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The ground-state potential energy surface (PES) in the gas-ph&3&Ni(3D) system is investigated at the
CCSD(T)//IB3LYP/6-31%G(2d,2p) levels in order to explore the possible reaction mechanism of the reverse
water gas shift reaction catalyzed by #l)j. The calculations predict that the-© bond cleavage of CO
assisted by co-interacted; ks prior to the dissociation of the JHand the most feasible reaction path for
Ni(®D) + H; + CO, — Ni(®D) + H,O + CO is endothermic by 12.5 kJ mdlwith an energy barrier of 103.9

kJ mol . The rate-determining step for the overall reaction is predicted to be the hydrogen migration with
water formation. The promotion effect of,Hbn the cleavage of €0 bond in CQ is also discussed and
compared with the analoguous reaction of®R) + CO, — NiO + CO, and the difference between triplet
and singlet HHCO,/Ni systems is also discussed.

1. Introduction In the present paper, the ground-state gas-pha&eCG#/Ni-

The hydrogenation of CQusually reaches the production of (°D) system is studied using CCSD(T)/B3LYP methods to find
CH, on transition metal catalysts under fairly mild reaction the possible reaction mechanism of the RWGS reaction over

conditionsl3 but its mechanism is still in dispufe® Some the NiD) catalyst, and the promotion effect of ln the entire

previous experimental studfed! supported the mechanism '€action mechanism is also discussed. The above work is
involving the conversion of COto CO via the reverse water ~€XPected to obtain an essential piece of information for a better
gas shift (RWGS) reaction followed by CO hydrogenation. On undgrstandlng of the reaction mechanism as well as for the
the other hand, the water gas shift (WGS) reaction and its reversed€sign of new catalysts.

reaction are also of considerable industrial importad&ince

Ni-based catalysts play a particularly effective role in both 2. Computational Details

catalytic processes, and it is widely considered that the

;:I;)orm?atl?n of ?gto tnr:etal ctenters%v'n?_tjl(cj:be ;he ktﬁy Stfep for intermediates, and transition states) on the triplet-state potential
€ activation of CQ the system o O has therefore energy surface (PES) for the 2#20,/Ni(3D) system are

become one of the hotly investigated theoretical and experi- optimized at the B3LYP/6-314G(2d,2p) level’-3 Vibrational

icd3-23
mental topics: frequencies are calculated at the B3LYP/6-8Gl(2d,2p) level

th Theoreﬂcal n;}vesﬂgahont altr)ned at E} rletact;ozltrnechﬁrlﬁm in Ito check whether the obtained stationary point is an intermediate
€ gas phase has shown {0 beé a useiul tool. Although the réal, . g« qrder transition state and scaled by 0.963 to correct the

rgacpon usually occurs on hetgrogeneous catalysts, the INVESH,yerestimation as well as to obtain the zero-point-energy (ZPE)
tigation on the gas-phase reaction of small molecules as model

) o correlation®® For each transition state, intrinsic reaction coor-
catalysts has been considered capable of providing a wealth Ofdinate (IRC calculations were performed in both directions

. o . 2 o9
inner insight into the hature of _real catalytic reactiéhs? To to connect these corresponding intermediates at the above level.
our knowledge, there is no literature based on a quantum step of 0.1 amt2 bohr is used in the IRC procedure. The

Chem.'Stry appr(_)ach aimed at the m_echanlsm of the RWGS stability of the wave function was checked for each stationary
reaction over Ni catalyst. The theoretical efforts most closely point in the RWGS reaction

;el;t;i Sf&; 2533a|:21?1n2rcehi Sent"a{f strréctggeéothzte:ﬁg %%ire In addition, the single-point energies are also performed at
Y ' - brop the CCSD(T)/6-31+G(2d,2p) level at the B3LYP optimized

triplet-state Ni+ CO, — NiO + CO reaction involves Ni . . h )
insertion into the GO bond of CQ, and that the oxygen geometries. This correlation treatment in the coupled cluster
' Y9 calculations involves all valence electrons and is expected to

abstraction and Ni insertion take place simultaneously with obtain more reliable relative energi®s! Unless otherwise

electron transfer from Ni to C Similar reaction mechanisms i . ; . ;
in Ti + CO,* and Sct CO,%%systems also revealed that the speuf;ed, t.he CQSD(T) single-point energies are used in the
following discussions.

metal insertion process may be accompanied by then3d ; . .
orbital interaction between the transition metal and carbon Al calcqlatlons in the present study were performed using
dioxide. Our recent theoretical investigation on the gas-phasethe Gaussian 03 progratth.
H,/CO./Ni(1S) system suggested that the addition of H

The geometries of all stationary points (reactants, products,

facilitated the insertion of Ni into the €0 bond of CQ via o 3. Results and Discussion
— i i 23 .. . . .
7" interactions The optimized structures of various species on the triplet-
* Corresponding  author. E-mail: gchem@scu.edu.cn, chwehu@ State potential energy curve of the reaction ofRI)(+ H; +
mail.sc.cninfo.net. CO;, are depicted in Figure 1. The relative energies of various
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Figure 1. Geometries of various species on PES of RWGS reaction in t#f@®¥Ni(®D) system, optimized at B3LYP/6-3%15(2d,2p) level.
Bond lengths are in angstroms, and angles are in degrees.

species in the above reaction calculated at the CCSD(T)// the resulting stable system interacts with Enly b-H,NiCO,

B3LYP/6-31H-G(2d,2p) levels are listed in Table 1. The energy will be obtained. Although the co-complex bMNICO; is

diagram along the triplet reaction pathway of various species identified as a stable species, we have failed to locate any

obtained from CCSD(T)/6-31G(2d,2p) single-point calcula-  transition state connecting it with a;NiCO; or other interme-

tions is shown in Figure 2. diates on the reaction path fo~© bond cleavage. Therefore,
3.1. Formation of NICO, Co-complexlt is shown that there according to the data obtained in the present work, the entire

exist two distinct co-complexes;NiCO; along the predicted  Ni(3D) + H, + CO, — Ni(®D) + H,O + CO reaction proceeds

reaction paths, which are marked as aNKCO, and b-BNiCO,, via the formation of the co-complex a;NiCO; instead of b-H-

respectively. It is predicted that the formation of the two co- NiCO..

complexes is closely dependent on the coordination sequence As shown in Figure 1, in the co-complex aMCO,, two

of CO, and K to Ni. That is, if H interacts first with Ni, and bonds between Ni and the C and O(2) atoms of the @Giety

the resulting system interacts with g@-HNiCO, and b-H- form, and the OCO angle has been distorted to T4Ampared

NiCO, may form; whereas, if C@interacts first with Ni, and to the angle in free COmolecule. The planar NiCOnoiety in
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TABLE 1: Relative Energies (kJ mol™2) in the H,/COy/
Ni(®D) System Calculated at CCSD(T)//B3LYP/
6-311+G(2d,2p) Levels

species B3LYP CCSD(T)
Ni(®D) + H, + CO, 0.0 0.0
TS1+ CO, 6.9 11.5
NiH; + CO, 8.9 10.1
a-HNiCO; 14.4 2.6
b-TS1 69.4 77.3
NiCO, 68.4 63.7
b-H:NiCO; 17.9 -84
TS2 1195 85.9
H-NiOCO 53.2 21.7
TS3 98.5 75.4
HONIHCO —55.2 -87.1
TS4 39.1 16.8
H-ONiICO —34.7 —81.3
HONIH + CO -9.5 —50.4
c-TS4+ CO 145.4 119.1
H,ONi + CO 39.8 -13.1
NiCO + H,0 —4.2 —28.6
Ni(®D) + CO+ H,0 56.0 12,5

this co-complex is almost the same as that ini#hgo-NiCO,
complex. Galan et & and Hannachi et & suggested that
this triplet72c o-NiCO, complex should be a unstable species
in the triplet-state gas-phase @i system. The location of
the triplet-state;’c o-NiCO, as a stationary structure was also
failed in the present work. Our calculations show that the
addition of B molecule can stabilize the triplet-stat@c o-
NiCO; by the formation of the a-pNiCO, co-complex. CCSD-
(T) calculations indicated that the addition of £ the NiH,
species give a stabilization energy of 7.5 kJ Maklative to
the NiH, + CO, species.

For the co-complex b-pNiCO,, two O-ends of the C®
moiety attach to Ni with the formation of the cyclic four-
membered NiCQring, which is in general similar to the triplet-
staten?o,o-NiCO, complex. Previous theoretical resed@fch?
identified thisy?0,o-NiCO, complex as a stable complex in the
triplet-state gas-phase G system. The calculations in the
present work further indicate that the presence pétdbilizes
this co-complex by 72.1 kJ mol.

3.2. H-Promoted G-O Bond Cleaage of CQ by Ni
Insertion. From a-BNICO,, the reaction proceeds by Ni
insertion into one €0 bond of the C@moiety via transition

Ni('S)+H, +CO,

(169.4) t-a-H,NiCO, ( 2.6)
— t-b-H.NIiCO, (-8.4)
t-b-TS1+H,% TS

(773)  “eNiCOs+H, 59)

- (63D t-H,NiOCO
Ni’D)+H,+CO, (1.7)

(0.0)
CTS1+CO, = The— .
as

s-NiH,+CO, ",
109

sNiCOAH, N/

(323)

S-! leEO

(-131.9)

(-1.6)

s-HONiH (-12.9)
t-HONiH (-50.4) —

t-TS3
(75.4)

s-HNiOCO (-33) *

Qin et al.

state TS2. For TS2, as shown in Figure 1, the@2) distance

is remarkably longer than that for &MNiCO,. The Ni—O(2)
distance becomes shorter than that forH&O,. These results
indicate that the interaction of NiO(2) has been enhanced and
the C-0O(2) bond has been significantly activated. Thus, this
reaction step involves the cleavage of the@?2) bond and
leads to the formation of CO fragment formingMOCO. In
HoNIiOCO, as shown in Figure 1, the<®(2) bond has been
cleaved. As to the K moiety, its structure has not been
significantly changed, indicating that the; lhoiety remains
undissociated on interacting with Ni. CCSD(T) calculations give
an endothermicity of about 19.1 kJ méland an energy barrier
of 83.3 kJ mof? for this step.

Hannachi et a#? proposed that the most feasible reaction of
Ni(®D) + CO, — NiO + CO involves the Ni insertion process
with energy barriers of 144.6 and 188.1 kJ midior A" and
SA" PESs, respectively. In our presen#/EO,/Ni(*D) system,
only one triplet-state PES is obtained as a result of the
degeneration of orbital symmetry originating from the presence
of H,. We visualize the SOMOs (singly occupied molecular
orbitals) of HNIOCO in Figure 3. As shown in Figure 3, these
orbitals can be characterized as mosttyNiO orbitals. This
characterizes the electronic configuration of NiO moiety j H
NiOCO to be théZ (16211%26%20%27) state. Since the reaction
path yielding the’X state NiO moiety corresponds to th&"
surface in the C@Ni(3D) system in Hannachi’'s research, the
present triplet RWGS reaction PES is therefore more compatible
with the 3A” PES in the C@Ni(®D) system.

Comparing the above data with the @Ri(D) system, it is
found that the most obvious difference is the barrier height for
the Ni insertion process. CCSD(T) calculations give the energy
barrier for Ni insertion in the HICO,/Ni(®D) system to be 83.3
kJ moi~%, which is significantly lower than that for the analogous
step on the®A” surface in the C@Ni(°D) system (144.6 kJ
mol~1). For comparison, we have also reproduced the corre-
sponding transition state T3("') in the CQ/Ni(3D) system
reported in ref 22 at the B3LYP/6-3315(2d) level, and
visualized the orbital interaction in the above transition states.
The visualizations of orbital interactions in P8(') and TS2-
(3A) are plotted in Figure 4.

Hannachi et a#? also suggested that the process of Ni
insertion with cleavage of the 60 bond involves charge

Ni('S)+CO+H,0
(181.9)

t-c-TS4

t-HONiHCO amn

(-87.1) t-H,ONi+CO (-13.1)

t-NiCO+H,0 (-28.6)

Ni(*D)+CO+H,0
(12.5)

: ¢ SNiCO+H,0
(-127.9)

Y. STS3(-139.7)

s-HONiHCO
(-191.3)

'—'

s-H,ONiCO (-246.6)

Figure 2. Potential energy profile for RWGS reaction in triplet (t) and singlet®(sfate H/CO,/Ni systems calculated at CCSD(T)//B3LYP/6-
311+G(2d,2p) levels. The CCSD(T) single-point relative energies (kJ Hhake listed in parentheses.
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Figure 4. Visualization of orbital interaction of comparable transition states in/Si{PD) and H/CO,/Ni(°D) systems, respectively.

transfer from Ni to ther* orbital of CO,. For TSEA""), as shown kJ mol? for this step. The intermediate;BNiCO can release
in the left of Figure 4, the 3d orbital of Ni interacts with th#& a water molecule and leave NiCO behind at an energy cost of
molecular orbital (MO) of C@ and the charge transfer from 52.7 kJ mot! without any energy barrier. Our calculations also
Ni to thesz* MO of CO, may take place by means of this-3d indicate that the NiCO can further decompose t?DNj(+ CO
a* orbital interaction. In the case of TS, this 3d—x* orbital products at an energy cost of 41.1 kJ makithout any energy
interaction also exists in the NiGOnoiety, and ther orbital barrier.
of the H, part simultaneously interacts with the 3d orbital of As shown in Figure 2, from HONIHCO, the reaction can
Ni. Consequently, there may exist a hyperconjunctive interaction proceed via an alternative reaction path by the decomposition
between the bimoiety and the Ni center (natural bond orbital of HONIHCO, forming CO and HONiH. The calculations
analysis performed gives a large stabilization energy of 106.6 predict that this step requires 36.7 kJ malithout any energy
kJ mol! for BD(¢)H5—H6 — LP*(4)Ni, confirming this point barrier. Then, the reaction can proceed by the migration of H
of view). Hence, with such a hyperconjunctive orbital interac- atom from the Ni center to the O atom via transition state c-TS4.
tion, the H moiety may also reinforce the 3dr* orbital This reaction step leads to the formation of0Ni. CCSD(T)
interaction and be advantageous to the charge transfer from Nicalculations give an endothermicity of 37.3 kJ mia@nd a rather
to thez* MO of CO,. The enhanced charge-transfer process large energy barrier of 169.5 kJ mélfor this step. Next,
therefore facilitates the cleavage of-© and makes the energy  H>ONi can further release a water molecule and leave the triple-
barrier height lower for this reaction step, as compared to the state NifD) atom behind at an energy cost of 25.6 kJ Mol
analogous step in the GMIi(3D) system. without any energy barrier. The largest energy barrier for this
3.3. Formation of HO + CO. After Ni insertion, the reaction reaction path is predicted to be 169.5 kJ mplwhich is
proceeds via transition state TS3 to produce HONIHCO. For significantly larger than that for the competitive reaction path
TS3, as shown in Figure 1, the H(5)(6) distance becomes mentioned above. Thus this reaction path is harder to occur,
longer than that for ENIOCO, indicating that the H(5)H(6) when the competitive reaction path is considered.
bond becomes weakened. As a result, this reaction step involves The overall endothermicity of the NID) + H, + CO, —
the cleavage of the H(5)H(6) bond of this H moiety, which Ni(®D) + CO + H,0 reaction is predicted to be about 12.5 kJ
leads to the migration of H(6) from the,Hnoiety to the O(2) mol~! at the CCSD(T)/6-314G(2d,2p) level. Because the
atom. For HONIHCO, the H(5)H(6) distance is obviously  calculated energy between HONIHCO and TS4 is 103.9 kJ
longer than that for TS3. The above results indicate that the H mol~%, which is the largest energy barrier along the most feasible
fragment has been remarkably activated in this structure. CCSD-reaction coordinate predicted in the present system, this step
(T) calculations give an exothermicity of about 108.8 kJThol  can be considered the rate-determining step (RDS) for the entire

and an energy barrier of 53.7 kJ mbffor this step. reaction, which corresponds to hydrogen migration with the
From HONIHCO, the reaction proceeds via transition state formation of water.
TS4 to produce the final intermediate®NiCO. For TS4, the 3.4. Comparison with Singlet PEQuantum chemistry

Ni—H(5) bond becomes longer, indicating that the-Ni(5) CCSD(T)//IB3LYP/6-31%G(2d,2p) calculations have been per-
bond is remarkably activated in TS4. Therefore, this reaction formed recently for the singlet-state PES for the RWGS reaction
step involves the migration of the H(5) atom from Ni and leads in the gas-phase #CO,/Ni(1S) systent3 Compared with the

to the formation of water. CCSD(T) calculations give an energy of singlet-state Ni§) from ref 23, CCSD(T) calculations
endothermicity of 5.8 kJ mol and an energy barrier of 103.9  predict the energy gap for the Ni atom (between3beand!S
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