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The Reaction of Cu(l) (S and3D) with N,O: An ab Initio Study
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The reactions ofS andD Cu' ions with N;O are studied by means of ab initio methods. The structure of

all stationary points along the reaction coordinate is optimized with density functional theory (DFT), using
the B3LYP functional. The reaction and binding energies and the activation barriers are evaluated with DFT-
B3LYP and also with the coupled cluster method CCSD(T). Three reaction paths were found, depending on
the orientation of the approaching® molecule. If NO approaches the Cuons via its O-side, this leads

to formation of CuO and N.. On the other hand, if pD attacks via its N-end, the reaction products are
CuN;™ and an O atom. Finally, it was found that tfi2 Cu' ions can also react with the central N o

with formation of the insertion product [OCuN. The most exothermic path is the insertion reaction of Cu

into the N—O bond. The calculations indicate that b&®Cu' ions are relatively inert with respect to®:

high energy barriers are calculated. TReCu" ions, on the other hand, are strong activators of the ®l

bond, and the reactions proceed without energy barrier, in agreement with experiment.

1. Introduction state 1S Cu" ions. However, they become exothermic and
without spin restrictions foPD Cu' ions, where no reaction

Because they can provide fundamental information about ) NS .
y P barriers were observéd.Accurate kinetic information about

catalytic bond activation a large number of studibsth these reactions is still missing in the literature; the reaction
experimental and theoretieahave been devoted to the reactions e 9 ’
mechanism is suggested to be complex. Furthermore, the error

of transition metal atoms or ions with small molecuteS. Many bars on the reported reaction energies, both theoretical and
of these studies concentrated on the activation of hydrocarbons P gies,

: : experimental, are usually large. For instance, the experimental
CHy4, CHy, CoHy, ...), NH3, amines, HO, and alcohols. Wide : L . i
gtte;tion \2/vaszalt‘,o ;iven io the activation of the@and N-O dissociation energy of [Cullt, formed in reaction 2, 21 keal/

bonds in some important pollutants of the atmosphere (NO, CO, mol, contains an uncertainty of about 7 kcal/ribT heoretical

NO,, CO,, and NO). The reactions of all transition metal atoms Ezgr:zrﬁzzgalﬁét?goe?;ﬁ t|g itgttaht(; e;;g;;::iggzvxﬁdg%ﬁrgj get
of the first series with DO have been studied both by theory ) P gy

and experimers:13-24 Although some transition metal ien w_hich was recently determined by expgriment (_31 kcal/mol)

N,O reactions have been investigated experimentalynone with an accuracy of 3 kcal/mélf. Theoretical studies, on the

of them were so far studied by means of theoretical methods. other har;%,sreport strongly deviating results at different levels

Fundamental insight in the interaction and reaction of transition of theory.’ . .

metal ions with NO is important for the eludication of the origin . In t.h's work, the_oret|cal rrl1ethods ha\_/e been applied to

of a number of catalytic decomposition reactions. Many investigate th_e reactions of .Cla S and®D) with NZO; We have

heterogeneous catalysts for the decomposition,@f have been not pnly stuq[e.d the formation .Of Cuannd [Cl.JN-’] but also

reported, including supported and unsupported transition metals,2 third possibility, .namely, the insertion reaction of o the

pure and mixed oxides, and zeolitic systems containing transition O—N bond of NO:

metal ions?® Generally, it is observed that, of the first row N

transition metals, Co and Cu exhibit a very high actidfty. Cu" + N,0—[OCuN,]* 3)
This paper will present a theoretical investigation of the gas-

phase reactions of Cu(l) ions with,®. The reactions of ground  Both the reaction energies and energy barriers will be evaluated

statelS and excited staf® Cu(l) ions with NO have recently  for reactions 1 3.

been studied by guided ion beam mass spectrometry. [11] Four

reaction products were observed: Cy@uN,™, CuN*, and 2. Theoretical Methods

NO*. The dominant reaction paths result from cleavage of the Geometry optimizations were performed by using density
k N—O bond, followed by bindi f the f t g ; . .
\t/(\;egm'.\b onc, foflowed by binding one ot the fragments functional theory (DFT) with the B3LYP functional. The basis

set used consists of the relativistic effective core potentials (ECP)
cut + N,O — Cuo' + N, 1) of Dolg on Cu in which the 3s, 3p, 30_1, and 43 electrons are
treated explicitly by a (8s7p6d) Gaussian basis set contracted
to [6s5p3dJ?” This ECP for Cu was combined with the tripte-
basis sets of Ahlrichs for N and 8,augmented with two d-
Both reactions are endothermic and spinforbidden for the ground and_ one f-polanzgtlon funqtlons, denot_ed. as TZV(2P). The
choice of this particular basis set for optimizing the structures
* Corresponding author. Fax-+32-16 32 79 92. E-mail: Kristn. ~ Was made after performing test calculations on the reagents and
Pierloot@chem.kuleuven.ac.be. products of reactions-13. The importance of the polarization
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functions on N,O and the incorporation of relativistic effects
by means of the ECP on Cu will be discussed in section 3.1.
The unrestricted DFT formalism was employed for the open-
shell systems. All stationary points were characterized by
vibrational analysis and the ZPE (zero-point vibrational energy)

was calculated. The transition state structures all represent
saddlepoints, characterized by one negative eigenvalue of the

Hessian matrix. The intrinsic reaction coordinate (IRC) was then
calculated, starting from the transition state structure in the

direction of both reagents and products, to probe the reaction

path and check if the correct transition state was loc#ted.
Atomic charges and spin densities were provided by Mulliken
population analysis, and the Mulliken orbital populations were
checked.
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Figure 1. DFT-B3LYP structures of the reagents and reaction products

To evaluate the reaction and binding energies and activationof the Cu—NO reactions. Bond distances are given in angstroms,
barriers, we have also performed coupled cluster single-pointbond angles in degrees. The upper, middle (in italics), and lower

calculations using the two sets of B3LYP structures. The
Douglas-Kroll formalism was used to calculate the relativistic

corrections at the CCSD(T) level. For these calculations, a new
relativistic basis set for Cu has been constructed by using exactly

the same procedure as in ref 24, but including relativistic effects
by means of the DouglaKroll method. This basis set also
describes 3p3d intershell correlation effect4:3°The number

of contracted functions used in the CCSD(T) calculations was
[7s6p5d2flg]. For N and O, we used the (14s9p4d3f)/[4s3p2s1f]
contractions from the MOLCAS ANO-L librar$t denoted in

the following text as small ANO. For the calculations of the
reaction and/or binding energies involving thg\ N,, O, Cu',
CuO", [CuNy] ™, and [OCuN]™ species, it was possible to use
even larger ANO-L basis sets on O and N, namely the
(14s9p4d3f)/[5s4p3d1f] contractions (denoted as large ANO).
The CCSD(T) reference wave function was obtained by
performing a ROHF (restricted open-shell Hartré®ck)
calculation. In the subsequent CCSD(T) calculations, the Cu

3s, 3p, 3d, and 4s and N,O 2s and 2p electrons were considere

in the correlation treatment. Finally, we have added the ZPE,
calculated with DFT, to the coupled cluster energies.

All DFT calculations were perfomed using the GAUSSIAN
98 packagé&? while the CCSD(T) calculations were carried out
with MOLCAS-5.0%3

3. Results and Discussion

First, the reaction energies will be considered, to identify the

(underlined) values indicate geometrical parameters obtained with
different basis sets: TZV(P), Cu(ECP)-N,O(TZVP), and Cu(ECP)-N,O-
(TZV(2P)), respectively.

The B3LYP/ECP-TZV(2P) reaction energies of reaction81
are reported in Table 1, together with the CCSD(T)/ANO results,
calculated using the B3LYP/ECP-TZV(2P) structures. As one
can see, significant differences were obtained for the reaction
energies at different levels of theory. We will first consider the
reactions 1 and 2. In agreement with the experimental findings
of Rodgers et al! both theoretical methods indicate that the
formation of both CuO and [CuN)] ™ is endothermic fofCut
ions but becomes exothermic f€u™. However, which of the
two species will be formed preferentially depends on the
method: DFT clearly points to the formation of Cti@s the
most favorable reaction product, whereas CCSD(T) predicts
similar reaction energies for both reactions.

The above reaction energies are determined by the theoretical
@inding energies of pD, CuO", and CuN™, respectively, and
y the CU singlet-triplet excitation energy. These four energies
are also reported in Table 1. The,NO binding energy is
overestimated by 3 kcal/mol with DFT-B3LYP. We note that
the DFT-B3LYP value is much closer to experiment (39.9 kcal/
mol) than a previous theoretical estimate, 59 kcal/mol, obtained
recently with DFT-BP86% CCSD(T), on the other hand,
underestimates the experimental binding energy by more than
6 kcal/mol. The CCSD(T) results could not be improved by
extending the O,N basis sets to (5s4p3d2f). On the other hand,

most stable reaction products. Next, the reaction mechanismsthe presence of at least one f-function on O,N is crucial for the

and energy barriers will be discussed.

3.1. Reaction EnergiesThe structures of all reagents and
products of reactions-13 are represented in Figure 1. They
were obtained by means of the DFT-B3LYP method in

description of the B0 binding energy: without f-functions

on O,N the calculated binding energy reduces to 27.7 kcal/mol.
The calculated reaction energies for the formation of [N

range between-22.2 and—24.5 kcal/mol, depending on the

combination with three types of basis sets. First, we have usedlevel of theory. In this case both DFT and CCSD(T) results are
TZVP basis sets for all atoms. Next, we replaced the TZVP in good agreement with the experimental estimate for the
basis set of Cu by the ECP, to examine the importance of dissociation energy of [Cuijl*, i.e., 21.2 & 7) kcal/mol*! On
relativistic effects on the structures. Next, the Cu ECP was the other hand, for the binding energies of CUOFT results
combined with TZV(2P) basis sets on O,N. As one can see, predict a much larger value (33.1 kcal/mol) than CCSD(T)
the choice of the basis sets has a significant effect on the (23.1-23.4 kcal/mol). The most recent experimental estimate
structures, at least for systems containing Cu. All Cu-ligand for the CuO" binding energy is 31.14 3) kcal/mol}! in
bond distances decrease significantly when including relativistic agreement with the DFT results. The fact that the CCSD(T)
effects. For instance, the €&®* bond length reduces from  method does not perform well for the Ctiinding energy
1.818 to 1.792 A. The addition of more polarization functions was already noted in previous theoretical stué#syhere even

to the basis sets on O and N also has a substantial effect on thdower binding energies were reported: Faad 16.7 kcal/mot!
structures. The CaO™ bond length further reduces to 1.775 respectively. The large difference between these previous and
A. This DFT-B3LYP bond distance is still longer than that the present CCSD(T) results is largely due to the absence of
previously obtained with MRSDCI (multireference singles and  relativistic corrections in the earlier studies: without the
doubles configuration interaction) and comparible basis sets, Douglas-Kroll approximation (and using the nonrelativistic
yielding a bond distance of 1.678 . alternative for the ANO-L basis set on Cu) we also calculate a
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TABLE 1: Reaction Energies (kcal/mol) for Reactions of Cu™ with N,O at the DFT-B3LYP Level and with CCSD(T)

CCSD(T) (method)

B3LYP (method) small ANO large ANO exptl

ECP-TZV(2P) (basis) (basis) (basis) (method)
N2 + 30— N0 —-43.1 —35.2 —34.5 —39.9
ICu + 30— 3CuO" —-33.1 —23.4 -23.1 —-31.14+ 3
1ICut + N, — 1CuN;™ —24.5 —23.5 —22.9 —21.2+7°
ICUN;t + 30 — 3[OCUN;] ™ —36.6 —29.4 —28.9
SCuO" + N, — 3[OCuUN] —28.1 —29.6 —28.7
ICut —3Cut +56.2 +63.6 +63.3 +64°
ICu™ + IN,O — 3CuO" + N, +10.0 +11.8 +11.4 +8.¢
SCu’ + IN,O — 3CuO" + N, —46.1 —51.8 —52.3 —52.8¢
ICu™ + N0 — ICuN;™ + 20 +18.6 +11.7 +11.6 +18.7
SCut + N,O — ICuN,* + 30 —37.6 —51.9 —-52.0 —45.3
ICu + IN,O — 3[OCuN,] * —18.1 -17.7 -17.3
SCut + N0 — J[OCuUN;]* —74.2 —81.3 —80.9

2 From ref 34.° From ref 11.° From ref 35.9 From the binding energies of ® and CuO. ¢ From the binding energies of,® and CuO and
the Cu 'S—2D energy difference.From the binding energies of 8 and CuN™. 9 From the binding energies of ,® and CuN' and the Cua

1S—3D energy difference.

significantly (4.8 kcal/mol) lower CCSD(T) binding energy:
18.3 kcal/mol. On the other hand, using B3LYP with the
nonrelativistic TZVP basis sets gives a binding energy of 29.6

kcal/mol, a reduction of 3.5 kcal/mol as compared to the ECP-

TZV(2P) result included in Table 1 (but note that this difference

is now due to a combination of basis set and relativistic effects).

or [CuN] ™, but the3[OCuN;]™ adduct. The insertion of Cu
into the O-N3 bond (reaction) is exothermic even for ground
state!Cu™ ions, by about 18 kcal/mol. The structure of the
3[OCuNy] *-complex, shown in Figure 1, is linear. A linear
structure was also calculated previously for the isoelectronic
3[OCuCQO]J" specie$. These inserted structures both can be

The failure of the single reference based CCSD(T) method viewed as arising from an electrostatic interaction between

in describing the bonding in CuOpoints to the occurrence of
a certain amount of multiconfigurational character in the ground
state of this molecule. This is conform with the isoelectronic
neutral NiO molecule, which was discussed in detail in a
previous study by Bauschliché&t,and was shown there to be

CuO" and N, or CO, respectively. As one can see from the
results in Table 1, the binding energy of O in [OCiNis
slightly larger than the binding energy of O in CtiOThe
strengthening of the CtO bond by complexation with Nis
also reflected in the structure: the €0 bond length decreases

inadequately described by single reference techniques too.from 1.775 A in CuQ to 1.757 A in [OCuN]*. A similar
However, even multireference methods have so far not provided observation was made for the €0 bond in [OCuCO¥. [9] It

an accurate result for the Ca®inding energy® At the MR—
SDCI level a value of 22.0 kcal/mol was obtained previously
(including a Davidson correction), whereas a multireference
perturbation treatment gave a too high value of 36.9 kcal/mol
(both results included relativistic corrections by means of a
relativistic ECP on Cu). In a more extended study of the first
transition row neutral and monopositive oxides we have
attempted to improve on these results by employing multicon-
figurational perturbation theory (CASPT2) based on a large
CASSCF wave functiof? The calculated Cu®binding energy
(with the large ANO basis set combination) is 26.5 kcal/mol
(including a zero-point energy correction of 0.8 kcal/mol). Even
if this is the best result obtained so far using ab initio cor-
related methods it is still more than 4 kcal/mol below the
experimental value. Apparently, the description of Cuéhd
other transition metal oxides still remains a challenge to
computational chemistry.

Subtracting the binding energy of,® from the binding
energies of Cu® and [CuN)]* yields the reaction energies of
reactions 1 and 2 respectively. It follows that the reaction

was explained there by the fact that both O and CO share the
cost of the sd hybridization. This reduces the charge density
on both sides of the Cu-atom, and enhances the electrostatic
contribution to the Ct-O bond. The binding energies indicate
that the Cu-N bond is also strengthened upon complexation
with O, although this is not reflected in the structure: the-Gu
bond distance is longer in [OCuN (1.942 A) than in [Cul]*
(1.908 A). Unfortunately, there are no experimental data to
compare the reaction and binding energies involF[ACuN;] .

The reaction energy of the inserted [OCuCOE highly
endothermic both for singlet and triplet €& due to the much
stronger binding energy of-€0 in CO,, as compared to NO

in the NbO molecule.

The calculated singlettriplet excitation energies in the free
Cu' ion are also mentioned in Table 1. In this case, CCSD(T)
clearly performes better than DFT. DFT underestimates the
singlet-triplet splitting by 8 kcal/mol. As a consequence, the
reaction energies involvingCu' ions are all less exothermic
at the DFT level than predicted both by experiment and by
CCSD(T).

energies are in good agreement with experiment in the case of 3.2. Reaction Mechanisms and Energy Barrierdn the next
DFT and in reasonable agreement for CCSD(T). The reaction sections, the reaction paths of reactionrs3will be considered.

energy of reaction 1 at the CCSD(T) level is also in good In all DFT-B3LYP calculations, we have used the Cu ECP
agreement with experiment. However, this is only due to a combined with TZV(2P) basis sets on O,N. As the CCSD(T)
fortuitous cancellation of errors on the Ci@nd NO binding reaction energies (see section 3.1 and Table 1) were found to
energies, which are both underestimated. We conclude that DFT be similar for both ANO basis sets used, we have chosen the
in combination with the Cu ECP and O,N TZV(2P) basis sets, smaller basis sets for the calculation of binding energies and

generates the most accurate reaction energié€ior, and that
the formation of CuQ is thus thermodynamically more favor-
able than the formation of [Cuji'.

energy barriers encountered along the reaction coordinates.
As will be shown in the following text, three distinct reaction
courses may be followed when Creacts with NO, depending

However, both theoretical methods indicate that the most on the orientation of the approaching®with respect to Cti

stable reaction products of the €uN,O reactions are not CuO

Attack via O leads to formation of CuCand N (reaction (1)).
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Figure 2. DFT-B3LYP structures of the CuN,O-complexes and the transition states along the reaction paths for reactiBn3te basis sets
used are Cu(ECP)-N,O(TZV(2P)). Bond distances are given in angstroms, bond angles in degrees. For the labeling of the v&ti@is Cu
complexes and transition state structures, see also the reaction schemes in Figure 3.

On the other hand, if pbD approaches via its N-end the reaction
products are Cupt and an O atom (reaction (2)). Finally, we
found that Cd atoms in the’D state can also react with,®
via the central nitrogen, leading to insertion of'dn the O-N;
bond, with formation of [OCuB™ (reaction (3)).

potential energy surface, 6 kcal/mol higher in energy than the
30-complex. In a linear structure the above interactions between
the 3d%4s orbitals and the 30 HOMO,LUMO (symmetry
forbidden withinC,) are replaced by an interaction with the
N2O o lone pair. However, this interaction is much weaker:

The calculated reaction schemes are presented in Figure 3the N;O o lone pair, plotted in Figure 4C, has only a small

The structures of all stationary points along the reaction path

can be found in Figures 1 and 2. The labels given to the different

contribution on O, with a much larger lobe at the N-end g®N
The transition state structure for tR€ut—N,O reaction,

complexes and transition state structures indicate the orientationdenoted asO-Ts, is also shown in Figure 2. In this structure,

of O—Na—Np with respect to Cti. For instance30-Ts points
to a transition state structure on the triplet surface in whig® N
interacts with Ctl via its O-side.

SCut + IN,O — 3CuO" + IN,. As already discussed in
section 3.1, the reaction 8€Cu™ ions is exothermic and spin-
allowed. The reaction mechanism of tREu"—N,O reac-
tion is similar to that of?Cu atoms with NO. [24] First, a
3[Cu—ON;]*-complex is formed (denoted &©-complex in
Figure 2). This complex has a much larger binding enereB4(
kcal/mol) than that of the neutral [CtON,]-complex 1 kcal/
mol), mainly because of stronger electrostatic fordess in
the neutral [Ct-ON]-complex, the G-Na—Ng system remains
linear, but the CaO—Np angle is bent. These structural
parameters can be rationalized by looking at the orbital
interactions between ti€u™ (3d%4sh) ion and NO, shown in
Figure 4 (for the’O-Ts (see further), but they are qualitatively
the same for thé0-complex). Apart from a small contribution
from electrostatic and polarization terms, the primary reason
for the bent Ca-O—Na angle is as electron donating interaction
between the B0 HOMO and the (singly occupied) CuBd2
orbital (see Figure 4A). On the other hand, the interaction
between the Cu 4s orbital and in-plangNLUMO, which could
bring about back-donation (see Figure 4B), is still weak in the
initial complex. A second, completely linear, O-side complex
was also optimized by imposing@., symmetry in the geometry
optimization, but was found to be a transition state on the

the Cu-O bond is shortened as compared to ¥@ecomplex,

and the O-N, distance is increased. One can see that not only
the Cu-O—Na but also the G-Nao—Ng angle is bent at the
transition state. It has been shown in previous theoretical studies
on transition metatN,O reaction3®*24that the bending of the
N,O system is an indication that charge is transferred from the
transition metal toward the 40 LUMO.2324 Such a charge
transfer also occurs in the present'Gransition state structure.
Next to the charge donation from the in-plangONHOMO to

the singly occupied 8 orbital of 3Cu™ (see Figure 4B), there
occurs back-donation from the 4s Corbital toward the in-
plane NO LUMO. This initiates the bending of /0. The two
charge transfers proceed in opposite directions, but they have
about the same magnitude in the transition state structure. Thus,
there is no netto charge transfer at #eTs. This is in contrast

to the Cu atom-N,O reaction, where the back-donation clearly
overrules the donation, with as a result a charge transfer from
Cu toward NO at the transition state structi?®eThe two
opposite electron transfers become more and more pronounced
as the reaction proceeds, so that the electronic configuration of
Cu(l) gradually changes from 34k! to 3d%4<. As such, the
spin density gradually shifts toward O while the Cu charge
almost remains constant. The-® bond is broken anédCuO"

is formed. It~ ground state can indeed be viewed as resulting
from the interaction between ground-state™GiS, 3d9 and
ground-state O3p)2° The energy barrier, calculated as the
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TABLE 2: Binding and Reaction Energies and Activation
T N 222 4139 Barriers for Reactions of Cu* with N,O at the DFT-B3LYP
Sg28 +2L77 0ds \ 461 Level and with CCSD(T) (All Energies Are Given in
*0-complex \ 523 kcal/mol)
Pt S B3LYP  CCSD(T)
1'30—4:|'ossin,g“:(7"— O-attack
507 B. E220-complex —22.2 -22.8
’ T barrier0-Ts +13.9 +21.7
S +10.0/+11.8 R. EP (3Cu" + IN,O — 3CuO*" + Ny) —46.1 -51.8
Cu' + ON, Nz, :Zzgi Cu-O" + Ny Ny B. E.’O-complex —235 —24.5
—= barrier'3crossing +40
O-complex R. E. (Cu* + IN,O — 3CuO* + INy) +10.0 +11.8
A. Ng-attack
[Cu-Ng-NAT'('T) + O('P) B. E.3Ng-complex —21.1 211
T » - S barrierSNg-Ts; +15.3 +17.4
2L 4153 178 +73 B. E.3Ng-complex —23.4 —-21.0
L1175 TS 74 29 S barrier®Ng-Ts; +7.3 +2.9
Np-complex; INg-complexs \ 376 R. E. €Cu" + IN,O — ICuN,* + %0) -37.6 -51.9
56.2 . A 520 B. E. 'Ng-complex -31.7 -29.7
63.3 “Np-crossing/ " barrierl3crossing +80
+80/ R. E. {Cu* 4+ IN;O — CuN,* + 20) +18.6 +11.7
S Na-attack
/ T B. E.3Na-complex —9.2 —10.9
i _ Prseriis barrier3Na-Ts +2.2 -06
Cu 4 ON N a7 [CuNN,I'(E) R.E. €Cu" + N0~ OCUN]") ~742  -813
‘\“lﬁj‘ciTpm/ +0(P) aB. E. = binding energy® R. E. = reaction energy.
B. .
(13.9 kcal/mol) than that predicted by CCSD(T) (21.7 kcal/
92 422 . .
T 090 06 mol). These barriers are relatively large, but note that they are
- 3 ' . .
Nycomplex  NaTs still smaller than the barrier that must be overcome to return to
| j}gg the initial reagents (see Figure 3A). These high energy barriers
+56.2 | ' are much larger than those encountered in the reaction of neutral
+63.3 j Cu atoms with NO, where values below 5 kcal/mol were
| calculatect*
| 1Cu™ + IN,O — 3CuO* + IN,. If N0 approaches the ground
S | statelCu® ions via its oxygen side, a complex is also formed
Cu® + O-N,Ns ‘\‘_ Q-1s.1/-1T7.3 first (indicated asO-complex in Figure 3A), about 2324 kcal/
[Ng-N4-Cu-O7*
C.

Figure 3. Calculated reaction paths, A. for reaction 1, B. for reaction
2 and C. for reaction 3. The labeling of the various-@iO-complexes

mol more stable than the initial singlet reagents. The structure
of this complex is similar to that of th&O-complex, with a
linear NbO system and a CtO—Nj4 angle of about 130 degrees.
However, the Ct-O bond length is shorter than in the case of

the excited statéCu™-complex, because of the absence of 4s-
and transition state structures is also indicated. Relative energies argigand repulsion. We have also calculated the structure of a linear
indicated in kcal/mol. The upper values are obtained at the B3LYP O-side

level, while the lower values (in italics) were calculated by means of
CCSD(T) at the B3LYP structures.

energy difference between th#-complex

Figure 4. A and B: Orbital interactions in thé&O-Ts structure (see

also Figures 2 and 3). A[Cu 3d2N,O HOMO-in-plane] interaction,
B. 0[Cu 45-N;O LUMO-in-plane]. C. NO ¢ lone

pair.

and3O-Ts, is

ICut—N,0-complex by imposing.., symmetry in the
DFT geometry optimizations. As for the line®-complex, this
stationary point was characterized by two (equal) negative
frequencies, corresponding to the bending vibrations of the
Cu—0O—N angle. However, the energy of the singlet saddle point

was only 1.5 kcal/mol higher than that of the bent minima, as

compared to an energy difference of 6.0 kcal/mol for the
corresponding triplet structures. This is obviously due to the
absence in th&0-complex of stabilizing forces connected with

N,O HOMO — Cu" 3d;2 o-donation (cfr Figure 4A). We also

note that the isoelectroni#Cut—CO,-complex was reported
to be linea® The binding energies of X0 and CQ to 1Cu",
about 22-24 kcal/mol, are in the same energy rafige.

The formation of theéCuO" + N, reaction products out of
10-complex involves a change of spin and must therefore
proceed through a crossing point of the singlet and triplet
surfaces. To obtain an estimate of the energy barrier of the
reaction, we have attempted to calculate the structure of the
singlet-triplet crossing point in the following way: Defining
the O—Na bond distance as the reaction coordinate, the structure
of the singlet state was obtained at several points along the
reaction path, by keeping only the latter distance fixed (between

1.2 and 2.0 A) and optimizing all other geometrical parameters.
reported in Table 2. DFT predicts a much smaller energy barrier A single-point energy calculation of the triplet state was then
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performed at each of these structures. As such, a singiptet 1Cut + IN;O — ICuN;™ + 30. The reaction path ofCu"
crossing was observed, at an-® distance of 1.79 A. The  cations with NO is similar to that of the reaction at the oxygen
estimated energy barrier from these calculations for reaction side of NO: it is also endothermic and spin-forbidden. First, a
starting from the singlet complex is 50 kcal/mol, i.e., consider- singlet complex is formed. Thi¥Ng-complex is found to be
ably higher than the reaction energy. Please note that this resuliinear. Theo lone pair of NO has a much larger lobe on the
represents an upper bound, since the triplet surface was notN-side than on the O-side (see Figure 4C) resulting in linear
explored. It is interesting to compare this energy barrier to the coordination via N. This is also reflected in the binding energy
one for the NO decomposition reaction witfCu* ions bound of N2O (see Table 2), which is substantially larger than that of
to zeolite surfaces. This barrier was recently estimated to be 23the 10-complex. The point of intersection between singlet and
kcal/mol, by means of DFT calculations on cluster models. triplet surfaces along the reaction coordinate was estimated with
This substantial reduction of the barrier indicates that the zeolite an energy barrier of 80 kcal/mol, much larger than the reaction
matrix may indeed exert a strong catalytic effect on the above energy. Closed-shefCut cations thus appear to be inert with

reaction. respect to MO-attack.

3Ccut + INL,O — ICuN,* + 30. We will now consider the 8Cut + IN,O — 30CuN". Finally, we have considered the
reaction between Cuand the terminal nitrogen @ of N,O, possibility of reaction of Cti with N,O via an attack of the
leading to the formation of CufN and O (reaction). CujN central nitrogen () (reaction). As indicated in Figure 3C, such

has a'=* ground state, while the O atom hadRaground state. @ reaction path was found only fé> Cu* ions but not for'S

From the reaction paths presented in Figure 3B, one can se€CU’ ions. _ N

that the formation of these products is again exothermic and Before.movmg to the transition state, another TNO] -

spin-allowed for théCu™ cations, but not fofCut. complex is formed, denoted &s-complex (see Figures 2 and
The reaction ofCut with N,O again starts with the formation ~ SC)- The NO system is bent, due to the fact that the spin density

of a complex. Two different structural minima were optimized, 'S Mainly concentrated on the,® system, not on Cu IEdee((j),

The first complex, denoted @sls-complex in Figures 2 and ~ the orbital occupation numbers again point to a*Cid'

3B, has a linear structure. Its binding energy2(..1 kcal/mol) confglguratlon, as for théNg-complex. The binding energy of

is slightly smaller than that ofO-complex. The second N the *Na-complex is someyvhat lower than that of the-Qr

side complex, denoted &@8lg-complex, has about the same Ng-end triplet complexes: about41 kcal/mol, as opposed

binding energy. Here, both GtNg—N, and O-Na—Ng angles to more than 20 for the other complexes. This is also reflected

are bent. A Mulliken orbital population analysis reveals that " tr;e structure: the CaN bond distance is much longer in

the electronic structure 8Ng-complex is completely different € “Na-complex as compared to thegféomplex (see the

from that of 30-complex and®Ng-complex. The electronic ~ SUTUCtUres in Figure 2). y _

configuration of Cu is 3% instead of 38s!, indicating that The structure of the transition state is very close to that of

the main part of the spin density has been shifted 40 NThe the complex. The spin density is further transferred toward O,

3Ng-complex can thus be viewed as arising from an interaction while the O-N bond length increases. After the transition state,

between a&Cu" cation ancBN,O. The absence of electrons in the 0xygen moves in the direction of CuAs such, the Ct

the 4s orbital explains the much shorter-a distance in the ion is inserted in the ©N bond. The energy barrier calculated

3Ng-complex (1.846 A) as compared to that in thitNg- for this reaction is very low both for DFT and CCSD(T). The

complex (2.077 A). The triplet multiplicity of NO explains barrier alImost vanishes at the CCSD(T) level of theory.

why the O-Na—N5 bond angle is bent: the structure®f,0 As shown in section 3.1, tROCUN,"-complex is the most
(shown in Figure 1) indeed displays a bond angle of 122 degrees Stable reaction product of the CutN,0 reactions. We note that
almost the same as itNg-complex. Excitation to the NO this product can also be formed from the recombination of CuO

triplet state weakens both the-® and N-N bonds, as an  @nd N\, formed in reaction 1, or out of CyN and O, formed
electron is transferred from the nonbondingHOMO the in reaction 2. Our calculations indicated no reaction barriers
antibondingz® LUMO. The singly occupied B0 HOMO and for these recombination reactions. On the other hand, the
LUMO orbitals are situated in the symmetry plane of #hg- question remains whether tREDCuN] “-complex, formed in
complex and interact with the fully occupied 3d orbitals on  '€&ction 3, can have a significant lifetime. The number of
Cu. The occurrence of a complex in which the spin density is degreeg of freedo.m to dlstrlpute the large excess of reaction
shifted toward NO is not surprising considering that the ©€Nergyis small. It is the question whether the insertion product
singlet-triplet excitation energies of Cuand NO both lie can be stabilized by thermal collisions or whether it will
within the same energy range. TheO\singlet-triplet excitation dissociate for example to CuGnd N> or [CuN] ™ and O, about
energy was calculated at 67.0 and 69.7 kcal/mol for the B3LYP 30~40 kcal/mol higher in energy. Rodgers et al. indeed observed

and CCSD(T) levels of theory, respectively. This is indeed very the formation of a [CubD]* adduct at thermal energies, and
close to the singlettriplet spiitting for Cu" (see Table 1). suggested that this adduct is formed by collisional stabilization

Between the’Ng-complex and 3Ng-complex, a transition In sequential bimolecular reactions.

state {Np-Ts;) was calculated, 15.3 kcal/mol (at the DFT level) 4C .

. . . . . Conclusions
higher in energy thafNg-complex. This relatively large energy
barrier can be overcome with the excess energy gained in the The ab initio study of the reactions é€u™ and3Cu’ ions
formation of the>Ng-complex (see Figure 3B). The formation  with N,O demonstrates tha€Cu* ions are relatively inert with
of theCuN,™ and®O reaction products out of tig-complex respect to MO reactions, whiléCu* ions are highly reactive.
is then straightforward. The spin density accumulates on oxygenThree reaction channels have been analyzed,@ &pproaches
while the O-N bond length increases. The-Ma-Ng angle is the CuU" ions via its O-side, this leads to formation of CuO
bent further, while the CiNg—Na angle is enlarged in order and N.. On the other hand, if pO attacks via its N-end, the
to create the linear [CuN,] T-complex. The DFT energy barrier  reaction products are CyNand an O atom. Finally, we found
is 7.3 kcal/mol, but this barrier reduces to only 2.9 kcal/mol at that Cu™ atoms in the’D state can also react with,® via the
the CCSD(T) level. central nitrogen, leading to insertion of Cin the O-N; bond,
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with formation of [OCuN]*. The latter reaction is the most (19) Campbell, M. L.; McClean, R. El. Chem. Soc., Faraday Trans.

: : : : i 1995 91, 3787.
exothermic reaction. The reactions@u" ions proceed with (20) Campbell, M. L.J. Chem. Phys1996 104, 7515.

high energy barriers; the lowest energy barrier (50 kcal/mol) s (21) campbell, M. L.; Metzger, J. Ehem. Phys. Let1.996 253 158.
encountered for the formation of CdGnd N.. On the other (22) McClean, R. E.; Campbell, M. L.; Goodwin, R. Bl.Phys. Chem.
hand, all reactions ofCu" ions are barrierless. These results 1996 100 751.

- ) . L (23) stirling, A.J. Phys. Chem. A998 102, 6565.
are in agreement with the experimental findings. (24) Delabie, A.; Vinckier, C.; Flock, M.; Pierloot, KI. Phys. Chem.

The reaction and binding energies and energy barriers A 2007, 105 5479.
calculated with DFT and CCSD(T) are in reasonable agreement (25) Kapteijn, F.; Rodiguez-Mirasol, J.; Moulijn, J. Appl. Catal., B

; ; ; i 1996 9, 25.
with each other and experimental data (where available) in the (26) Nakao, Y.: Hirao, K.. Taketsugu, T. Chem. Phys2001, 114

case of reactions involving GtN bonds. On the other hand, 7935
we have found significant differences between the DFT and  (27) Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Chem. Phys1987,

CCSD(T) results for reactions in which a €@ bond is formed 86, 866. )
or broken (28) Scher, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100,
’ 5829.

o o (29) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.
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