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Abstract. The mechanism of the cyclic reaction CO(Coop,! ZF) + N2O(Coop,' 1) — Np
(Do Z;) + COp(Deopy, ! Z;) catalyzed by Ni' has been investigated on both dou-
ble and quartet potential energy surfaces (PESs). The reactions were studied by the
UBBLYP density functional theory. The calculated results of different spin PES show
that the reaction proceeds in a two-step manner and spin crossing between different
PES occurs. The involved crossing between the PES has been discussed by means of
the intrinsic reaction coordinate approach used by Yoshizawa et al., and the crossing
points were located. Furthermore, the spin-orbit coupling (SOC) is calculated between
electronic states of different multiplicities at the crossing points to estimate the inter-
system crossing probabilities.

PACS: 31.15.Ew, 31.15.Qg

Key words: density functional theory, crossing point, molecule orbital(MO), natural bond orbital
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1 Introduction

It is generally known that the nitrous oxide impact is even more negative than CO, and
methane effects toward the environment. N,O is so steady to reach the troposphere,
where it is responsible for the depletion of the ozone layer. Carbon monoxide is a signif-
icant toxic gas. How to reduce the environmental pollution resulted from N>O and CO,
which has been a hot subject for many experiments and theoretical calculations. Recently,
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the catalytic reactions mechanism of CO with N>O by Fe™, Co* and Mn™ were system-
atically investigated on potential energy surface using the quantum chemistry density
functional theory [1-4]. Their research showed one oxygen atom of NoO was directly
extracted by metal ions to formate metal oxide ion. There does not exist NO insertion
in all reaction process. The reactions of NoO with Ge™ and Se™ were direct extracted
oxygen mechanism using B3LYP/SDD+6-311+G(d) method by Chiodo et al. Addition-
ally, the catalytic reactions mechanism of N,O with CO by Pt™ and CO with NO, by Sc™
were studied using density functional method by Wang et al. [5-6]. Spin forbidden is
an important factor to influence the reaction rate in gas phase reaction [7]. Many metal
ions catalytic effect are not ideal because there is crossing and spin forbidden in different
potential energy surfaces in their reactions. The reactions of Ti™ (*F and *F) with N,O
and Cu™ (IS and D) with N,O were investigated by Lv et al.[8] and Delabie et al.[9],
respectively. They confirmed crossing phenomenon was existed in the export of reac-
tions between potential energy surface. Experimental measurements are carried out by
using an inductively coupled plasma/selected-ion flow tube (ICP/SIFT) tandem mass
spectrometer, which tests the efficiency of many atomic cations to catalyze the activation
of nitrous oxide by carbon monoxide [10-12].

While the experimental procedure and the rate coefficients for this kind of O-atom
transport reactions are there for all to see, few theoretical researches were performed to
compute the potential energy landscapes for the catalytic cycle, illustrated in the Scheme
as follows:

N,0 M* CO,

N, MOt CO

So far, 26 atomic cations were experimentally checked for their catalytic performance,
but only ten activate nitrous oxide at room temperature[10]. Therefore, the theoretical
study of the potential energy surface (PES) is the only tool to understand the reason of the
catalytic efficiency about different cations. In our work, we considered the performance
of Nit, which gives rise to a very slow reaction and it is insufficient information avail-
able about the energy profile for reaction to provide an explanation for its low O-atom
transfer reactivity. Ni™ reacts sufficiently quickly with N,O to establish large enough
concentrations of NiO™ to obtain meaningful results for its reaction under experimen-
tal conditions with k =6.5x10"1 ¢cm?®- molecule!-s~1, but for the NiOT with CO the
measured shown the rate coefficient could not be measured because NiO* could not be
established in sufficient amounts[10].

In this paper we will report the detailed mechanisms of the reactions Ni/N>O/CO by
using density functional theory. Calculated results are expected to calibrate experimental
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results and to give some new suggestions that could not be reached experimentally under
the laboratorial conditions.

2 Theoretical methods

The calculations were performed using the Gaussian03 program package[13]. At the in-
dicated levels of theory, full geometry optimizations and frequency calculations were
performed to verify the nature of the minima and evaluate zero-point energies. The
fully optimized geometries and the vibrational frequencies have been determined using
the spin-unrestricted three-parameter hybird[14] B3LYP density method[15], and a stan-
dardized 6-311G basis set was used together with polarization (2d) and diffuse (+) func-
tion[16]. All stationary points are characterized by vibrations are included. The transition
state structures all represent saddle points, characterized by one negative eigenvalue of
the hessian matrix. To ensure the reliability of the reaction path, the pathways between
the transition structures and their corresponding minima have been characterized by the
internal reaction coordinate (IRC) calculations [17-18].

The natural population analysis had been made by using the natural bond orbital
(NBO)[19] option as implemented in Gaussian 03. In order to locate the crossing points
(CPs) between the two potential energy surfaces (PESs) of different spin states, the pro-
cedure used by Heinemann et al. [20] was selected. We performed single-point energy
calculations of the septet state as a function of the structural change along the IRC of the
quintet state and vice versa [21-22].

Since in the case of the nickel catalyzed reaction we were interested also in the spin-
orbit coupling (SOC) interaction which lend Approximate one-electron SOC calculations
have been carried out with the GAMESS[23] suit of programs in the version of 2007, using
the effective one-electron SO operator[24], in the following equation:

o? % a2 eh
SO="7% §i 'Ek:( r?k )(Si*Lik) Ei, i(Z7) 2 dmmic?

where Lj and S; are the orbital and spin angular momentum operators for an electron
iin the framework of the nuclei, indexed by K. To account for the missing two-electron
part of the Hamiltonian, the nuclear charge Zg is replaced by an effective parameter, Zy,
which can be taken as the screened nuclear charge.

3 Results and discussion

The optimized geometries of stationary points and the potential energy profiles of the
two reactions are displayed in Figs. 1, 2 and Table 1, respectively. For all cited single-
point energies are performed with UB3LYP/6-311++G(3df,3pd)[25], zero-point energy
(ZPE) corrections are included. An analysis of the B3LYP molecular orbitals reveals the
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Table 1: Vibrational frequencies (in cm™1) for the transition states and energy of various compounds in the
reaction.

Species Er/Hartree | Eg(kJ-mol~?) [ Freq(cm™") Species Er/Hartree | Eg(k]-mol~!) | Freq(cm™')
2Nit+N,0O(CO) | -1806.0507 0.00 ANiT+N,O(CO) | -1806.0049 120.5
2IM1(CO) -1806.0863 -93.3 4IM1(CO) -1806.0303 53.6
2TS1/2(CO) -1806.0268 62.9 -667.1 4TS1/2(CO) -1806.0002 132.7 -1561.5
ZIM2(CO) -1806.0516 -2.3 4IM2(CO) -1806.1071 -148.1
NiOT+N2(CO) | -1806.0210 78.0 4NiIOT+N,(CO) | -1806.0381 33.1
2IM3(Ny) -1806.0875 -96.6 IMB(N2) -1806.1223 -188.0
2TS3/4(N>) -1806.0829 -84.4 -379.1 4TS3/4(N>) -1806.0691 -48.2 -548.4
ZIM4(N,) -1806.2243 -455.7 4IM4(N,) -1806.1079 -150.1
Nit+CO,(N,) | -1806.1883 -361.3 INiT+ CO.N, | -1806.1424 -240.7
IN,0 (Cuay, '3 N, (Deon, '%57) NO(Cen, '
1CO,(Deep, ') INiO* (Cony, %) NIO* (Ceny, *T)
y/. z,? 97&
1 096
2IM1(Cs, *A) 151/2(Cs, A) 2IM2(C.., *A)
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Figure 1: Optimized geometries of various species in reaction. (bond length in A, bond angles in degree).

important orbital interactions at the initial complexes, which are shown in Fig. 3 and
Fig. 4. In Fig. 5 the structure of CP are schematically depicted. The favorable PES of the
energetic values obtained and frontier molecular orbital of CP2 are shown, respectively in
Figs. 6. The calculated natural population analysis for the stationary points are collected
in Table 2.
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Table 2: NBO and electron configuration of the Ni atom at the UB3LYP/6-3114G(2d) level.
The analysis of the Second-Order Perturbation Theory

Species The values of the The electron Donor  Acceptor "
(IE)H ) NBO charge configuration of Ni  NBO(i) NBOP(}) E@)k]/mol | 1=
2IM1 0.963 450043449 LPO  BD*N;-N, 139.8 no—On, N,
2TS1/2  1.228 4500934944001 LPN; BD*O-Ni 110.2 1Ny = 08 Ni
M2 1.180 4801639 4945p0.01 LPO  LP*Ni 152.4 no — oy,
M3 1.097 480193@4945p000 POl LP*Ni 151.5 1o, = 03
LPC LP* Ni 146.7 ne— oy,
2/4CP2 1.220 450.18308584p,0.01 LPC  BD*Ni-O, 121.7 ne— 0%,
LPC LP* Ni 109.0 He— Ny
2TS3/4  1.120 4801133459 LPC BD*Ni-O;  300.0 nc—0o3;_o,
2IM4 0.985 4500434496 LPO; BD*0O,-C  206.6 no, =05, ¢

T 1963
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M2,
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Figure 2: Double and quartet energy surfaces for the reactions: NoO with CO catalyzed with NiT.

(a) (b)

Figure 3: The HOMO and LUMO orbits of N;O(a and b) and CO(c and d) molecules.

@

() (d)

3.1 Overall of the Stationary Points

Before evaluating the influence of the Ni' on the kinetic features of the process, we an-
alyzed the reaction path relating to the reduction of N>O by CO in the absence of any
catalyst. In this case, the reactive process to evaluate is the following:

CO(Coovfs" £1)+N2O(Coop,' £) = Na(Deop,' £5 ) +CO2(Dooir, 2y ) 1)
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According to our calculations, the uncatalyzed reduction (1) shown in the top profile
proceeds (the red color in Fig. 2) in one step via a high activation barrier of 196.3 k]-mol !
and is strongly exothermic, by 361.3 kJ-mol~! according to the calculations. The potential
energy curve, computed at the same level of the theory by Bohme et al. shows E7* =197.6
kJ-mol~!, and A,H= -362.8 k]-mol~![12]. The structure of the transition state (in Fig. 1)
corresponds to a direct attack of oxygen atom of N>O on the carbon atom of CO. The N-O
bond is being broken, and the C-O bond is being formed.

For the Ni' catalyst, the reaction mechanism is summarized as follow:

Ni* (*D,*F)+N0(Coor,'27) = NiO* ('27,*27) + N (Do, 2 ) )
NiO" (?£7 *£7)+CO(Coop,' £7) = Ni* (' D,*F) +-CO2(Deop, =7 3)

The Ni'" is first considered in its ground state, 2D (3d”) owing to the fact that the first ex-
cited state of this ion lies at a higher energy. The Ni* *F (3d®4s!) electronic configuration
is found 120.5 kJ-mol ! above the corresponding ground state.

In Figs. 1 and 2, the reaction (2) is the formation of [Ni-NNO]" complexes on both
ground (*M1, C;) and excited-state (*IM1, C,) PESs for the interaction of Ni* (X?D, 3d”;*F,
3d%4s!) and N,O. From the NBO analyses of charge distribution, about the 2/4IM1, the
positive charge of this Ni atom decreases to 0.963 and 0.933, respectively, and a small
electronic charge transfer takes place from N,O fragment to the Ni ion (see Table 2). So
we can see that the 2/4IM1 complexes are very weak, in which the N>O molecule remains
almost the linear structure (the O-N-N angle is about 180.0°), and they have Cs symme-
try. From the 2/4IM1, the next step is associated with nickel transfer process between
the N1(N; indicates the frist N atom, the others are the same means) and O atom, to
yield the 2/41M2, via transition states, 2/4TS1/2. In this process, although the transition
structures on the double and quartet surfaces are also planar (Cs symmetry), the N,O
structure changes are much bigger, which means the N>(N; indicates the second N atom)
is gradually bent outward, away from the Ni. The imaginary frequency characterizing
the 2/4TS1/2, having the value of -667.1 cm ! and -1561.5 cm~! in double and quartet
state respectively, corresponds to the stretching vibrational mode indicating the forma-
tion of the new Ni-O bond and the breaking of the N-O bond. The corresponding bond
Ni-O distances gradually increase to about 1.983 A and 2.006 A in 2/4IM2, respectively.
Finally the separated products, NiO* + Ny, can be obtained directly from 2/4IM2 product
complexes, overcoming a barrier height of 132.7 kJ-mol ! and 62.9 k] - mol !, respectively.
About the reaction (3), as described in Figs. 1 and 2, the reactivity patterns of the dou-
ble or quartet PESs are similar, and both involve initial attack of NiO* (X42~, 257) to
the CO to form the corresponding [ONi-CO]" complexes with binding energies of -188.0
kJ-mol~! (4IM3) and -96.6 k]-mol~! (2IM3). The imaginary frequency characterizing the
2/4TS3/4, having the value of -379.1 cm~! and -548.4 cm~! in double and quartet state
respectively, corresponds to the stretching vibrational mode indicating the formation of
the new C-O bond and the breaking of the Ni-O bond. The corresponding bond Ni-O dis-
tances gradually increase to about 1.968 A and 2.294 A in 2/#IM4, respectively. Finally the
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Figure 4: The molecule orbital of 2-%NiO*.

separated products, Ni* + CO,, can be obtained directly from 2/4IM4 product complexes,
overcoming a barrier height of -48.2 kJ-mol~! and -84.4 k]J-mol !, respectively.

3.2 Theoretical mechanism

3.2.1 Orbital aspects

An analysis of molecular orbital at the UB3LYP/6-311+G(2d) level reveals the important
orbital interactions at the initial complexes, which are shown in Fig. 3 and Fig. 4. The
molecular orbital of N,O show that the HOMO is a 27r-orbital which is anti-bonding with
the N-O bond but bonding to the N-N bond (see Fig. 3a). The LUMO is a 37t*-orbital with
anti-bonding character for the N-O and N-N bonds (see Fig. 3b). As in the 2-4IMl1, the O-
N1-N2 system remains linear, but the Ni-O-N; angle is bent. These structural parameters
can be rationalized by looking at the orbital interactions between the 2Ni* (X?D, 3d”4s")
ion and N;O, shown in Fig. 4a. Apart from a small electrostatic force and polarization
terms, the primary reason for the bent Ni-O-N; angle is a ¢ electron donating interaction
between the N,O HOMO and the 2Ni* 3d§ orbital. On the other hand, the interaction
between the 2NiT 4s orbital and in-plane N>O LUMO, which could bring about back-
donation, is still weak in the initial complex. Additionally, the Ni-O bond length of 2IM1
is shorter than in the excited state Ni-O bond of *IM1, because of the absence of 4s-ligand
repulsion. The molecular orbitals of CO show that the HOMO is a 2c-orbital which is
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Figure 5: Potential energies curve-crossing points diagram: (a) along the quartet state IRC, (b) along the
quartet state IRC.

anti-bonding with respect to the C-O bond (see Fig. 3c), and the LUMO is a 27r*-orbital
with anti-bonding character for the C-O bond (Fig. 3d). As shown in Fig. 4c, the lowest-
lying valence orbitals of 2NiO" (2 ~,20?171416*30?27t140%) ions LUMO (271) and HOMO
(27) interact mainly with the CO HOMO (2¢0) and LUMO (27t*), respectively. The re-
sult of interaction is which 2IM3 is curving structure and the angle of C-Ni-O; is 111.5°.
Fig. 4 d also shows the lowest-lying valence orbitals of *NiOT (*2~,20217t*15*3c 271%407)
ion are the 20 and 17 orbitals. The 20 and 17 orbitals have significant electron den-
sity on both atoms and strongly bonding. Above these, but very close in energy, lie the
nonbonding metal-centered 163c orbitals and the weakly anti-bonding 27r. The lowest-
unoccupied molecular orbital (4c) is mostly anti-bonding. So the LUMO (40) of 4NiO+
interact mainly with the CO HOMO (2¢) and the HOMO (277) of 4NiOT interact mainly
with the CO LUMO (271*). The result of interaction is that IM3 is linear structure. Ac-
cording to the above orbital analysis, the conclusion we have drawn is in agreement with
the theoretical results which we have counted.

3.2.2 Charge aspects

To emphasize the importance of charge transfer, the results of the natural bond orbital
analysis for some stationary points are showed in Table 2. On the basis of orbital anal-
ysis above, the Ni* ion and N,O, the NiO™ ion and CO firstly form a reactant complex
2/4IM1 and 2/4IM3, respectively. In this step, the NBO analysis show that the values of
the NBO charge of Ni in double state are from 0.963 (IM1) to 1.227 (IM2), 1.052 (IM3) and
then to 0.985 (IM4), while in quartet state the values of the NBO charge of Ni are are from
0.933 (IM1) to 1.180 (IM2), 1.097 (IM3) and then to 0.984 (IM4). To further understand
more detailed information on the net charge transfer (CT) processes can be estimated
by second-order perturbation theory (E(2) = —2 <0 |E|c* > /e, —e,) [26]. In the 2IM1,
no— 0y, _n, (no indicates the lone pair of the O atom, the others are the same means) in-
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Figure 6: Frontier molecular orbital interaction analyzes for CP2.

teraction between the oxygen lone pair and the N;-N; anti-bond orbit is seen to give the
strongest stabilization, 139.8 kJ-mol~!. In the 2TS1/2, the intermolecular CT occurs im-
portantly between the lone pair of N (electron donor) and the Ni-O anti-bond no—05_y,
corresponding to the second-order perturbation energies, E(2), 110.2 k]-mol~!. In the
M2, np — oy, interaction between the oxygen lone pair and the atomic empty orbit
of Ni is seen to give the strongest stabilization, 152.4 kJ-mol~!. In the IM3, nc — ONir
1o, — 0y, interaction between the C, O lone pairs and the atomic empty orbits of Ni are
seen to give the strongest stabilization, 146.7 kJ-mol~! and 151.5 kJ-mol~!, respectively.
In the *TS3/4, the intermolecular CT occurs importantly between the lone pair of C and
the Ni-O; anti-bond, nc —oy;_ oy’ corresponding to the second-order perturbation ener-
gies, E(2), 300 kJ-mol~!. In the *IM4, no, — ng_c interaction between the O, lone pair
and the C-O; anti-bond is seen to give the strongest stabilization, 206.6 kJ-mol~!. From
the NBO analysis, the Ni-O bond is ionic in the [NiIONN]" (IM1) and [NiOCO]* (IM3)
adducts and characterized by a small covalent contribution in the other minima. The C
-0, bond length gradually reduces to 1.177 and 1.178 in 2/4IM4, which means the O has
moved to the C from the Ni. These clearly point to the formation of Ni™ and CO, as the
most favorable reaction products. In the whole cyclic reaction, the Ni is associated with
an activation of N,O, and it can be considered as oxygen transfer processes, namely the
O atom in N>O migrates to CO.
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3.3 Potential surface topology and crossing points

Calculation results show that that CPs are expected to happen: CP1 after the TS1/2 and
CP2 before the TS3/4. In other words, the probability of spin inversion is to allow for
an efficient conversion to the most favorable potential energy surface along the reaction
paths. Each optimized point along the IRC path was submitted to a single-point energy
calculation with the other electronic state. It can be seen in Fig. 5 that the geometries
determined at the crossing points with the same energy, it should be noted that the CPs
could be considered as the approximate minimal energy crossing points(MECP).

The existence of CP1 offers the possibility for an intersystem crossing(ISC) to occur.
In Fig. 2, the double and the quartet PESs can begin to touch at this point because the
IRC valley of the quartet state lies below that of the double state in this region of reaction
pathway. It must be noted that CP1(the passage over TS1/2) is not kinetically relevant
because the rate-limiting step of the resulting pathway is located in a previous stage,
and the spin inversion is not regarded as a rate-limiting factor but rather as a later step
occurring in the exit channel.

CP2 provides the opportunity for another intersystem crossing process to take place.
When the reaction reaches the neighbourhood of CD, the state of CP in high spin state
may mix with that in low spin state, which will decrease the activation barrier. In Fig. 6,
the 26th orbital (the orbital sequence arranged according to the energy) of CP2, which is
a-orbital, is primarily composed of Ni*(3d), O3(2px) and C(2py), O1(2py). It is clear that
the O3 and C have weak interactions in the 26th orbital. The 26th orbital is the highest sin-
gle occupied orbital (SOMO) in quartet but is the lowest empty orbital (LUMO) in double
state. The 24th B-orbital of CP2 mainly is composed of Ni* (3d), O, (2p) and C (2p), which
is the lowest single occupied orbital in quartet state but is the highest double occupied or-
bital in double state. It is clear that the O, and C have already had interaction in the 24th
B-orbital. Through the second-order perturbative analyses for the primary interactions
between the filled Lewis-type and the empty non-Lewis NBOs about the CP2(see Table.
2), these analyses show that in S-orbital of CP2 the donation of LP (1-center valence lone
pair) C lone pairs into the BD* (2-center antibond) Ni-O, orbital(n, — Uﬁ,ifoz)and the do-
nation of LP (1-center valence lone pair) C lone pairs into LP* Ni orbital (n. — oy;;) which
all seem to give the strongest stabilization, 121.7 and 109.0 k]-mol~! respectively. When
the spin inversion process takes place in the reaction pathway from the quartet state to the
double state at CP2, the a-electron in the 26th orbital will occur spin inversion to the 24th
B-orbital. Because this single electron in an atom transfer at different orbital is allowed
[27], spin inversion is efficient. From this point onward, the reaction can be continued on
the quartet spin state PES as a low-cost reaction pathway toward the product complex. It
must be noted that, CP2 is reached before the rate-limiting step of the resulting pathway,
and therefore the spin inversion can be kinetically relevant, because it takes place in the
entrance channel.
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3.4 SOC calculation

In fact, as a consequence of a PES lying almost entirely (see Fig.2) below the reaction
asymptote, the real energetic expense for the oxide formation decreases considerably
with respect to that required in the double case (62.9 kJ-mol~!). This means that, the
Ni+ could also be active in catalyzing the reaction. All depends on the probability of the
SOC between the double and quartet surfaces at the crossing point. For CP1 and CP2, the
computed SOC constants are 532.67 (between 2A and #A) and 427.14 cm ™! (between 2A
and *A), respectively, obtained by using one-electron spin-orbit Hamiltonian in GAMESS
[23]. As mentioned above, from the crossing points of view of energy and the SOC value,
INiT+N,O+(CO) =2 IM1—2TS1/2—*IM2—*NiOT +(Np) +CO—*IM3—2TS3/4—?
IM4—3Ni* +COy+(N;) minimum reaction pathways are apparently favorable cases for
ISC. Thus one can assert that the Ni™ can work as a catalyst thanks to the two state reac-
tivity phenomenon. This result appears to be in slight disagreement with experimental
conclusion of the ICP/SIFT study [10], as far as the inactivity of Ni* is concerned, are not
so absolute.

4 Conclusion

The oxygen transport mechanism from nitrous oxide to carbon monoxide in the Ni+ cat-
alysts was elucidated at the DFT level. The opposite performances of Ni, claimed by
experimental studies, do not find here complete confirmation. It is conceivable that the
minimum energy pathways can be described as: 2Ni* +N,O+(CO)—2IM1—2TS1/2—*
IM2 —* NiO" +(Np)+CO —* IM3 -2 TS3/4 —2 IM4 —3 Nit +CO,+ (Ny). Therefore
the spin inversion acts as a mechanistic distributor and the general conclusion of the re-
action (1) catalyzed by Ni+ is exothermic by 362.6 kJ-mol~!. Reactions (2) and (3) are
typical “two-state reactivity” (TSR) reaction, two crossings (CP1 and CP2) between the
double and quartet PESs are expected to occur according to the results of the analysis
described above. By the CPs, the reaction activation energy can be distinctly decreased
from -48.2 kJ-mol~! to -84.4 k]-mol~!. And because of the large SOC involved, the ISC
occur effectively. After two-time ISC, the reactants and products have the same multiplic-
ity. These theoretical results can provide a guide for further theoretical and experimental
researches.
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