related adducts (3s_S and
3d_S) would also be formed in the reaction with ethylene
(Table 1).31 In molecular systems, the selenium-containing
intermediates have shown a higher stability toward decom-
position.18

In the extended lattices, the coordination of one ethylene is
expected not to lead to the detachment of certain segments
from the lattice, which is strengthened by the morphology of
the system. This is also true for the low-coverage approach
studied until now, with one olefin for the three-nickel unit cell
(coverage 1/3). However, when an increased coverage of the
surface is considered, such as triple coordination of ethylene in
the unit cell (coverage 1), it might lead to the decomposition
of the material (Figure 4).

Hence, we first optimized the structure of intraligand
adducts 3s and 3d for both materials, by saturating it with
three ethylene molecules per three-nickel unit cell, to achieve
the coverage of 1 (Figure 5a). Optimized geometries for the
analogous dithiolene species are presented in the Supporting
Information. For 3s coordination, there are two ways of
binding three ethylene molecules to the repeat unit cell, given
the restrictions of having only one ethylene molecule per NiSe4
fragment, and of maintaining the translation symmetry with
the three-ethylene unit cell. In the first case, two ethylene
molecules are attached to the same benzenehexa-selenol(thiol)
unit (BHS), whereas the third ethylene is coordinated to the
adjacent BHS unit (3s_Se_A″, 3s_S_A″ ). In the second case, all
the three ethylene molecules are coordinated to the same BHS
unit (3s_Se_B″ , 3s_S_B″ ), and the adjacent units have none. On the
other side, only one way of triple ethylene binding in a 3d
fashion is considered, which would potentially result in the
decomposition, because the three ethylene molecules surround
one C6 unit (3d_Se″ , 3d_S″ ). The relative stability of 3s_Se_A″ , with
respect to the separated reactants (1_Se and ethylene), is much
higher than the 3s_Se_B″ (−47.0 vs −13.9 kcal/mol), as a
consequence of the higher distortion energy introduced in the
lattice by the third ethylene coordination to the same BHS unit
of latter structure. The same trend was observed for 1_S
nanosheet (Figure S4).

Figure 4. Decomposition scheme of the triple ethylene coordinated
1_Se. Ni, Se, and C atoms are presented as green, orange-brown, and
gray spheres, respectively.
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For the metal bis(dithiolene)-like complexes, it is believed
that the first step of the decomposition process is the de-
coordination of one of the dithiolene ligand with attached
olefin from the metal center, which results in an unsaturated
metal monomer (MM) and the cyclic product (DHD). The
relative stability of this species can be used to estimate the
feasibility of the decomposition process. However, the use of
an unsaturated MM is not a good approximation of the overall
thermochemistry of the process, which is driven by the
formation of metal aggregates. The energy of the initial step
(to form the monomer) is thus used as an estimate of the
kinetics of the mechanism, as it describes the energy of an
unstable intermediate step. In a similar way, the initial products
can be described for the 2D extended materials. The 3s_Se(S)_A″
might decompose forming both dimetallic (DMP) and
monometallic (MMP) species, whereas 3s_Se(S)_B″ and 3d_Se(S)″
might both decompose through the three-metallic species
(TMP), and benzenehexa-selenol(thiol) capped with three
ethylene molecules (BHS_Et) (Figure 5b). Considering the
stabilities of these intermediate products, which govern the
thermodynamic “barriers” for decomposition, it was shown
that for each of them, the most stable form is the one with high
multiplicity, describing two unpaired electrons for each
unsaturated metal. This indicates that the MMP, DMP, and
TMP species are most stable in their triplet, quintet, and septet
states, respectively (Table S1).

The calculated energy profiles for the model decomposition
process of 3s″ and 3d″ for both (1_Se and 1_S) nanosheets are
compared with the related decomposition profiles for intra-
ligand adduct 3 of the original nickel bis(dithiolene) complex
(Figure 6). The adducts are much more stable as compared to
the decomposition products in all the three 2D sheets, which
make the relative barriers for the decomposition significantly
higher with respect to the original complex (Ni(tfd)2).
According to this simplified decomposition model, the
predicted thermodynamic costs are in the range from 91.8 to
135.2 kcal/mol and from 110.2 to 141.5 kcal/mol for 1_S and
1_Se, respectively. On the other hand, the same simplified
model appears to be much more favorable (35.1 kcal/mol) as
calculated at the same level of theory in a Ni complex that is
experimentally known to decompose (Figure 6c).10 Thus, it
can be concluded that both nanosheet materials would not
decompose in reaction with olefins, avoiding a central problem
with the original nickel-based complex.

Bilayer Structures. According to a previous DFT study,
the Ni bis(dithiolene)-based 2D sheet (1_S) exists as a bilayer
structure rather than in the single-layer form.32 Furthermore,
the same reference also indicated that the most stable
configuration is the eclipsed one, owing to the strongest van
der Waals attraction, as a result of the maximal overlapping of
the two molecular slabs. Such a structure has the biggest
possible pores, defined by the molecular architecture of the

Figure 5. (a) Optimized geometries of triple-coordination intraligand products, calculated at the HSE06/DZ level. Relative stabilities with respect
to the separated reactants (1_Se + 3 molecules of ethylene) are given in brackets. (b) Plausible decomposition species. Ni, Se, and C atoms are
presented as green, orange-brown, and gray spheres, respectively.

Figure 6. Energy surfaces for the model decomposition process of intraligand adducts for 1_S (a) and 1_Se (b) 2D sheets, as well as for the original
nickel bis(dithiolene) complex (Ni(tfd)2) (c), computed at the HSE06/DZ level of theory. All reported species are in their most stable form.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b05707
J. Phys. Chem. C 2018, 122, 22424−22434

22429

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b05707/suppl_file/jp8b05707_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b05707


individual nanosheet, which would be advantageous for
utilizing this material. Hence, we optimized the bilayer
structures for both lattices (1_Se and 1_S) in their eclipse
conformations and examined their abilities for the ethylene
binding (Figures 7 and S5). However, unlike the 1_S bilayer

structure, the two 1_Se nanosheets are not arranged in a
perfectly eclipsed conformation, but in a slightly displaced one,
with close nickel−selenium contacts settled at a distance of
2.50 Å (Figure 7).
As the double-layer PBC unit cell consists of six nickel

atoms, six ethylene molecules were included to achieve the
maximum coverage of molecular and monolayer systems (1
Et/1 Ni). First, we examine the new ethylene binding modes
that are enabled by the arrangement of bilayer structures,
precisely those in which the ethylene molecules connect two
stacked molecular sheets (6) (Figures 7 and S5).
There is a considerable rise in the stability of such structures

by the increase of saturation with ethylene molecules per unit
cell (Table 2). The attachment of two ethylene molecules to a
double-layered unit cell, which corresponds to the coverage of
1/3, would yield to adduct 6_Se that is 25.3 kcal/mol more

stable as compared to the separated reactants. Further
saturation with ethylene molecules, up to coverage 1, would
enormously increase the stabilization of adduct 6_Se″ (−121.1
kcal/mol). In this structure, there are six ethylene molecules
coordinated per unit cell that adjust the distance between the
two molecular slabs, which are no longer in close contact (the
average distance is about 5 Å). Hence, the energy contribution
from the ethylene binding wins over the stabilization by
stacking of the 1_Se_bilayer structure. As is usual, we failed to
optimize any structure which exceeds coverage 1 (with more
ethylene molecules than nickel atoms) for the 1_Se_bilayer. On
the other hand, we succeeded in optimizing one structure that
exceeds coverage 1 for the 1_S_bilayer, with eight ethylene
molecules coordinated per unit cell (Figure S5; 6_S‴), but it is
unstable when compared to the adduct 6_S″ with coverage 1
(Table 2). The two additional ethylene molecules were added
along the nickel−sulfur bonds on different sides of the two
sheet planes, with a very distorted geometry around the Ni
coordination center of one sheet (breaking the Ni−S bond).
Because of the variety of binding modes possible in a bilayer

structure, we did not examine all of them in detail. We discuss
here only the twisted adducts (2y, 3dy) because it turns out
that the parallel adducts 2 and 3d are less thermodynamically
stable in the multilayer structure because of the steric clashing
of coordinated ethylene molecules of the lower layer with the
molecular plane of the upper layer. For the same reason, the
binding motif 3s is not considered for the multilayer
calculations. The structures with two coordinated ethylene
molecules, that is, one per each sheet (coverage = 1/3), are all
stable, with the binding energies ranging from 20 to 33 kcal/
mol for 1_Se_bilayer and from 38.3 to 47.5 kcal/mol for 1_S_bilayer
(Table 2). These products display different stabilities,
depending on the position of the ethylene binding. In order
to describe different products in a systematic way, we used a
specific name convention. Thus, here 2y_2y_A refers to the
structure in which there is one ethylene molecule bound to
each molecular sheet, both in the twisted arrangement 2y, and
coordinated on the opposite sides of the two stacked chelates.
In contrast, the subscript “_B” denotes that the coordination is
on the same side of the stacked chelates (e.g., 2y_2y_B as
shown in Figure S5). The notation 2y_2y″denotes the
structures with the coverage equivalent to the molecular
system (1 Et/1 Ni) with energies of −59.3 and −87.0 kcal/mol
for the selenium and sulfur bilayer structures, respectively.
Unlike 1_S_bilayer adducts, which all have eclipse structure, some
of the 1_Se_bilayer adducts (2y_2y_B, 3dy_3dy_B) have of fset
slipped-parallel arrangement of the molecular slabs, which is
reflected in the lower stability, owing to the decreased
overlapping of the two sheets, and thereby to reduced van
der Waals interactions. Nevertheless, taking everything into
account, it can be concluded that both π-conjugated 2D
materials ([Ni(SC)4]n and [Ni(SeC)4]n), in their bilayer form,
are potential heterogeneous catalysts for olefin separation. The
data indicate that the efficiency of these materials for olefin
bindings is at least the same as for the molecular complexes.

3D Structures. In the previous sections, we considered the
attachment of ethylene molecules to the mono- and bilayer
[Ni(XC)4]n (X = S, Se) nanosheets. In this section, we
consider novel 3D structures of infinitely stacked nickel
dithiolene and diselenolene-based nanosheets, as well as their
abilities for ethylene binding. Note that these 3D systems have
not appeared in previous works. Despite not being
experimentally confirmed, the existence of these motifs as

Figure 7. Structure of the bilayer nanosheet (1_Se_bilayer) as well as the
selected ethylene adducts, all optimized at the HSE06/DZ level.

Table 2. Calculated Thermodynamics (kcal/mol) at the
HSE06/DZ Level for the 1_Se_bilayer and 1_S_bilayer Ethylene
Adducts with Different Coverage

coverage 1_Se_bilayer 1_S_bilayer

6 1/3 −25.3 −49.6
6′ 2/3 −50.6 −76.9
6″ 1 −121.1 −103.1
6‴ 4/3 a −74.8
2y_2y_A 1/3 −31.4 −38.6
2y_2y_B 1/3 −25.2 −39.6
2y_2y″ 1 −59.3 −87.0
2y_3dy 1/3 −21.4 −40.1
3dy_3dy_A 1/3 −32.9 −38.3
3dy_3dy_B 1/3 −20.0 −47.5

aWe failed to optimize the adduct 6_Se‴.
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polylayer 3D forms will be relevant in the practical application
of these materials, and thus, it is of interest to examine the
ability of such 3D structures to bind olefins. First, we tried to
predict the most stable configuration of [Ni(XC)4]n polylayer
materials, in terms of the relative position of stacked slabs.
Thus, we investigated the changes of overall energies with
respect to the shift between the layers. Namely, series of single
point calculations have been performed, based on the
conformations that we generated, by a gradual increase of
the displacement between the stacked sheets along the

diagonal direction (
÷ ◊÷÷÷÷÷÷÷÷÷÷÷

+a b), starting from the eclipse
conformation (Figure 8a). This direction, defined as the sum

of the two translation vectors, (
÷ ◊÷÷÷÷÷÷÷÷÷÷÷

+a b), corresponds to the
direction connecting the Ni with the center of an adjacent C6
ring. After the eclipsed conformation, in the second
constructed conformation, the sheets were slid by 1.89 Å,
and nickel atoms from one layer are positioned above and
below the centroid of the respective chelate rings (Figure 8b).
Further displacement along the diagonal direction led to the
third conformation in which there is the maximal overlapping
between the chelate and C6 rings (Figure 8c). In the fourth
conformation, the C6 rings from the neighboring sheets are in
the face-to-face conformation (Figure 8d). By increasing the
sliding between the sheets, Ni(SeC)4 fragments from one layer
gradually cover the large pore of another layer. The last
constructed geometry is one with the minimal possible overlay
of the atoms from the stacked molecular slabs. In this
conformation, Ni(Se2C6)2 as well as Ni(S2C6)2 fragments from
one sheet are almost perfectly positioned above the large pore
of adjacent sheets, and such an arrangement of the molecular
slabs would yield a structure with the smallest possible
apertures (Figure 8e).
Figure 9 shows the relative electronic energies of the

examined conformations with respect to the starting geometry

(eclipsed), plotted versus the displacement along the
÷ ◊÷÷÷÷÷÷÷÷÷÷÷

+a b
vector (Å), for the [Ni(SC)4]n and [Ni(SeC)4]n 3D structures.
Any sliding along the diagonal direction leads to less stable
structures, as compared to the eclipsed geometry. The first two
conformations are the most unfavorable, with relative energies
that are 50.2 and 53.1 kcal/mol higher than the eclipsed
conformation for [Ni(SeC)4]n. A further displacement of the
sheets leads to more stable conformations, but significantly
destabilized in comparison with the eclipsed geometry (Figure
9). The same trend is observed for [Ni(SC)4]n sheets, but the
destabilization is smaller. We have also considered the
geometries obtained by displacements along the Ni−Se or
Ni−S bonds, with close nickel−selenium or nickel−sulfur
contacts (Figure S6). Despite being more stable than the

(
÷ ◊÷÷÷÷÷÷÷÷÷÷÷

+a b) slid examples mentioned above, such arrangements of
the layers are also less favorable relative to the eclipsed
conformation (ΔE = 20.3; 9.9 kcal/mol). In order to confirm
that our predictions about the preferred arrangement of the
sheets in the hypothetical 3D network are not an artifact of the
methodology, we performed additional calculations for the
[Ni(SC)4]n 3D system with the M06-L functional, which
implicitly includes dispersion.38 There are significant differ-
ences in the energy/displacement curves obtained with both
functionals, but they are consistent with the fact that the
eclipsed conformation is the most stable geometry for the 3D
materials (Figure S7). These results can be explained by the
maximal possible overlay of the sheets in the eclipsed
interaction, which causes the strongest van der Waals and π-
stacking interactions.
Because of the computational costs associated with the 3D

periodic calculations, only two adducts of diselenolene-based
polylayer sheets were optimized, based on our results in bilayer
calculations. The results indicate that the ethylene binding, in
twisted fashions (2y and 3dy) to the eclipsed [Ni(SeC)4]n,
would yield in unstable adducts, with the relative energies to
the separated reactants of 16.3 and 9.3 kcal/mol, respectively
(Figure 10). On the other hand, the same adducts of the
[Ni(SC)4]n 3D structure are more stable (2y = 0.3 kcal/mol;
3dy = −5.9 kcal/mol, Figure S8), probably because of the
higher flexibility of the dithiolene-based framework. However,
none of these adducts can be considered as stable products, as
these are potential energy calculations and the entropy of
releasing the olefin will probably beat a stabilization of less
than 6 kcal/mol. For [Ni(SC)4]n, different coordination motifs
were explored, looking for a stable product, and two additional
adducts were found (2 and 3d; Figure S8), with higher
thermodynamic stabilities (−12.7 and −6.7 kcal/mol for 2 and
3d, respectively). Hence, the results using this model suggest

Figure 8. Top view of the different conformations of hypothetical 3D Ni(SeC)4 sheets, which were constructed by gradual sliding along the
diagonal direction. (a) Eclipsed, (b−d) intermediate, and (e) maximum displaced structure. Two primitive vectors (a⃗, b⃗), the primitive cell defined

by these vectors, and the diagonal direction along the (
÷ ◊÷÷÷÷÷÷÷÷÷÷÷

+a b) are also presented.

Figure 9. Relative electronic energies with respect to the eclipse
geometries, calculated using the HSE06/DZ level of theory, plotted as
a function of the diagonal displacement between sheets, for the two
hypothetical 3D materials.
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that this 3D material is probably not able to form stable
adducts. Overall, it is difficult to judge whether these 3D
materials could be used as heterogeneous catalysts for olefin
separation. On the other hand, the high porosity of these
materials imposed by an eclipsed architecture may indicate
effective olefin bindings and ease the practical use of these
materials.

■ CONCLUSIONS
In this study, we investigated the structural and electronic
properties and their reactivity toward the ethylene coordina-
tion of 2D and 3D [Ni(XC)4]n (X = Se and S) sheets, using
the first-principles calculations, namely a previously selected
screened hybrid density functional. The optimization of nickel
bis(diselenolene)-based nanosheets reveals that the structure
of porous cross-linked planar Ni(SeC)4 network is similar to
the previously determined structure of dithiolene-based
nanosheets, with slightly larger pore size.
The comparison of reaction profiles of monolayers of

[Ni(SeC)4]n with ethylene indicated that they are similar to
those calculated for the analogous [Ni(SC)4]n, as well as for
the related molecular complexes. The most favorable pathway
is the direct route that leads to the formation of intraligand
adduct 3d_Se (a kinetic product), which has a slightly lower
activation barrier than the thermodynamic product of the
reaction (3s_Se). The comparison with the dithiolene-based 2D
sheet shows that they have the same kinetic product, but the
reaction barrier is lower for Ni(SeC)4 (5.6 vs 8.1 kcal/mol). In
contrast, the thermodynamic products are different (3s_Se vs
2_S), though similar in stability. However, all the species are
accessible because of the similar barrier heights and relative
stabilities, which indicate that the final product of the reaction
would be a lattice with ethylene molecules attached to the
various positions. Therefore, [Ni(SeC)4]n in the single-layer
form might be considered as a potential heterogeneous catalyst
for olefin purification, with a similar performance as the
previously published Ni(SC)4.
One of the main disadvantages of using the original

homogeneous catalyst nickel bis(dithiolene) for olefin
purification is its tendency to decompose in the presence of
olefins. The decomposition is the result of the intraligand
addition of olefins, leading to the formation of unstable
intraligand adducts 3 that release a cyclic organic molecule.
Considering that for the [Ni(XC)4]n sheets the intraligand
adduct is one of the main products of the reaction, we explored
the feasibility of such fragments to detach from the lattice,
which would lead to the damage of materials and limit their
practical use. By comparing the differences in relative stabilities
between the triple ethylene coordinated model (coverage 1)
and the respective dissociating species, with those in the
molecular systems, it can be concluded that the thermody-
namic barriers for decomposition processes would be

extremely high for both lattices (>100 kcal/mol). Thus, it
can be concluded that both monolayer materials are resistant
to decomposition in reactions with olefins, and all adducts are
useful, as well as their various combinations.
Regarding the bilayer structures of these lattices, our

calculations suggest that the conformation of Ni bis-
(dithiolene) sheets is eclipsed, whereas analogous diselenolene
sheets rather exist in displaced conformations, which have
close nickel−selenium contacts. New ethylene binding modes
were proposed for both lattices, in which ethylene molecules
act as linkers between the stacked sheets. Considering
molecular efficiency of these two materials, the data show
that the coordination of ethylene molecules in different
positions is favored up to coverage 1 (the same as in molecular
systems). However, we succeeded in optimizing one adduct of
dithiolene-based bilayer sheets, which surpasses the coverage
of molecular complexes, with a greater number of coordinated
alkenes than nickel atoms. In addition, the weight efficiency of
these materials is higher than the molecular systems, owing to
the much smaller size of the ligand.
Our investigation concerning hypothetical 3D arrangements

of infinitely stacked sheets of these two materials reveals that
the most stable conformation is eclipsed, with a vertical
alignment of the layers, because of the strongest van der Waals
interactions. Such an arrangement of molecular slabs leads to
the highly porous materials, which may contribute to effective
olefin bindings. Indeed, our calculations show that some of the
optimized adducts are quite stable, which might signify the
effectiveness of these polylayer forms as potential heteroge-
neous catalysts for olefin purification.
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