Catalysis
Science &
Technology

Accepted Manuscript

R ) P This is an Accepted Manuscript, which has been through the
Catalysis Royal Society of Chemistry peer review process and has been
Science & accepted for publication.

Technology

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

nggm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/catalysis


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 1Catal. SCl TCChHOl. Catalysis Science & Technology

o

@

20

2

3

3

4

S

0

5

S

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.OIrg/XXXXXX

Dynamic Article Links »

Full Paper

Catalytic Reduction Mechanism of NO by CO on Rh," Cluster: A

Density Functional Theory Study

Ben-Fang Su,” Hong-Quan Fu,“ Hua-Qing Yang** and Chang-Wei Hu’

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
DOI: 10.1039/b000000x

The catalytic reduction of NO by CO on Rh," cluster has been extensively studied on the ground and first
excited states at B3LYP/6-311+G(2d), SDD level. The main reaction pathway includes the following
elementary steps, (1) the coadsorption of NO and CO, (2) the recombination of NO and CO molecules to
form CO, molecule and N atom, or the decomposition of NO to N and O atoms, (3) the reaction of N
atom with the second adsorbed NO to form N,O, (4) the decomposition of N,O to N, molecule and O
atom, and (5) the recombination of O atom and CO to form CO,. At low temperature (300-760 K), the
turnover frequency (TOF) determining transition state (TDTS) is the simultaneous C-O bond formation
and N-O bond cleavage, with the rate constant (s') of kps = 4.913 x 10'2exp(—272,724/RT). The
formation of CO, should originate in half from the reaction between the adsorbed CO and NO. The
presence of CO in some degree decreases the catalytic reduction temperature of NO on Rh," cluster. At
high temperature (760-900 K), the TDTS is concerned to the N-O bond cleavage, with the rate constant
(s of kpg = 6.721 x 10%5exp(—318,376/RT). The formation of CO, should stem solely from the
surface reaction between the adsorbed CO and O atom, the latter being originated from NO
decomposition. The bridge NyRh," is thermodynamically preferred. Once the bridge NyRh," is formed,
the N,O and NCO contained species are predicted to exist, which is in good agreement with the

experimental result.

1. Introduction

Recently, small clusters and nanoparticles have been of great
interest from both the fundamental and technological viewpoints,
since its catalytic reactivity is substantially modified by changing
their size, structure, charge sate, and chemical composition.1
Metallic rhodium has proved to be one of the best components for
the removal of NO,, a very important step in pollution-control
processes.>” The catalytic reduction mechanism of NO, by CO on
rhodium-based catalysts is of great practical importance in
designing suitable automotive exhaust gas catalysts.*® Thereupon,
the catalytic mechanism of various types of Rh clusters has
received a lot of attention with respect to the reduction of NO, by
CO.

Using Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometry, Anderson et al. and Ford et al. have revealed
the high activity of Rh,"(n < 30) cluster toward the dissociation
of the NO molecule,”® in which the cationic clusters react
significantly faster than the anions. By means of density
functional theory calculations, Ghosh et al. have studied the
binding of NO to the small rhodium clusters including one to five
atoms,” indicating that the rhodium clusters may be good
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catalysts for NO reduction. Torres et al. have confirmed the
dissociative adsorption of NO on Rhs".'® Xie et al. have analyzed
the NO adsorption and decomposition reaction mechanism on
Rh;" cluster, which includes NO adsorption, NO decomposition
to N and O atoms, and the N atom reaction with the second
adsorbed NO and then reduction to N, molecule.!' Romo-Avila et
al. have investigated the stability and dissociation behavior of NO
molecules adsorbed on small nonmagnetic Rh,** cluster (n =3, 4,
6, and 13)." They proposed that the dissociation of the N-O bond
is more easily obtained on square facets than on triangular atomic
environments, and that the energy barriers to break the N-O bond
depend on the charge state of the systems.' Zeinalipour-Yazdi et
al. have performed a systematic study on the adsorption of CO on
a Rhy cluster,'” indicating the vertical adsorption of CO to the
metal-metal bond. Later, Xie et al. have explored the catalytic
reduction mechanism of NO by CO on Rh;" cluster.”’ They
suggested that the reaction proceeds via the following steps, the
coadsorption of NO and CO on the Rh;" cluster, then the
decomposition of adsorbed NO into N and O atoms, the reaction
of O atom with the adsorbed CO to form CO, molecule, the
adsorption of the second NO on the Rh;" cluster, the
decomposition of the adsorbed NO into N and O atoms, the
coupling of two N atoms to yield N, molecule, and the
recombination of the second CO of O atom to CO, molecule, in
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which the second adsorbed NO generating N and O atoms is the
rate-limiting step of whole catalytic cycle."”® These theoretical
study supports that the NO molecule dissociates into N and O
atoms, and the mechanism of CO, formation accords to the
recombination of CO and O atom, the latter originating from the
NO decomposition."!"!?

Nevertheless, the mechanism of CO, formation is
experimentally in debate, one through the reaction between CO
and NO," and another through recombination of CO and O atom,
the latter originating from the NO decomposition.'*"!” Lately, we
have investigated the reaction mechanism of NO and CO
catalyzed by Rh atom,'® which involves two main reaction stages,
NO deoxygenation to generate N,O and then the deoxygeneation
of N,O with CO to form N, and CO,. The key reaction step is the
NO deoxygenation to generate N,O, in which the self-
deoxygenation of NO reaction pathway is kinetically more
preferable than that in the presence of CO.'® Moreover, on the
single Rh atom, CO plays a dominating role in the RhO reduction
to regenerate Rh atom.'®

To probe the cooperativity of Rh-Rh toward the NO
reduction by CO, the Rh," cluster are preferred in the present
study, since the cationic clusters react significantly faster than the
anions.”® During the NO and CO conversion process, the
intermediate N,O, NCO, and CN groups were experimentally
observed.'?” In the catalytic conversion of 2NO + 2CO — N, +
2CO,, there are also a number of concomitant channels yielding
N,O, NCO, and CN, which complicates a comprehensive
understanding.**'?? Therefore, of particular interest is to explore
the complete catalytic reduction mechanism of NO by CO on the
Rh," cluster in conjunction with the relevant side reactions, as
exemplified by the reactions

2NO +2CO — N, +2CO, (1)
NO +2C0O — NCO + CO, )
NO +3C0O — CN +2CO, A3)

The aims of the present study are as follows: (a) to elucidate
the determining transition state (TDTS) and the determining
intermediate (TDI) of the turnover frequency (TOF), (b) to obtain
a better understanding of the preference of reaction pathway, and
(c) to gain an deep insight into the cooperativity of Rh-Rh on
catalytic reduction mechanism.

2. Computational details

All calculations were carried out with the Gaussian 09 program
package.?® Full geometry optimizations were run to locate all the
stationary points and transition states (TSs) on the ground and
first excited states. The B3LYP*** functional method was
employed with the 6-311+G(2d) basis set for carbon, nitrogen,
and oxygen,”**” and the Stuttgart/Dresden (SDD) basis set and
the corresponding effective core potential (ECP) for rhodium,™
namely B3LYP/6-311+G(2d), SDD. Moreover, the stability of
the wavefunction of the auxiliary Kohn-Sham determinant in
density function theory (DFT) was tested.?** If an instability is
found, the wavefunction is reoptimized with appropriate
reduction in constraints, and the stability tests and
reoptimizations are repeated until a stable wavefunction is found.
230 Computed <S*> values suggested that only small spin
contamination is included in the calculations. Systematic
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frequency calculations were performed to characterize stationary
points obtained and to take corrections of zero-point energy
(ZPE) into account. For the reaction pathway analysis, every
transition structure has a unique imaginary frequency, and the
connections between transition states and corresponding
intermediates were verified by means of intrinsic reaction
coordinate (IRC) calculations.’'** The dominant occupancies of
natural bond orbitals and dominant stabilization energies E(2)
between donors and acceptors for some species have been
analyzed with the help of the natural bond orbital (NBO)
analysis.*>** Unless otherwise mentioned, the Gibbs free energy
of formation (AG) for species is relative to the initial ground state
reactants including ZPE correction obtained at B3LYP/6-
311+G(2d), SDD level in the gas phase under atmospheric
pressure and room temperature (300 K and 1 atm). The changes
of Gibbs free energy for the reaction (AG,) were computed using
the Egs. (i).

AG: = AGpro— AGrea O]
where AG,,, and AG,, are the Gibbs free energy of formation for
products and reactants in the reaction, respectively.

The turnover frequency (TOF) of the catalytic cycle
determines the efficiency of the catalyst. Based on the transition
state theory,*>*® TOF can be calculated by Eqgs. ((ii) and (iii),””
in which 3E (the energetic span'’) is defined as the energy
difference between the summit and trough of the catalytic cycle.
Grprs and Grp; are the Gibbs free energies of the TOF
determining transition state (TDTS) and the TOF determining
intermediate (TDI), and AG, is the global free energy of the
whole cycle.

3 ..

TOF = kT e kT (i)

h

SE Giprs — Gy if TDTS appears after TDI (iii)
N Giprs — Gy +AG,  if TDTS appears before TDI

where £, is the Boltzmann constant, 7 is the absolute temperature,
and / is the Plank constant.

The rate constants (k) have been evaluated according to
conventional transition state theory k(7) (TST), based on
Winger’s formulation as follows*':

-AG*
kBT e kBT
0 wee
he (iii)
where kg is the Boltzmann constant, 7 is the absolute temperature,

h is the Plank constant, ¢” is the standard concentration (1 mol
dm™), and AG” is the activation Gibbs free energy barrier.

k(T) =

3. Results and Discussion

The same method and basis sets (B3LYP/6-311+G(2d), SDD)
were successfully used to perform the geometric structure
optimization in the reaction mechanisms of methane catalyzed by
the neutral RhO,* the cation RhO",** and the Rh/y-Al,0; model
catalyst,* and in the catalytic reduction mechanism of NO by CO
on the Rh atom.'® Thereupon, the present method and basis sets
should be appropriate for the present system (Rhy" + NO + CO).
As mentioned earlier, the N,O and NCO are regarded as the
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important intermediates in the NO and CO conversion
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Fig.1 The geometric structures of the reactants, intermediates, TSs, and products, and the schematic energy diagrams for the reaction (4) Rhy” + 2NO —
OyRh,;” + N,O calculated at the B3LYP/6-311+G(2d), SDD level. Bond lengths are reported in A and bonds angles in degree. Relative energies (kJ mol™)

s for the corresponding species relative to *Rh," + 2NO are shown. (a), for the Rhy" + 2NO — N,Rh,; Oy(NO) reaction stage with the N-O bond cleavage in
the absence of the second NO molecule; (b), for the Rhy” + 2NO — NyRh, Oy(NO) reaction stage with the N-O bond cleavage in the presence of the
second NO molecule; (c), for the NyRh;"O(NO) — OpRh," + N,O reaction stage.

processes.lg’20 Furthermore, N,O dissociation has been observed
by infrared induced reactivity on the surface of small gas-phase

10 thodium clusters.** In this study, we will mainly discuss the
following six reactions.

30 formation. Achieving the side reaction (2) of NO + 2CO — NCO
+ CO,, there is a unique reaction pathway, which is composed of
the (7) and (9) reactions through N-O bond cleavage in the
presence of CO. Acquiring the side reaction (3) of NO + 3CO —

<)
o

Rh," + 2NO — O,Rh," + N,O 4) CN + 2CO,, there is a unique reaction pathway, which comprises
Rh," + N,O — O,Rh," + N, (5) 35 the (7), (9), (10), and (6) reactions through N-O bond cleavage in
O,Rh,” + CO — Rh;" + CO, 6) the presence of CO. The AG, values of the (1), (2), and (3)
Rh," + NO + CO — N,Rh," + CO, (7) reactions are calculated to be -696.4, -114.1, and -74.5 kJ mol’',
NyRh;" + NO — Rh;" + N,O (8) respectively.  Thereupon, all the three reactions are

Furthermore, the following two side reactions will also be
discussed to generalize overall reduction mechanism of NO by
CO on the Rh," cluster.

N,Rh,” + CO — Rh," + NCO ©)
Rh,” + NCO — O,Rh,” + CN (10)

Accomplishing the main reaction (1) of 2NO +2CO — N, +
2CO,, there are two kinds of catalytic cycles. One is made up of
the (4), (5), and 2x(6)reactions through N-O bond cleavage in the
absence of CO, and another is composed of the (7), (8), (5), and
(6) reactions through N-O bond cleavage in the presence of CO,
denoted as the reaction pathways A and P (RP-A and RP-P),
respectively. It is obvious that the main difference in the two
catalytic cycles originates from the reaction pathways for the N,O

S

o

thermodynamically preferable. Then, we will discuss the kinetics
of the above three reactions (1), (2), and (3), and the competition
of the catalytic cycles, as well as the selectivity of main and side
reactions infra.

Moreover, particular attention was devoted to the possible
occurrence of a two-state reactivity phenomenon, since the spin
crossing is often involved in the transition-metal-containing
reactions.*” Therefore, the potential energy profiles for the ground
and the first excited states of rhodium-containing reactions were
investigated. The superscript prefixes ¢lp edn e s w6 gnd
«™ will be used to indicate the doublet, triplet, quartet, quintet,

so sextet, and septet states, respectively.

4 | Catal. Sci. Technol., [2015], [vol], 00—-00
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Fig. 2 The geometric structures of the reactants, intermediates, TSs, and products, and the schematic energy diagrams for the reaction (5) Rhy;" + N,O —
OuRh," + N calculated at the B3LYP/6-311+G(2d), SDD level. Bond lengths are reported in A and bonds angles in degree. Relative energies (kJ mol™) for

the corresponding species relative to ‘Rh,” + N,O are shown.
5 3.1 The RP-A for 2NO +2CO — N, + 2CO,

This reaction pathway RP-A can proceed via four steps, NO
adsorption, NO decomposition to N and O atoms, the reaction of
N atom with another adsorbed NO and then reduction to N,
molecule and O atom, and the recombination of CO and O atom
10 to form CO,. The RP-A can be further divided into two reaction
pathways, through N-O bond cleavage in the absence and
presence of another NO molecule, denoted as “RP-Aa” and “RP-
Ap”, respectively. The RP-A falls into three sequent reactions of
(4), (5), and 2x(6). Next, it is necessary to investigate the above
15 three reactions, both thermodynamically and kinetically.
3.1.1 Rh," + 2NO — O,Rh," + N,0
The geometric structures and the schematic energy diagrams for
the reaction of (4) Rhy + 2NO — O,Rh," + N,O are depicted in
Figs. la-1c, respectively. As indicated in Fig. 1a, the quartet state
20 Rhy" cluster is the ground state, with the Mulliken atomic spin
densities of 1.30, 1.51, 1.65, and -1.46 e and the natural charge of
0.15,0.22, 0.30, and 0.32 for the four Rh atoms, respectively. The
sextet state Rhy" clusters lies 2.7 kJ mol™ above the ground

quartet state, with the Mulliken atomic spin densities of 0.03,

»5 1.57, 1.70, and 1.71 e and the natural charge of 0.19, 0.24, 0.29,
and 0.29 for the four Rh atoms, respectively. The doublet state
Rh," clusters locates 31.1 kJ mol™! above the ground quartet state,
with the Mulliken atomic spin densities of 1.15, 1.15, -0.65, and -
0.66 e for the four Rh atoms, respectively, and the natural charge

30 0f 0.25 for each Rh atom. Thereupon, we will discuss the relevant
reactions on the ground quartet state “Rh," and the first excited
state *Rh,". The reaction of (4) is calculated to be exergonic by
214.2 kJ mol™" on its minimal energy reaction pathway (MERP).
It is shown that this reaction is thermodynamically preferable.

3s Then, we will infra discuss its kinetics from potential energy
surfaces (PESs).

As shown in Fig. 1a for RP-Aa, when one NO molecule is
initially adsorbed on Rh," cluster, there are three kinds of
configurations through N-end, one top Rh;'NO, one bridge b-

« Rhy"NO, and one bridge-bridge bb-Rh, NO with the stabilization
energies of 120.9, 171.8, and 92.1 kJ mol™ on the respective
ground state, respectively. Among these three configurations, the

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 The geometric structures of the reactants, intermediates, TSs, and products, and the schematic energy diagrams for the reaction (6) OpRhs" +CO —
Rh," + CO, calculated at the B3LYP/6-311+G(2d), SDD level. Bond lengths are reported in A and bonds angles in degree. Relative energies (kJ mol™) for

the corresponding species relative to “OpRh," + CO are shown.

s bridge *b-Rh;'NO is the most thermodynamically preferable. In
5b-Rh, NO, the spin densities of —Rh, and —-NO moieties are 4.17
and -0.17 e. It is indicated that the unpaired electrons are mainly
on —Rh,; moiety. Moreover, the occupancies of each Rh-N bond
orbital are 1.94 ¢, indicating a complete single-bond in Rh-N. The

10 bridge b-Rh,'NO can isomerize into the top Rh,;'NO with the
energy barrier of 50.9 kJ mol™' on its MERP. Next, the N-O bond
scission takes place to form a top-top configuration NRh, O via a
four-member TS1-1. Then, when another NO molecule is
adsorbed on Rh," cluster, a molecular complex NRh,;"O(NO) is

15 engendered. From NRh,"O(NO), the [1,2]-O and [1,2]-N shifts
sequently take place via TS1-3 and TS1-4, respectively, to
produce a more stable bridge-bridge N,Rh,"O,(NO). As shown in
Fig. la, the triplet-quintet spin crossing should take place near
TS1-1 via the minimum energy crossing point (MECP) between

20 *RhyNO and °Rhy;'NO. Moreover, the doublet-quartet spin

crossing should occur near TS1-3 via the MECP between
*NRh;/O,(NO) and >NRh,;'O,(NO). Thereupon, the MERP
should start at the quartet state and end on the doublet one, with
an exergonic value of 211.1 kJ mol™.
2 As depicted in Fig. 1b for RP-Ap, when two NO molecules
are initially adsorbed on Rh," cluster simultaneously, there are
three kinds of configurations through N-end, one top-top
ONRh,'NO, one top-bridge ONRh,"(NO),, and one bridge-
bridge (ON),Rh,"(NO), with the stabilization energies of 258.4,
308.7, and 331.9 kI mol' on the respective ground state,
respectively. Among these three configurations, the bridge-bridge
(ON),Rh,"(NO),, is the most thermodynamically favorable. In
(ON),Rh,"(NO),, the spin densities of —Rh, and -NO moieties
are 1.50 and -0.50 e. It is indicated that the unpaired electrons
35 exist both on —Rh, and -NO moieties. Moreover, the occupancies
of each Rh-N bond orbitals are 1.61 e, indicating an approximate

3

=3

This journal is © The Royal Society of Chemistry [year]
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single-bond in each Rh-N. The bridge-bridge (ON),Rh,'(NO),
can isomerize into the top-bridge ONRh,'(NO), with the energy
barrier of 23.2 kJ mol'. Next, one N-O bond cleavage occurs to
form a molecular complex NRh,O(NO), via a four-member
TS1-2. NRh,'O(NO), readily converts into the isomer
NRh,'O(NO) without any energy requirement. As mentioned
earlier, from NRh,’O(NO), the [1,2]-O and [1,2]-N shifts
sequently occur via TS1-3 and TS1-4, respectively, to produce a
more stable bridge-bridge NyRh, Oy(NO). As shown in Fig. 1b,
the doublet-quartet spin crossing should take place twice near
TS1-2 and TS1-3 via two MECPs between *ONRh,'(NO), and
2ONRh, (NO),, and between *NRh, Oy(NO) and *NRh,"0,(NO).
Then, the MERP should start at the quartet state and end on the
doublet state.

As shown in Fig. lc, there are two reaction pathways from
NRh, 0,(NO) to (N),Rh,"(0), and O,Rh," + N,O, respectively.
One is the N-N bond formation via a four-member TSI1-5, to
yield a molecular complex ON,Rh,"Oy. Another is the N-O bond
cleavage via a four-member TS1-6, to form (N),Rh,"(O),. It is
obvious that the two reaction pathways are competitive. Because
the doublet *TS1-5 locates 122.8 kJ mol™' below the quartet *TS1-
6 on their MERPs, the reaction pathway of the N-N bond
formation is more kinetically favorable than that of the N-O bond
cleavage. Thereupon, the reaction pathway of N-O bond cleavage
should be ruled out. Last, ON,Rh, O, set the N,O molecule free
without any energy requirement, leaving O,Rh," behind.

On account of Figs. la-1c, for RP-Aa, the MERP should

include the highest energy barrier (HEB) of 239.6 kJ mol ™" at the
N-O bond cleavage step of ‘Rhy'NO — TS1-1, with the energy
3 height of the highest point (EHHP) of 118.7 kJ mol™ at STS1-1.
On the other hand, for the RP-Ap, the MERP should involve the
HEB of 282.2 kJ mol! at the N-O bond cleavage step of
4ONRh,"(NO), — >TS1-2 and the EHHP of 0.0 kJ mol" at the
entrance. For the reaction of Rh,” + 2NO — OyRh," + N,0, the
MERP should starts at the quartet state and end on the sextet one.
3.1.2 Rh," + N,O — O,Rh,* + N,
The geometric structures and the schematic energy diagrams for
the reaction of (5) Rh;" + N,O — O,Rh," + N, are depicted in Fig.
2. As shown in Fig. 2, the reaction of (5) is calculated to be
exergonic by 232.2 kJ mol’ on its MERP. Therefore, this
reaction is thermodynamically preferable. Initially, when one
N,O molecule interacts with Rh," cluster, two kinds of
configurations are obtained, x-1,3-O,N Rh,’ON, and u-1,2-N.N
Rh;"N,O with the energy requirement of 41.9 and 39.7 kJ mol™
on their MERPs, respectively. It is indicated that both Rh, ON,
and Rh,"N,O are not thermodynamically stable, which may stem
from the decrease of entropy, because of the relative electronic
energies of -4.1 and -5.6 kJ mol™ relative to the discrete Rh," and
N,O, respectively, on their MERPs. Second, from Rh, ON,, the
N-O bond cleavage and the Rh-O bond formation take place
simultaneously via a five-member TS2-1, to yield a molecular
complex ORh,'N,. Third, ORh,'N, releases the free N, molecule,
keeping ORh," behind. Finally, from the top ORh,", the [1,2]-O
migration occurs via a three member TS2-2, to produce a more
stable bridge O,Rh,".

As depicted in Fig. 2, for the reaction of Rh," + N,O —
OpRh," + N,, the quartet-sextet spin crossing should take place
thrice near TS2-1 and TS2-2. Therefore, the MERP should start at
the quartet state and terminate on the sextet one, with the HEB of

o
S

=)

&

=5

60 41.9 kJ mol™! at “Rh,” + N,O — °Rh,"ON, reaction step and the

EHHP of 58.4 kJ mol™! at °TS2-1.

3.1.3 O,Rh;" + CO — Rh," + CO,

The geometric structures and the schematic energy diagrams for
the reaction of (6) O,Rh," + CO — Rh," + CO, are depicted in
Fig. 3. As shown in Fig. 3, the reaction of (6) is calculated to be
exergonic by 125.0 kJ mol™! on its MERP. Thereby, this reaction
is thermodynamically preferable. First, one CO molecule is
adsorbed on OyRh," through C-end, forming a molecular complex
O,Rh,CO. Second, [1,3]-O shift occurs via a four-member TS3-
1, to yield a molecular complex Rh,'CO,. Last, Rh,'CO, set the
CO, molecule free without any energy requirement, leaving Rh,"
cluster behind, and then making the Rh," cluster reduced and
completing the catalytic cycle.

As indicated in Fig. 3, the quartet-sextet spin crossing
should occur near TS3-1. Then, the MERP should begin on the
sextet state and end on the quartet one, with the HEB of 101.1 kJ
mol ™ at the C-O bond formation step of *OyRh,"CO — *TS3-1
and the EHHP of 18.9 kJ mol™ at *TS3-1.

As mentioned earlier, for the gross reaction 2NO + 2CO —
N, + 2CO,, there are two reaction pathways RP-Aa and RP-Ap.
The TOF analysis showed that the TDI and TDTS for RP-Aa are
5b-Rh,"NO and >TS1-1, respectively, and that the TDI and TDTS
for RP-Ap are *(ON),Rh, (NO), and *TS1-2, respectively. The
TDIs *b-Rhy"NO and %(ON),Rh,"(NO), are concerned to the NO
adsorbed molecularly on Rh," cluster. The TDTSs, 5TS1-1 and
2TS1-2, answer for the N-O bond cleavage. Then, the rate
constants of *b-Rh,'NO — TS1-1 (ky,) and *(ON),Rh,"(NO),
— ?TS1-2 (kap) are representative of the gross rate constant of
the RP-Aa and RP-Ap for the reaction 2NO + 2CO — N, +
2CQO,. Over the 300-900 K temperature range, the rate constants
kaa and k, can be adapted by the following expression (in s1):

k,, =4.497 x10" exp(=295,596/ RT) (iii)
k,, =1.296x10" exp(~350,086 / RT) (iv)

Over the 300-900 K temperature range, the rate constant ka, is
two to seven magnitude orders greater than the rate constant kyy,.
Therefore, the RP-Aa is kinetically more favorable than the RP-
Ap. It is indicated that the RP-Aa is dominated, compared with
the RP-Ap. In other words, the RP-Ap should be ruled out,
compared with RP-Aa. It is obvious that the presence of the
second NO molecule in some degree hampers the first N-O bond
cleavage, which originates from the oxidizability of NO.

3.2 The RP-P for 2NO +2CO — N, + 2CO,

This reaction pathway RP-P is composed of the four sequent
reactions of (7), (8), (5), and (6). Because the reactions of (5) and
(6) have been discussed earlier, it is necessary to investigate the
reactions of (7) and (8), both thermodynamically and kinetically.
The reaction pathway RP-P can be divided into two reaction
pathways, through the C-O bond formation after N-O cleavage
and the simultaneous C-O bond formation and N-O bond
cleavage, denoted as “RP-Pa” and “RP-Ps”, respectively. The
RP-Pa proceeds via six steps, (1) the coadsorption of NO and CO,
(2) the decomposition of NO to N and O atoms, (3) the
recombination of CO and O atom to form CO,, (4) the reaction of
N atom with the second adsorbed NO to form N,O, (5) the

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 The geometric structures of the reactants, intermediates, TSs, and products, and the schematic energy diagrams for the reaction (7) Rhy" + NO + CO

— NpRh;" + CO, calculated at the B3LYP/6-311+G(2d), SDD level. Bond
mol™) for the corresponding species relative to “Rhy”+ NO + CO are shown.

s decomposition of N,O to N, molecule and O atom, and (6) the
recombination of CO and O atom to again form CO,. The RP-Ps
goes ahead via five steps, (1) the coadsorption of NO and CO, (2)
the recombination of CO and NO molecules to form CO,
molecule and N atom, (3) the reaction of N atom with the second

10 adsorbed NO to form N,O, (4) the decomposition of N,O to N,
molecule and O atom, and (5) the recombination of CO and O
atom to again form CO,. That is to say, the difference between
RP-Pa and RP-Ps exists in the second step, N-O bond cleavage
or the simultaneous C-O bond formation and N-O bond cleavage.

15 3.2.1 Rh,"+ NO + CO — NyRh;" + CO,

The geometric structures and the schematic energy diagrams for
the reaction of (7) Rhy” + NO + CO — NyRh," + CO, are
depicted in Fig. 4. As shown in Fig. 4, the reaction of (7) is
calculated to be exergonic by 305.4 kI mol' on its MERP.

20 Thereupon, this reaction is thermodynamically preferable. At the
beginning, when both NO and CO molecules are adsorbed on
Rh," cluster, there are two kinds of molecular complexes, a top-
top ONRh,/CO and a bridge-top (ON),Rh;'CO, with the
stabilization energies of 228.4 and 257.6 kJ mol™! on their MERPs,

2s respectively. It is obvious that the bridge-top (ON),Rh,"CO is
more thermodynamically stable than the top-top ONRh,"CO. In
3(ON),Rh4CO, the spin densities of —Rh,, —NO, and —CO

lengths are reported in A and bonds angles in degree. Relative energies (kJ

moieties are 2.13, -0.11, and -0.02 e. It is indicated that the
unpaired electrons mainly exist on —Rh, moiety. Moreover, the
30 occupancies of each Rh-N and Rh-C bond orbitals are 1.93 e,
indicating a complete single-bond in each Rh-N and in Rh-C. The
bridge-top (ON),Rh,’CO may isomerizes into the top-top
ONRh,"CO with the energy barrier of 29.2 kJ mol™ on their
MERPs. From ONRh,"CO, there are two reaction pathways RP-
35 Pa and RP-Ps to form a molecular complex NRh, CO,. On the
RP-Ps, from ONRh, CO, the C-O bond formation and N-O bond
cleavage simultaneously take place via a five-member TS4-1, to
produce a molecular complex NRh,'CO,. Alternatively, on the
RP-Pa, from ONRh, CO, the N-O bond rupture to form a top-top
s NRh,;7OCO via a four-member TS4-2. Next, from NRh,"OCO, a
[1,2]-O shift occurs via a three-member TS4-3, to form a more
top-bridge NRh,"0,CO. Then, from NRh,0,CO, C-O bond
formation occurs via a five-member TS4-4 to yield the molecular
complex NRh,'CO,. After that, NRh,’'CO, releases the CO,
4s molecule free, keeping NRh," behind. Last, from NRh,", a [1,2]-
N shift takes place via a three-member TS4-5, to produce a bridge
NuRh,". This bridge NyRh," deposits -305.4 kJ mol™ in deep well
on its MERP. In *NyRh,", the spin densities of —Rhy and —N
moieties are 4.15 and -0.15 e. It is indicated that the unpaired
so electrons mainly exist on —Rh, moiety. Moreover, the

This journal is © The Royal Society of Chemistry [year]
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the corresponding species relative to "NpRh," + NO are shown.

occupancies of two Rh-N bond orbitals are 6.48 e, indicating a
triplet-bond in Rh-N-Rh. It is indicated that the bridge NyRh," is
thermodynamically preferred, which is in agreement with the
experimental result of the existence of surface nitrogen.***’

As indicated in Fig. 4, for the RP-Ps, the triplet-quintet spin
crossing should take place once near TS4-1 via the MECP
between *(ON),Rh;"CO and *(ON),Rh,"CO. Thereby, the MERP
should start at the sextet state and terminate on the quintet state,
with the HEB of 248.9 kJ mol™ at the C-O bond formation step of
ONRh, CO — °TS4-1 and the EHHP of 20.5 kJ mol™ at *TS4-1.
Alternatively, for RP-Pa, the triplet-quintet spin crossing should
occur thrice near TS4-2 and TS4-4. Thereupon, the MERP should
begin at the sextet state and end on the quintet state, with the
HEB of 270.0 kJ mol’ at the N-O bond cleavage step of
>ONRh,'CO — °TS4-2 and the EHHP of 41.6 kJ mol™" at *TS4-2.
Therefore, the RP-Ps is more kinetically favorable than the RP-
Pa, because of its lower HEB and lower EHHP. In other words,
the RP-Ps is dominant, compared with the RP-Pa. Furthermore,
the MERP should begin at the quartet state and terminated on the
quintet one.

25 3.2.2 NyRh," + NO — Rh," + N,0

The geometric structures and the schematic energy diagrams for
the reaction of (8) NyRhy" + NO — Rh," + N,O are depicted in
Fig. 5. As shown in Fig. 5, the reaction of (8) is calculated to be
exergonic by 33.8 kI mol on its MERP. Thereby, this reaction is

30 thermodynamically favorable.

As shown in Fig. 5, when the NO molecule is adsorbed on the
bridge N,Rh," through N-end, there are two kinds of molecular
complexes, a bridge-top NyRh,"(NO) and a bridge-bridge
N,Rh, (NO),, with the stabilization energy of 124.5 and 101.7 kJ

s mol™! on its MERP. The bridge-top NyRh, (NO) is more stable

than the bridge-bridge NyRhs (NO),. In *N,Rh, (NO), the spin
densities of —Rh,, -NO, and —N moieties are 3.04, -0.01, and -
0.03 e. It is indicated that the unpaired electrons mainly exist on —
Rh,; moiety. Moreover, the occupancies of two Rh-N bond

40 orbitals and Rh-NO bond orbitals are 5.82 and 1.82 e,

respectively, indicating an about triplet-bond in Rh-N-Rh and an
approximate single-bond in Rh-NO. From N,Rh, (NO), there are
two reaction pathways. One is the [1,2]-N shift via a three-
member TS5-1 to form a top-top NRh, (NO), and another is the

45 N-O bond cleavage via a four-member TS5-3 to form a bridge-

top-top (N)y(N)Rh, 0. On their MERPs, *TS5-3 lies 141.9 kJ

This journal is © The Royal Society of Chemistry [year]
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mol™ above *TS5-1, and “(N),(N)Rh, O deposits 98.5 kJ mol
s above *NRh,"(NO). It is indicated that the reaction pathway of
the [1,2]-N shift is more preferable both thermodynamically and
kinetically than that of the N-O bond cleavage. After that, from
NRh, (NO), there are also two reaction pathways. One is the N-N
bond formation via a four-member TS5-2 through a [1,3]-N shift
10 to form a molecular complex Rhy'N,O, and another is the N-O
bond scission via a four-member TS5-4 to a top-top-top
(N),Rh,0. On their MERPs, “TS5-4 locates 192.2 kJ mol™! above
4TS5-2, and “(N),Rh,O lies 317.0 kJ mol™! above *Rh, N,O. It is
indicated that the reaction pathway of N-N bond formation is
15 more preferable both thermodynamically and kinetically than that
of the N-O bond cleavage. That is to say, the reaction pathway of
the N-N bond formation is predominant, compared with that of
the N-O bond cleavage. Finally, Rh,'N,O set a N,O molecule
free without any energy requirement, keeping Rh," behind. For
20 the reaction of (8) NyRhy” + NO — Rh," + N,O, the quartet-
sextet spin crossing should take place thrice near TS5-1 and TS5-
2. Then, the MERP should start at the quintet state and end on the
quartet state, with the HEB of 158.3 kJ mol™! at the N-shift
reaction step of *NyRh, (NO) — *TS5-1 and the EHHP of 106.1
2s kJ mol™ at *TS5-2.
As mentioned earlier, for the gross reaction NO + 2CO —

N, + 2CO,, there are two reaction pathways RP-Pa and RP-Ps.
For the RP-Pa and RP-Ps, the TOF analysis showed that the
TDIs are *(ON),Rh, CO, and the TDTSs are *TS4-2 and *TS4-1,

% respectively. The TDI *(ON),Rh,"CO are in charge of the NO and
CO coadsorbed on Rh," cluster. The TDTSs (*TS4-2 and *TS4-1)
are responsible for the N-O bond cleavage, and the simultaneous
C-O bond formation and N-O bond cleavage, respectively. Then,
the rate constants of 3(ON),Rh,/CO — °TS4-2 (kp,) and

35 2(ON),Rh;'CO — °TS4-1 (kps) are representative of the whole
reaction constants of the RP-Pa and RP-Ps. Over the 300-900 K
temperature range, the rate constants kp, and kp, can be fitted by
the following expression (in s™):

ky, =6.721x10 exp(-318,376/ RT) )

40 ky, =4.913x10” exp(—272,724/ RT) (vi)
For convenience of comparison, the rate constant ratios of kpy/kp,
and kp./kp,, and kpgka, as a function of temperature 7 are
computed. The kpy/kp, ~ T and kp,/kp, ~ T plots are depicted in Fig.
6. As shown in Fig. 6, the rate constant ratio kpy/kp, is greater than

45 1.0 at low temperature (300-760 K), whereas the rate constant
ratio kpy/kp, is lower than 1.0 at high temperature (760-900 K). It

This journal is © The Royal Society of Chemistry [year]
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is indicated that the RP-Ps is more kinetically favorable than that

of RP-Pa at low temperature (300-760 K), while the RP-Pa is

more kinetically favorable than that of RP-Ps at high temperature

(760-900 K).

As shown in Fig. 6, the rate constant ratio ku,/kp, is greater than
10 1.0 at low temperature (300-550 K), whereas the rate constant
ratio ku./kp, is lower than 1.0 at high temperature (550-900 K). It
is indicated that the RP-Aa is more kinetically favorable than that
of RP-Pa at low temperature (300-550 K), while the RP-Pa is
more kinetically favorable than that of RP-Aa at high
temperature (550-900 K).

Over the 300-900 K temperature range, the rate constant kp
is one time to three magnitude orders greater than the rate
constant k,,. That is to say, the RP-Ps is dominant, compared
with the RP-Aa.

20 In view of the rate constants of kpg, kps, kaa and kap, the rate
constant kp, is the largest at low temperature (300-760 K), and the
rate constant kp, dominant is the largest at high temperature (760-
900 K). In other words, the RP-Ps is predominant at low
temperature (300-760 K), while the RP-Pa is governed at high

25 temperature (760-900 K). It is indicated that the presence of CO

[

"

promotes the N-O bond cleavage on Rh," cluster. That is to say,
the presence of CO in some degree decreases the catalytic
reduction temperature of NO on Rh," cluster. This embodies the
reducibility of CO toward NO, which promotes the reduction of
30 NO. This result on Rh," cluster differs from that on Rh atom, in
which CO plays a dominating role in the RhO reduction to
regenerate Rh atom.'® This may stem from the cooperativity of
the Rh-Rh in Rh," cluster, which makes CO readily reduce NO.
In addition, at low temperature (300-760 K), the formation
35 of CO, should originate in half from the reaction between the
adsorbed CO and NO, which is in accordance to the experimental
result by Brandt et al."* On the other hand, at high temperature
(760-900 K), the formation of CO, should stem solely from the
surface reaction between the adsorbed CO and O atom, the latter
40 being originating from the NO decomposition, which is in
agreement with the experimental observation.'>!"*°
Considering the reduction of NO by CO, on the Rh," cluster,
the optimal reaction pathways for RP-Ps and RP-Pa involve the
EHHPs of 20.5 and 41.6 kJ mol™ at *TS4-1 and *TS4-2 with the
s N-O bond cleavage, respectively. Alternatively, on the Rh;"
cluster, the optimal reaction pathway includes the EHHP of 0.0 kJ

This journal is © The Royal Society of Chemistry [year]
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mol ™! at the entrance reactants, with the N-O bond cleavage as the
rate-determining step.'® It is obvious that the EHHP on the Rh,"
cluster is higher than that on the Rh;" cluster. One can see that the
catalytic reactivity of Rh;" cluster is stronger than that of Rh,"
cluster. This result embodies that the cooperativity of multi-
rhodium centres is more beneficial to the N-O bond cleavage.

3.3 Formation of the NCO and CN side products

This reaction is composed of the two reactions (9) and (10), that
is, N,Rh," + CO — Rh," + NCO and Rh," + NCO — O,Rh," +
CN. The geometric structures and the schematic energy diagrams
for the reactions (9) and (10) are depicted in Fig. 7. As indicated
in Fig. 7, the reactions of (9) and (10) are calculated to be
endergonic by 183.0 and 375.9 kI mol’ on their MERPs,
respectively. Accordingly, these two reactions (9) and (10) are
thermodynamically hampered. However, as mentioned earlier,
the reactions (2) and (3), that is, NO + 2CO — NCO + 2CO, and
NO + 3CO — CN + 2CO,, are calculated to be -114.1 and -74.5
kJ mol™, respectively. It is indicated that the two gross reactions
are thermodynamically favorable.

3.3.1 NyRh," + CO — Rh," + NCO

As depicted in Fig. 7, first, when one CO molecule is adsorbed on
NpRh," through C-end, the molecular complex NyRh,'CO is
generated with the stabilization energy of 75.6 kJ mol™ on its
MERP. In >N Rh,"CO, the spin densities of —Rhy, —CO, and —-N
moieties are 2.12, -0.02, and -0.10 e. It is indicated that the
unpaired electrons mainly exist on —Rh, moiety. Moreover, the
occupancies of two Rh-N orbitals and one Rh-C bond orbitals are
6.58 and 1.96 e, respectively indicating a triplet-bond in Rh-N-Rh
and a complete single-bond in in Rh-C. Next, from NyRh, CO,
the C-N bond formation takes place via a five-member TS6-1,
resulting in a molecular complex Rhy; NyCO. Last, Rh,; N,CO
releases the NCO molecule free, leaving Rh," behind. As
indicated in Fig. 7, the triplet-quintet spin crossing should take
place twice near TS6-1. Thereby, the MERP should start at the
quintet state and terminate on the quartet, with the HEB of 197.7
kJ mol™! at the releasing NCO step of SRh,; N,CO — “Rh, + NCO
and the EHHP of 191.3 kJ mol ™ at the exit (‘Rh," + NCO).

As shown in Fig. 7, *NyRh,"CO deposits -381.0 kJ mol! in
deep well. The TOF analysis showed that for the NCO species
formation the TDIs are *(ON),Rh;"CO and *N,Rh,"CO with the
degree of TOF control with 0.42 and 0.58, respectively, and the
TDTS is TS4-1 for N-O bond cleavage and C-O bond formation.
3.3.2 Rh," + NCO — O,Rh," + CN
As shown in Fig. 7, when one NCO molecule is adsorbed on Rh,"
cluster, a u-1,3-O,N molecular complex Rh,;"NCO is obtained,
with the stabilization energy of 166.8 kJ mol” on its MERP.
From Rh,'NCO, the C-O bond cleavage takes place via a four-
member TS6-2, leading to O,Rh,'CN. After that, from
OpRh;'CN, the direct Rh-C bond cleavage decomposes into
OpRh," moiety and CN radical.

As indicated in Fig. 7, the triplet-quintet spin crossing
should take place near TS6-2. Thereupon, the MERP should
begin on the quartet state and terminate on the sextet one, with
the HEB of 247.1 kJ mol™ at the reaction step of 30,Rh,"CN —
%0,Rh,” + CN and the EHHP of 355.9 kJ mol" at the exit
‘0pRhy" + CN.

The TOF analysis showed that for the formation of CN
species the TDI is *NyRh,"CO and the TDTS exists at the exit
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(°0OyRh," + CN). It is indicated that the release of CN radical is

o the TOF determining reaction step. This may be explained by the

fact that *0,Rh, 'CN involves the large complexation energy of
247.1 kJ mol™ relative to *O,Rh,” + CN. Such large complexation
energy impedes the release of CN species from *O,Rh,"CN,
trapping the *0O,Rh,"CN complex in deep well.

As shown in Figs. 5 and 7, a glance to the reaction pathways
reveals that the “NyRh,"(NO) and N ,Rh, CO intermediates are
thermodynamically preferred. For the catalytic reduction of NO
by CO catalyzed on Rh," cluster, the reaction traps the extremely
stable complexes “NyRh, (NO) and *NyRh;"CO in deep well.
Once NyRh," is formed, it is necessary to compare the reactions
of NyRh,” with NO and CO. The reactions of NyRh,” + NO —
Rh," + N,0 and N,Rh," + CO — Rh,;"N,CO are calculated to be
exergonic by 33.8 and 6.4 kJ mol" on their MERPs, respectively,
while the reaction of N,Rh,” + CO — O,Rh,"CN is calculated to
be endergonic by 128.8 kJ mol™. It is indicated that the two
reactions of NyRhs” + NO — Rh," + N,0 and N,Rh," + CO —
RhyN,CO are thermodynamically preferable, whereas the
reaction of NyRh," + CO — O,Rh,'CN is thermodynamically
unfavorable. However, the reaction N,Rh," + CO — Rh;'N,CO
is kinetically more favorable than the reaction NyRh," + NO —
Rh," + N,O and NyRh," + CO — O,Rh,'CN, in virtue of its
lower HEB (133.8 vs 158.3 and 220.2 kJ mol") and lower EHHP
(-240.6 vs -199.3 and -60.7 kJ mol™"). These results indicate that
from N,Rh,” + CO, the reaction pathway for the O,Rh, CN
formation should be ruled out, compared with those for Rh," +
N,O and RhsN,CO the formation. In other words, on Rh,"
cluster, the N,O and NCO contained species are predicted to be
experimentally observed from the reduction of NO by CO, which
is in good agreement with the experimental results.”>"'

4. Conclusions

The catalytic reduction mechanism of NO by CO on the Rh,"
cluster has been extensively studied. The following conclusions
can be drawn from the present calculations.

At low temperature (300-760 K), the reaction 2NO + 2CO
— N, + 2CO, through RP-Ps is predominant, in which the TDTS
is related to the simultaneous C-O bond formation and N-O bond
cleavage. The reaction pathway includes five steps, (1) the
coadsorption of NO and CO, (2) the recombination of CO and
NO molecules to form CO, molecule and N atom, (3) the reaction
of N atom with the second adsorbed NO to form N,O, (4) the
decomposition of N,O to N, molecule and O atom, and (5) the
recombination of O atom and CO to again form CO,. The
formation of CO, should originate in half from the reaction
between the adsorbed CO and NO. The presence of CO in some
degree decreases the catalytic reduction temperature of NO on
Rh," cluster.

At high temperature (760-900 K), the reaction 2NO + 2CO
— N, + 2CO, through RP-Pa is dominant, in which the TDTS is
concerned to the N-O bond cleavage. The reaction pathway
involves six steps, (1) the coadsorption of NO and CO, (2) the
decomposition of NO to N and O atoms, (3) the recombination of
CO and O atom to form CO,, (4) the reaction of N atom with
another adsorbed NO to form N,O, (5) the decomposition of N,O
to N, molecule and O atom, and (6) the recombination of CO and
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O atom to form CO,. The formation of CO, should stem solely
from the surface reaction between the adsorbed CO and O atom,
the latter being originating from the NO decomposition.

The bridge N,Rh," is thermodynamically preferred, which is
in agreement with the experimental result of the existence of
surface nitrogen. Once the bridge NyRh," is formed, the N,O and
NCO contained species are predicted to be experimentally
observed from the reduction of NO by CO, which is in good
agreement with the experimental results.
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