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ABSTRACT

Dinitrogen activation plays an important role in the production of many essential nitrogen based compounds needed for all life. Using density
functional theory together with dispersion correction (DFT+D), the activation of molecular nitrogen with a gas phase Zr dimer and a Zr dimer
loaded Cqy is investigated. The present calculations show that the optimised trans-Zr,N, configuration is planar but this configuration exhibits
a butterfly shape when it is supported by Ceo. Furthermore, it is shown that the activation of dinitrogen is facilitated by the Zr dimer stabilized
by Ceo. Additional calculations are carried out to look at the products of the reactions with H, and a catalytic cycle for the reduction of N; to
NH3 is constructed. Reaction of two molecules of H, with Zr,N» molecule loaded Ceo is exothermic while reaction of only one molecule of
H, with free Zr,N, molecule is exothermic again highlighting the importance of stabilization with Ceo.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5106430

I. INTRODUCTION

Molecular nitrogen (N3) is the most abundant component
of the atmosphere on Earth and is an essential element in the
chemistry of life. Due to its high bond strength (N=N triple
bond length = 109.768 pm and dissociation energy Do = 941.7 kJ
mol’l),1 it is very difficult to oxidize or reduce. Though the inert-
ness of dinitrogen is useful in chemical reactions in the absence
of air and water, a wide variety of reactions are also considered
to dissociate strong N, triple bond for the formation of useful
products.

Dinitrogen activation is an important process in the cleav-
age of the N triple bond. This process is fundamentally impor-
tant for the synthesis of nitrogen-containing molecules essential
for all life. The Haber process” is the principal industrial process
for N, activation. In this successful commercial process, N, reacts
with three equivalents of H, gas over a metal catalyst to yield
ammonia. It is a large scale process with high energy demands and
associated transport costs. Dinitrogen has also been activated by a
class of enzymes called nitrogenases in biological systems,”~ soluble
metal complexes’ * and bare transitional dimers in matrix isolation
experiments.m’12

Matrix (chemically inert substance) isolation technique, a pow-
erful experimental tool to study the reactive species and their inter-
mediates, has been used to activate dinitrogen by reacting bare tran-
sition metal atoms and dimers giving important insight into the
bonding properties and mechanisms."’"'> For example, matrix iso-
lation experiments were used to synthesize and characterize the Ti
dimer at low temperature using noble gas as matrix."’ Complete
cleavage of the strong N=N strong triple bond by the reaction of Ti,
with N in a single step in noble gas matrix was reported by Hans-
Jorg Himmel et al.'>"* The successful cleavage of N, molecule with
Ti, dimer in noble gas matrices led to enormous interest in develop-
ing new catalytically active materials that can stabilize metal atoms
or dimers for dinitrogen activation.

The buckyball structured carbon fullerenes (Ceo) are promis-
ing candidate materials for developing catalytically active materials
as they have outer surface structures with very high mechanical
stability at higher pressures and temperatures.'”'® Considerable
research effort has been carried out on the catalytic activity of
metal or metal clusters absorbed Cgo system.'” ' For example, tita-
nium decorated Cep was considered as an efficient storage media
for hydrogen because of the weak bonding nature between pure Ceo
and hydrogen.” In a previous study,” we proposed the possibility of
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Ti, loaded Cgo as a promising stable system for splitting dinitrogen
molecule.

Experimental reaction between lazer-ablated Zr and N> has
been reported and the resultant structure exhibits a four-membered
cyclic Zr (u-N3) species with Dy, symmetry as observed for Ti;N,.”*
However, there is no report on the stabilisation of Zr dimer
with Ceo and its reactivity with N». In the present study, plane
wave based density functional theory with dispersion correction
(DFT+D) is applied to examine the reactivities of gas phase Zr
dimer and Zr dimer chemisorbed on Cg with molecular nitro-
gen. Additional calculations were carried out to examine the prod-
ucts of the reactions with H, leading to the formation of NHj.
Structural details, reaction energies, a catalytic cycle for reduc-
tion of N, to NH3 with Zr,Cgo as catalyst and relative energies of
the intermediates formed during the reaction N, + 3H, — 2NH3
are reported. Furthermore, the hydrogenated products of the free
Zr;N; molecule and their reaction energies are compared to that
of Zr2N2C60.

Il. COMPUTATIONAL METHODS

The calculations are based on density functional theory. The
VASP code,”””® which performs this calculation solving the standard
Kohn-Sham (KS) equations, was used. The exchange and correlation
term was modelled using the generalized gradient approximation
(GGA) parameterized by Perdew, Burke, and Ernzerhof (PBE).” In
all cases we have used a plane-wave basis set with a cut off value of
500 eV. Structural optimizations were performed in all calculations
using conjugate a gradient algorithm™ until the residual forces were
always smaller than 0.001 eV/A. A single k-point (T') point was used
in all calculations to represent the Brillouin zone due to the large
super cell. Cubic supercells with 25 A were used in all calculations
to ensure that the two adjacent structures do not interact with each
other. The same supercell was used to calculate the energies of Na,
H; and NH3 molecules. Reaction energies were calculated using the
following equation (1)

E; = E(M-Cg) — E(Ce0) — E(M) (1)

where E (Cgo) is the total energy of a pristine Cgo molecule, E
(M-Ceo) is the total energy of a molecule interacting C¢ and E (M)
is the total energy of an isolated molecule.

Here, van der Waals (vdW) interactions were included by using
the pair-wise force field as implemented by Grimme et al.”” in the
VASP package. The efficacy of the pseudopotentials and basis sets
for C were tested and reported in our recent theoretical work.”
The calculated bond distances of gas phase N, and H, were 1.12 A
and 0.75 A respectively. These values agree well with the corre-
sponding experimental values of 1.10 A’' and 0.74 A* indicat-
ing that the efficacy of the pseudopotentials and basis sets used
for N and H.

I1l. RESULTS AND DISCUSSIONS

A. The formation of cis- and trans-Zr,N, complexes
from gas phase Zr, and N,

Molecular structures of Zr,N; in the form of cis and trans
configurations were first optimised. Figure 1 shows the resultant

scitation.org/journal/adv

(b) trans-Zr,N,

(a) cis-Zr,N,

FIG. 1. DFT optimised structures of cis- and trans-Zr,N, together with structural
parameters and Bader charges on Zr and N atoms.

DFT optimised structures together with the bond distances and
Bader charges. In the cis configuration, N, laterally interacts with
Zr dimer forming a cyclic structure. A bond elongation of 0.13 A
in the N, molecule is observed compared to the value calculated
for gas phase N. The Zr-Zr bond distance also increases by 0.46 A
compared to its gas phase Zr dimer. This clearly indicates that N,
molecule is activated by Zr dimer but the degree of activation did
not lead to the cleavage of N, molecule. The Bader charge anal-
ysis shows there is a charge transfer (1.36 |e|) from the Zr dimer
to the N, molecule forming strong bonds between Zr and N. The
reaction energy for the formation of cis-Zr,N, from N, and Zr; is
~143.8 kJmol ' suggesting that this process is thermodynamically
favourable.

The optimised structure of trans-Zr,N, [Zr(u-N),Zr] is pla-
nar and cyclic with alternating Zr and N atoms as observed for
the Ti;N; in the experiment'’ and previous theoretical DFT cal-
culations.” In the optimised structure the Zr-N bond length is
~1.95 A which is 0.15 A and 0.20 A longer than the calcu-
lated and experimental Ti-N bond length values, respectively. The
N-Zr-N and Zr-N-Zr bond angle values are ~88.5° and ~91.0°
respectively. These values are closer to the corresponding val-
ues calculated for trans-Ti,N, (87.3° and 92.7°). The longer dis-
tances indicate that Zr-N bond strength is weaker than that of
Ti-N. This is because of the larger atomic radius of Zr than that
of Ti.

The Zr-Zr and N-N separations are 2.79 A and 2.72 A respec-
tively in our present calculations. The N-N separation clearly indi-
cates that there is no direct interaction between the two N atoms.
The formation of a Zr,N; molecule from Zr, and N, is asso-
ciated with an energy change of —440 kJ mol™. This indicates
that the trans-Zr,N, structure is thermodynamically stable com-
pared to its starting structures (N, and Zr,). Furthermore, the
trans complex is 296.2 kjmol™" more stable than the cis-complex.
The Bader charge analysis’’ shows that Zr is oxidized and N is
reduced by equal quantities retaining the net charge of the molecule
zero.

Spectroscopic and theoretical studies of dinuclear zirconium
complexes show that Zr,N, core can be planar or bent based on
the metal center or steric effect or cis/trans configuration.”* How-
ever, there is no report available in the literature on the gas phase
structures of cis and trans-Zr,N,.
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B. The formation of Zr,Cg, cis-Zr;N,Cgo
and trans-Zr,N,Ceo complexes

In this section we discuss the structures, Bader charges
and reaction energies of cis-Zr,N>Cgo and trans-Zr;N,Cep com-
plexes formed between the Zr,Cso and N,. The structure of a Zr
dimer chemisorbed onto Cgy (Zr,Cso) was first calculated. Reac-
tion energy for the formation of Zr, Cey from a Ce and a Zr
dimer is calculated to be —223 kJ mol. In the optimised struc-
ture, the Zr-Zr distance is 2.80 A, which is longer than the free
Zr dimer bond length of 2.01 A. This indicates that the dimer
must have a substantial interaction with Cgp, since the final struc-
ture has a Zr-Zr interatomic distance almost 39% larger than the
isolated Zr-Zr bond length. The optimised structure of Zr;Ceo
together with bond distances and charge density plot is shown
in Figure 2.

In the relaxed configuration, the Zr atoms form shortest Zr-
C bonds with carbon atoms of the (6,6) bond. The closest Zr-
Cgo bond distances are calculated to be 2.27 A and 2.29 A. This
indicates that strong Zr-C bonds are formed. The C-C bond elon-
gation is also observed in the Ceo due to the strong interaction
of Zr, with Cg. From the Bader charge analysis, it is observed
that the Zr dimer has been oxidized. Each Zr atom transfers
1.34 |€| to Cep.

In the next step, we calculated the structure and reaction energy
of cis-Zr,N>Ceo from Zr,Cgo and N,. The optimised structure with
bond distances and cross sectional charge density plot are shown
in Figure 3. The lateral interaction of N, on Zr,Ceo elongated the
Zr-Zr bond distance further by 0.12 A compared to the Zr dimer
distance in Zr,Cso. Furthermore the structure of Zr;N is slightly
distorted. This is reflected in the unequal charge distribution on N
atoms. In the optimised structure the N-N bond distance is 1.237 A.
The degree of activation in N=N is similar compared to the activa-
tion observed in cis-Zr, N, complex unsupported by Ceo. The reac-
tion energy for the formation of cis-Zr;N,Ceo from N; and Zr,Cso
is calculated to be —257.6 kJmol!. The formation of cis complex

scitation.org/journal/adv

supported by Ceo is facilitated further by 115 kjmol ™ indicating the
necessity of stabilizing the Zr dimer on Ceo.

Finally, we calculated the structure and reaction energy of
trans-Zr,N,Cep from Zr,Ceo and N;. The optimised structure show-
ing bond distances and Bader charges and cross sectional charge
density plot are shown in Figure 4. The calculation reveals that the
reaction is highly exothermic energy of —468 kJ mol . This energy
value is lower (by 28 kJmol™?) than the formation energy calcu-
lated for free Zr,N;. In the presence of Cep the reaction energy
is slightly favored. This result indicates that Zr, on the surface of
Cgo or a carbon nanotube would be a good choice for dinitrogen
activation.

In the optimised trans-Zr,N,Ce structure, the Zr-N bond dis-
tance is ~1.96 A, which is close to the value observed in the free
trans-Zr;N,. The Zr;N, unit is slightly bent and forms a butterfly
type structure when it is coordinated to Ce. Zr-Zr and N-N sep-
arations were calculated to be 2.72 A and 2.50 A respectively and
the N-N separation is slightly shorter than the N-N separation of
2.72 A in the free Zr;N;. The Zr-Zr separation is reduced by only
0.07 A when the Zr,N, unit is formed on Cgo surface. The Bader
charge analysis indicates that there is a greater charge transfer from
Zr atoms to Cgo and N atoms. Zr atoms have lost over all charge of
5.23 |e|. Two N atoms gained 3.83 |e| and Cg has gained remaining
1.40 |e].

C. Reactions with hydrogen

The next step was to carry out additional calculations to look at
the products of the reaction with H; to find possible routes for NH3
formation. The first H, was allowed to react with trans-Zr,N>Ceo
to give ZryN,H,Cso. The resulting geometry is given in Figure 5.
The reaction energy for this reaction is calculated to be exother-
mic (energy change of —125.44 k] mol™) suggesting that the hydro-
genated product is thermodynamically stable. The Zr-N and N-H
bond lengths are ~2.05 A and 1.03 A, respectively. The Zr-Zr and
N-N separations are found to be 2.52 A and 2.97 A respectively.

0.16

0.12

0.08

0.04

0.00

FIG. 2. (a) The optimised structure of Zr,Cgq (b) the expanded view structure showing bond distances and Bader charges on Zr atoms and (c) the cross sectional charge

density plot showing the interaction of Zr dimer with Cgp.
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0.16

0.12

0.08

0.04

0.00

FIG. 3. (a) The optimised structure of cis-Zr,N,Cg, (b) the expanded view structure showing bond distances and Bader charges and (c) the cross sectional charge density

plot showing the interaction of N, with Zr,Cgp.

Reaction of one mole of H increases the N-N separation and
decreases the Zr-Zr separation due to the greater charge on N atoms
resulting from the donation of electron from H to N.

The second H, molecule was allowed to react with Zr,N>H,Cgo
to form Zr,N,H4Cgo. In the optimised structure, each N forms two
strong bonds with hydrogen with the N-H distance of 1.03 A and
both NH, groups bridge the Zr, unit (refer to Figure 6). The Zr-Zr
bond distance is slightly reduced to 2.49 A. The Zr-N bond lengths
are calculated to be 2.25 A. Figure 6 shows the optimised structure of
Zr,N>HyCep together with bond distances, Bader charges on N and
Ti atoms and charge density plot showing the interaction between
Zr2N2H4 and C60.

The reaction energy for this route is exothermic and the value is
-27.9KkJ mol! showing that the addition of the second H, molecule
is thermodynamically favourable. Bader charge analysis indicates
that the addition of H atoms increases the charge on N. This because
of the electronegative N gain electron from H. This minimizes the
positive charge on Zr atoms.

Next, we devise two possible routes for the formation of
NH; by adding a third H, molecule with Zr,N,HsCep. In
the first route two moles of NH; and one mole of catalyst
Zr,Cg are yielded as shown in the equation 2. This route is
endothermic by as much as 409 kJ mol! and therefore it is
unlikely.

0.16

0.12

0.08

0.04

0.00

FIG. 4. (a) The optimised structure of trans-Zr,N,Cg (b) the expanded view structure together with the bond distances and Bader charges and (c) the cross sectional charge

density plot showing the interaction of N, with Zr,Cg.
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0.16

0.12

0.08

0.04

0.00

FIG. 5. (a) The optimised structure of Zr,N,H,Cqgo, (b) the expanded view structure with bond distances and Bader charges and (c) the cross sectional charge density plot

showing the interaction of Zr,N,H, with Cgy.

Zr2N2H4C60 +H,; —» Zrzcso + 2NH3 (2)

In this reaction two moles of NH3 and one mole of catalyst Zr,Ce
are yielded. This route is endothermic by as much as 409 kJ mol™
and it is unlikely.

In the second route, there are two steps. In the first step,
Zr;N,H4Ceo reacts with one mole of H, to yield one mole of
Zr,Cgo(NH32)H and one molecule of NHj3 according to the following
equation.

Zr2N2H4C60 + Hz - Zrz(NHz)Hcso + NH3 (3)

The structure of Zr,(NH;)HCgo obtained as a product in the above
reaction is shown in Figure 7. In the optimised structure, Zr-H,
Zr-N, N-H and Zr-Zr bond distances were calculated to be 2.05 A,
2.20/2.27 A, 1.03 A and 2.44 A respectively.
In the second step, another mole of NH3 and Zr,Cg is yielded
from Zr,(NH;)HCg according to the following equation:
ZI‘2(NH2)HC60 - ZI‘2C60 + NH3 (4)

The first step of the second route is endothermic by 123 kJ mol™
and the reaction energy for the second step is calculated to be

0.16

0.12

0.08

0.04

0.00

FIG. 6. (a) The optimised structure of Zr,N,H4Cg (b) the expanded view structure showing bond distances and Bader charges and (c) the cross sectional charge density

plot showing the interaction of Zr,N,H, with Cgp.
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0.04

0.00

FIG. 7. (a) The optimised structure of Zr,(NH,)HCg (b) the expanded view structure together with bond distances and Bader charges and (c) the cross sectional charge

density plot showing the interaction of Zrp(NH;)H with Cgg.

354 kJ mol'. Though this second step is unfavorable, if it were
to be coupled with reaction with a further mole of N3, the over-
all process would be exothermic. Figure 8 shows a catalytic cycle
consisting of all reactions and relative energy diagram for the forma-
tion of intermediates during the reaction N,+3H, — 2NH3 catalyzed
by Zr 2C60.

(a)

Zr, + Cgg

”i cis-Zr,N,@Cgo

Relative Energy (kJ/mol-)

D. Hydrogenation of trans-Zr,N, for the formation
of NH3z (uncatalysed)

Earlier we discussed the formation of trans-Zr,N, from Zr,
and N in the absence of C¢. Here we discuss the reaction ener-
gies and products during the hydrogenation with trans-Zr,N,. The
optimised structure of Zr,N,H, (refer to Figure 9a) is similar to

(b)

Zr, + Cgo + N, +3H,

\jzzs

Zr,Ceo + N, +3H,

\—(257.6

cis-Zr,N,@Cg, + 3H,

\—211.1

trans-Zr,N,@Cy, + 3H,

Zr,Ceo + 2NH,

/+ 276.9

Zr,Ceo(NH,)H + NH,

-125.4 +132.2
\ T 19
Zr,N;H,@Cq + 2H,

Zr,NH,@Cq + H,

FIG. 8. (a) Catalytic cycle for the reduction of N, to NH; and (b) relative energies of intermediates formed during the reaction No+3H, — 2 NH; catalyzed by Zr,Cgy.
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Zr,N,H, 1.00
}.027

2.256

.00
Zry + N, + 3H,
\—143.8
Zr, + 2NH;
cis-ZryN, + 3H,
+195.8

\—297.2

trans-Zr,N, + 3H,

\<2.4
+55.1
/’

Zr,(NH,)H + NH,

/ +55.9

Zr,N,H, + 2H,

FIG. 9. (a) Optimised structures of hydrogenated products of trans-Zr,N, together with Bader charges (b) catalytic cycle for the reduction of N, to NH3 and (c) relative

energies of intermediates formed during the reaction No+3H, — 2NHs.

that of the Zr,N,HCgo and exhibits a butterfly shape. There is
a slight reduction in the Zr-N bond distances. There is a sig-
nificant reduction in the Bader charge on Zr atoms compared
to those observed in Zr,N,H,;Cgo and this can be attributed to
the greater charge transfer from the Zr dimer to Ce. The reac-
tion energy for the formation of Zr,N,H, from N, and H, is
exothermic (~72.4 kjmol ™). The addition of the first H, molecule
with Zr,N, unit supported by Ceo is highly exothermic (-125.4

kJmol™). This indicates that Cgo facilitates the addition of the first H,
molecule.

The addition of the second H, molecule introduces changes in
the Zr-N bonds and Bader charges on Zr and N atoms. The opti-
mised structure almost retains its butterfly shape. The Bader charge
on each N increases due to the additional charge transfer from the
second H. Furthermore, the charges on Zr atom also decreases due
to the absence of Cg. The formation energy of free Zr,N>Hy is

AIP Advances 9, 055331 (2019); doi: 10.1063/1.5106430 9, 055331-7

© Author(s) 2019


https://scitation.org/journal/adv

AIP Advances

endothermic by 55.1 kJ mol! while with Cg the reaction energy is
~27.9kJ mol ™. This clearly indicates the necessity of the stabilization
of Zr dimer with Cgg.

The energy of the first possible route for the formation of
ammonia with the third H, (Zr,N,Hy + Hy — Zr, + 2NH3) was
calculated. This route is endothermic by 252 kJ mol ™. This reaction
energy is lower by 157 kjmol™ compared to the value calculated in
the presence of Cg.

The first step of the second route [Zr,N,Hy + Hy — Zr2(NH2)H
+ NH3] was calculated. In the first step the reaction energy is
endothermic by 55.9 k] mol ™. This value is lower by 76 k] mol ! than
the value calculated in the presence of Ce. The optimised structure
of Zr,(NH,)H is planar (refer to Figure 9a) in contrast to the struc-
ture observed with Ceo. This is because of the asymmetric nature of
Zr,(NH2)H molecule and lower charge on Zr atoms compared to
those observed in Zr,(NH2)H Ceo. In the second step, another moi-
ety of NH3 and Zr; is yielded from Zr,NH;. The reaction energy is
endothermic by 195.8 k] mol ™. This value is +276.9 k] mol™ when
this reaction is carried out in Cgo.

IV. CONCLUSIONS

In the present study, the thermodynamic stability of Zr,N, and
Zr;N,Cgo structures and their hydrogenated configurations were
calculated using density functional theory. The calculations show
that the optimised trans-Ti,N, configuration is planar but this con-
figuration exhibits a butterfly shape when it is supported by Ceo.
Activation of dinitrogen is facilitated by the Zr dimer stabilized by
Ceso. The complete cleavage of the N=N bond and highly exother-
mic formation energy in the reaction Zr,Ceo + N2 — trans-Zr,N,Ceo
show that Cgg or a nanotube would be a candidate material to sta-
bilize Zr dimer or Zr clusters to facilitate the dinitrogen activa-
tion. Consequent addition of two molecules of H; is exoergic in
the process supported by Cep while only one molecule of H, can
react exothermically with trans-Zr,N, suggesting the necessity of
stabilization with Cgp.
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