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Abstract

In the present work, the density functional theory formalism was used to study the reaction between coadsorbed CO and NH species, the
last coming from ammonia decomposition, to form NCO oves.Rihe optimized structures for each stage of the reaction were obtained and
ap?(N,C)-CONH precursor state towards the NCO formation was found. The transition states structures were also modeled, which allowed
to analyze the reaction pathway. When CO and NH species approach each other, they form easily the precursor state. From this stage, it
decomposes to NCO and H surpassing an activation barrier of 1.17 eV. This picture is in agreement with the infrared spectroscopy results
obtained in the reaction of CO with NHbver Rh/ALO; catalysts: a gradual decreasing of the feature assigned to the precursor state with a
parallel increasing of the characteristic band due to the NCO asymmetric stretching mode.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 0
R y N, M—H N
In the past, it has been proposed that the catalytic reac-M_NH3 voMTe=o ' S
tion between CO and Ntplays a major role in the produc-
tion of cyanamide, an intermediate to obtain dicyanamide, —>= M—N=C=0
a very effective nitrification inhibitof1,2]. The CO/NH; 1)

reaction could also be a step in the global process taking

place in three way catalysts (TWC) where NO, CO and A second mechanism, for Ru/ADs at high temperatures
H, are important Specie[g]_ In a series of earlier works, and for Pd/SiQ at low and h|gh temperatures, considers the
it was established that the isocyanate (NCO) surface groupreaction of atomic N with CQ5,6].

is a competitive species facing cyanamide-7]. Indeed,
when the reaction takes place over a Rhf2d catalyst no
surface reaction was observed at 100K. But at tempera- More recently, Paul and Marten proposed that a
tures greater than 230 K, the formation of isocyanate speciesbridge-bound complex Rh—(O&- NH) could be formed
was observed7]. This surface species has been also de- by nucleophilic attack of Rh—NH on the carbonyl C of
tected on the surface of the metal phase of other supportedRh,(CO) surface specid3], this mechanism being valid at
catalytic system$4—6]. Several proposals have been given least for low temperatures.

—N + M—C=—=0

M—N=C=0 (2)

about the mechanism of isocyanate formation in this reac- o
tion using Rh/Si@ and Ru/AbO3 at low temperaturefgl,6]. [
In one of them, the formation of an amide intermediate is T|) T C H
involved. M—C * ¢$N—M —> M—NH —> M—N=—=C=0
3
* Corresponding author. Tek:54-2914595141; faxt54-2914595142. An increasing interest has been focussed on the behaviour
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catalytic reactions that do not include; Hparticularly in However, less interest was observed to study associative
the catalytic reduction of NO by CO. These reactions have and/or interchange reactions between adsorbed species, like
been extensively studied in the last years due to their impor-in the case of COr NH3 on supported Rh. Our interest is
tance in automotive emission control. It has been well estab-to give a theoretical approach to this last specific problem.
lished that the NCO species is produced on active sites of Clusters with 20—30 atoms are usually used to repre-
supported transition metals catalysts like Pt/MgO, RhfSiO  sent the interaction with infinite extended metal surfaces,
Cu—ZSM-5 and Rh/TiQ[8-11]. Infrared (IR) spectroscopy  although smaller clusters often describe reasonably the cat-
studies indicate that isocyanate migrates onto the supportalytic properties of highly dispersed supported metal parti-
where it finally resides and accumulates. For this reason, itiscles. On the other hand, the active sites are normally related
believed that this surface compound behaves as an intermeto irregularities of metal surfaces as kinks or steps, where
diate and does not participate in the NO reduction. However, atoms have low coordination numbers. These atoms could
very recently some experimental studies using IR and tran- be assimilated to small naked clusters in an inert matrix or
sient mass spectroscopy (MS) techniques performed overa naked atom or small clusters, susceptible to careful and
Rh/TiO, system suggest that NCO could act, at least under accurate theoretical calculations. For example, Duarte and
certain conditions, as an intermediate in the production of Salahub have reportgd7] a study of the interaction be-
N2O [11]. tween two molecules of NO over pin order to describe the
The goal of this work is to study theoretically the interac- formation of the dimer (NQ) The presence of this dimer
tion between coadsorbed CO and NH species over rhodiumon several transition metal surfaces has been suggested by
using first principle methods. For this purpose, the role experimental result$18,19] The scission of H-H bond
played by a Rh active site constituted by only two atoms was when H reacts with Bt or Pd, (» = 1-3) has been studied
considered. In this way we attain, as it will be shown later, a by Nakatsuji et al[20]. More recently, the effect of a sec-
reasonable qualitative picture of the interactions taken placeond metal was considered in the H PtSn reactiorj21].
on Rh catalysts. Sometimes, caution has to be taken to study the adsorption
of molecules like @ on small clusters as Aghecause exag-
gerated electron transfers are obtained when this molecule
2. Theoretical background approaches the clust§2?2]. This property is not observed
for the isolated O atom for which, however, a correct de-
The calculations of this work have been performed within scription of the oxygen-silver interaction can be given.
the density functional theory (DFT) using the Becke’s three When the bonding of a molecule or molecular fragment to
parameters hybrid nonlocal exchange functional combinedthe metal cluster can be successfully predicted, molecular
with the Lee—Yang—Parr gradient-corrected correlation func- properties as the vibrational spectra can be reasonably de-
tional (B3LYP)[12] as implemented in the software package scribed. For instance the C-O vibrational modes on Pd or
Gaussian 9813]. The basis set is all electron 6-3tGon Rh are well reproduced using P§23] or a Rh atorm24]
H, C, N and O atoms. For Rh, an effective core potential in- as metal substrate clusters, respectively. Noticeably, this
cluding relativistic effects was used, with a [8s6p4d/3s3p2d] approach of molecule—surface interaction resembles that
basis set for the 4d4p®4df5s! valence electrond 3,14] The adopted in organometallic compounds, which provide the
guadratically convergent self-consistent field (SCF) tech- first source of analysis for IR spectra of adsorbed molecules.

nigue based on the method of Bacskdy] was applied. For The atomic charges were calculated by using the natural
the geometry optimization, the Berny algorithi6] was bond orbital (NBO) population analysj25]. On the other
used. hand, the concept of overlap population (OP) from Mul-

The model for the active site is a minimal cluster of two liken population analysif26] was applied to study the bond
Rh atoms, allowing to study the interaction of two adsorbed strength between two atoms.
species on the rhodium surface. This active site is supposed
to be included in a surface relatively plane. Therefore, among
all possible equilibrium geometries, thogs structures are 3. Results and discussion
only analyzed. Moreover, the different bonds are free to
rotate or stretch on the same plane. Under this assumption, In order to study the Rh—C@® Rh—NH — Rh—-NCO-+
the optimization process simplifies largely. Hence, in the Rh—H reaction different optimized structures were consid-
calculations the C-Rh—Rh-N dihedral angle was taken equalered for each stage of the reaction: (a) the “initial state” with
to zero degrees, while the rest of the parameters were fullythe CO and NH species linked to each Rh atom, (b) a possi-
optimized. ble “precursor state” towards the formation of NCO, and (c)
First principles calculations applying metal cluster mod- the “final state” with the NCO group and the H atom sepa-
els have been extensively employed in the past to study therately bonded to the Rh atoms. These states will be denoted
adsorption and reaction properties of metallic surfaces. Par-as IS, PS and FS, respectively. For each case, the multiplic-
ticularly, the attention has been focussed to molecular ority M of the complete molecular system was varied from 1
dissociative adsorption, coadsorption and surface diffusion.to 5 in order to obtain the minimal energy.
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Table 1 Table 2
Relative total energy with respect to the structure with lowest energy (in NBO atomic charges for the initial (IS), precursor (PS) and final (FS)
eV) for the initial (IS), precursor (PS) and final (FS) states states
Multiplicity IS PS FS IS PS FS
1 117 0.65 1.19 Rh1 —0.127 +0.226 +0.394
3 1.16 0.00 0.64 Rh2 +0.347 +0.216 +0.044
5 1.59 0.60 - o —0.450 —0.573 —0.514
C +0.565 +0.573 +0.803
N —0.642 —0.860 —0.740
H +0.308 +0.418 +0.012

In Table 1 the total molecular energies are reported. They
are expressed relatively to the structure with lowest energy.
At the three stages, the minimal energy corresponds te relevant positive and negative charges at all the stages of
3 with an electroniéA” state, although at the IS the energies the reaction, making feasible an electrostatic interaction be-
for M =1 andM = 3 are nearly the same. It is important tween the correspondinty” andé~ charge centers and giv-
to note that, at the FS, the electronic state corresponding toing the conditions to initiate a nucleophilic attack ¢ N).

M =5 thecis geometry is not formed. It is interesting to note that after the overall reaction takes
The optimized geometries, indicating their respective place the C atom becomes more positively charged and the
equilibrium distances and angles, are picture#tion 1 For N atom more negatively charged, respectively. In order to

the IS and FS states, they are close to the situations wherainderstand this behavior, an analysis of different electron
the species are constrained to lie on top over the metal-transfers within the molecular system was performed, based
lic atoms, the C-Rh1-Rh2, H-Rh1-Rh2 and N-Rh2-Rh1 on data ofTable 2 For this purpose, the atomic charge vari-
angles being exactly equal to 90The geometrical struc-  ations during each IS> PS and PS> FS chemical transi-
tures with minimal energy are only 0.17 and 0.13eV more tion were computed. Moreover, these charge modifications
stable than the constrained ones for the IS and the FSare supposed to be due only to electron transfers between
states, respectively. The Rh—Rh distance decreases slightlyfirst atomic neighbors, neglecting other possible direct elec-
during the reaction. The nucleophilic attack produces an tronic interchanges between next near atomic neighbours.
intermediate that has the structure resembling that of the So, during IS— PS the adsorbed species receive an amount
isocyanic acid, HNCO. The N-C bond of this adsorbed of 0.222 from the Rh dimer and during PS- FS, practi-
species is 0.1A longer than the same distance calculatedcally no electrons are transferred between them. However,
for free HNCO. This bond is formed at the cost of an im- an internal electron movement of 0.568 produced from
portant increase of the Rh—C and Rh-N distances by 0.192Rh1 to Rh2. The first IS> PS transition is accompanied
and 0.174 A, respectively. On the other hand, the N-C and by electron transfers of 0.123rom the C atom to the O
C-O distances for the FS are slightly greater than thoseatom and of 0.11€from the H atom to the N atom. During
calculated for free HNCO, which are 1.218 and 1.174A, the PS— FS, transition there is a significant movement of
respectively. It is interesting to underline that Solymosi and 0.406 to the H atom. If the electronic charge of NCO as a
Kiss [27] proposed that the HNCO molecule interacts with group is considered, we obtain an electron charge decrease
Pt(110) surface also via the N and C atoms, i.e., giving a of 0.40%, practically the amount received by the H atom.
similar structure to that we found at the PS. This atom links at the FS with Rh1, which remains more
The atomic NBO charges are reportedTiable 2 The  positively charged due to the above commented Rkl
first important observation is that the C and N atoms have Rh2 electron transfer. At the same FS state, the NCO group

Fig. 1. Optimized structures for (a) initial state (IS); (b) precursor state (PS); and (c) final state (FS). Distances are in A and angles in degrees.
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Table 3 The decreasing of the CO stretching frequency can be
Infrared spectroscopy frequencies for the most intense lines (irtem explained by considering that the nucleophilic attack of NH
IS PS FS produces an increasing of th&2population of CO. Indeed,
539 v(RhC) 691 v(RhC)+ v(RhN) 428 v(RhN) Mulliken analysis predicts a population of theorbitals of
670 v(RhN) 1168 5(NH)* 496  3(RhHy 0.4% and 0.9 for IS and PS, respectively.
798 SINH) 1202 v(NC) 1361 v(NCO, sym.) We mention that, to our knowledge, the only theoretical
2083 v(CO) 1807 v(CO) 2196 v(RhH) : hat, ge, y theoretica
3173 w(NH) 3554 v(NH) 2233 v(NCO, asym.) calculation carried out at the present about the interaction
2076 Experimentdl 1970 Experimentél 2170 Experimentdl between isocyanate and Rh is due to Paul ef4dl. These

a Bending in ol authors performed ab initio calculations using a model in

gJ In plane. ) B X . )

b Assigned tov(CO) for CO bonded on top over Rh in Rh®s which the NCO species interacts with a single Rh atom
catalysts[7]. via the N atom. The linear configuration resulted to be the

¢ Assigned to a perturbedCO) mode bridge-bonded by NH surface  geometry with minimal energy, and the obtained N-C and
species in Rh/AlO; catalysts{7]. C-O distance values were 1.175 and 1.201 A, respectively.

d Assigned tov(NCO) asymmetric mode for NCO adsorption over Rh

in RN/ALOs catalysts[7]. On the contrary, our calculations predict a N-C distance

longer than the C—O one. On the other hand, the Rh—N bond
length (1.917 A) is close to that calculated here (1.949 A).
becomes largely polarized, the C atom being&hecharge Concerning the NCO frequencies, Paul et al. obtained a value

center and N and O th charge centers. of 2419 cnT?, which is around 190cm' higher than our
Regarding the vibrational frequencies, the most intense result (2233 cmt). In comparison, the experimental value
features calculated at each stage are summarizéabile 3 is 2170 cn* for NCO adsorption on Rh/AD; catalystq7]

The value corresponding for CO stretching at the IS is and 2230 cm? for rhodium complexef29].

similar to that assigned to CO adsorption on top geometry ~ The transition states (TS) between the IS and the PS, and
for Rh/Al,O3 catalysts. The calculated asymmetric NCO between PS and the FS were also considered. We will de-
stretching mode at FS is also in agreement with experimen-note them as TS1 and TS2, respectively. In the first case,
tal observations over Rh containing catalygts In fact, the geometry pictured ifig. 2(a)was the optimized one.
Paul and Marten observed two intensive peaks at 2170 andFor this structure, the adsorbed species approach each other,
2246 cnt! which were attributed to the NCO interaction keeping at about 2 A in between. The energy barrier corre-
with Rh and AbOs, respectively. Besides, these features sponding to the IS> PS transition results to be relatively
gradually grew with time exposure and temperature. At low (0.49eV).

the same time, this growth was consistent with the gradual On the other hand, two different transition states labeled
decreasing of a band at 1970th These authors assigned as TS2l and TS2Il were found between PS and FS, de-
the last to a precursor complex, previous to NCO forma- pending on the geometry of the final state. In the first situa-
tion. It was suggested that, after Niecomposition and  tion, pictured inFig. 2(b) the N atom is linked to the same
production of NH specie§28], this precursor complex is Rh2 atom both at the TS and the FS. This is precisely the
formed on Rh by the nucleophilic attack of NH onto the case considered iRig. 1 In order to reach this geometry,

C atom of CO (OC<« NH). They proposed a precursor the H atom must rotate around the N-Rh axis. While the
with am(N)-CONH structure, i.e., linked to the metal via N—H bond is breaking, the H-Rh bond is forming. The cor-
the N atom (se€q. (3). From this intermediate, the NCO responding activation barrier is 1.17 eV. In the other mecha-
group would be finally formed by eliminating the H atom. nism, the NH group is inserted between the C and O atoms,
The frequency calculated at the PRalle 4, which is due resulting a structure where only the N atom is bonded to
to the stretching mode of CO along its axis, could corre- the dimmer, as it pictured ifig. 2(c) The NCO is finally
spond to the above mentioned precursor state. However, outinked with Rh1 atom. In this case the activation barrier is
calculations predict a different structure?(N,C)-CONH,  somewhat higher (1.27 eV).

where both N and C atoms are linked to the metal The differentbond strengths were analyzed using the over-
dimer. lap population (OP) definition, which values are summa-

rized in Table 4 A slight increase of the OP of the Rh—Rh
bond, OP(Rh1-Rh2), was observed during the reaction. The

Table 4 Rh—C and Rh-N links decrease their strength when the PS
Overlap populations for optimized structures and transition states is reached together with the formation of the N—C bond. In

IS TS1 PS TS2 TSl FS the next step, the OP(Rh—N) becomes very high when the
Rh-Rh 0250 0316 0360 0335 0340 0397 NCO_ls finally formed. The C-O bond _strength decreases
Rh—C 0711 0661 0474  — _ _ drastically at the PS, when compared with respect to the IS.
Rh-N 0.507 0393  0.329  0.265 0.140 0.357  Concerning the transition states, the non negligible OP(N-C)
c-0O 1213 1190  1.024 1266  1.197 1.249  value at TS1 indicates an approaching between CO and NH
N-H 0490 0569 0667 0178  0.692

species, and a significant weakening of OP(N—H) is clear at

N-C 0002 0076 0626 1175 0.796 1165 the TS2I state, while its value is large at the TH2state
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Fig. 2. Optimized structures for the transition states (see text): (a) TS1; (h);8®@l (c) TS2Il. Distances are in A and angles in degrees.

(even slightly greater than at the PS state). All this observa- optimized geometries obtained using ayRktrahedron were

tions are in agreement with the changes in the interatomic performed constraining the calculation on a plane perpen-

distances discussed above. dicular to the [00 1] direction. Here, the minimal energies
The potential energy profile of the reaction is presented correspond to a higher multiplicit] = 7). The energy dif-

in Fig. 3. From this, a qualitative description of the reaction ference between IS and PS results to be 1.70eV, i.e., about

is possible to be made. When CO and NH species approact0.5eV higher than the case of the relaxed dimer. In addi-

each other they form easily the precursor state surpassing arion, the energy difference between PS and FS increases

activation barrier of 0.49 eV. At this stage, the last species also nearly 0.5eV. Therefore, for the two considered tests

can return to the initial state, surpassing a barrier of 1.65 eV, the relative stability of the three structures is the same than

or it can decompose to NCO and H, a more favourable sit- that calculated for the dimer where the Rh—Rh distance was

uation from the energetic point of view. Another possibility allowed to relax.

that can be considered is to reach the TISthrough the

TS22 rather than directly. Subsequently, from the FS the

NCO species would evolve by diffusing on the metal surface 4. Conclusions

and finally migrating to the support. It is also interesting to

note that because our calculations predict a link with the  Using the density functional formalism and a simple

metal via the N and C atoms at the PS, the model of reac-cluster model the CG- NH reaction to yield NCO was

tion presented here have similarities with both mechanisms qualitatively described. The reactive species form easily a

proposed in the past, i.€Egs. (1) and (3) n?(N,C)-CONH precursor state, which produce the iso-
Finally, the validity of using the Rhcluster was tested cyanate complex surpassing an activation barrier of 1.17 eV.

recomputing the three most stable structures usingaRid This picture is in complete agreement with the results ob-

Rhy clusters, both with the Rh—Rh distance fixed at the bulk tained in the reaction of CO with NHover Rh/AbO3

value (2.69 A). These calculations show that the general pic- catalysts using infrared spectroscopy: a gradual decreasing

ture outlined previously for the energy profile is retained. of the feature assigned to a precursor state with a parallel

For the fixed dimer, the energy differences between IS andincreasing of the band due to NCO asymmetric stretching

PS, and between PS and FS increase slightly (in both casesnode.

by nearly 0.07 eV) with respect to the relaxed dimer. The
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