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Abstract: We have reinvestigated CUNO, and Cu*NO; at ab initio as well as at pure and hybrid
DFT levels of approximation employing large ANO basis sets. The systems were fully optimized
using the CCSD(T), QCISD(T), BPW91, PBE, PBEO, and B3LYP methods. Several stationary
points (minima and transition structures) were found on the related potential energy surfaces
(PES). The C,, bidentate #2-0,0 isomer is calculated to be the most stable species on the
CuNO; PES, followed by two monodentate isomers—the Cs 71-O and C,, n'-N species which
are higher in energy by 12 and 14 kcal/mol, respectively, at CCSD(T)/Basis-Il (where Basis-II
is 21s15p10d6f4g/8s7p5d3f2g for Cu; 14s9p4d3f/5s4p3d2f for O and N). On the Cu™NO;, PES,
the Cs monodentate #*-O trans (0 kcal/mol) and cis (43 kcal/mol at CCSD(T)/Basis-Il) isomers
are found, followed by the C,, monodentate #*-N isomer (+14 kcal/mol at CCSD/Basis-Il). In
contrast to the pure DFT, the hybrid DFT methods perform reasonably well for predicting the
relative stabilities (except for #1-N of CuUNO,) and structures; however, their predictions of the
bond dissociation energies are less reliable (for CuNO, the difference is as much as 10 kcal/
mol compared to the CCSD(T) values). The performance of the QCISD(T) method was analyzed,
and, furthermore, the issue of symmetry breaking was investigated.

1. Introduction Sodupe at al® studied the bonding of N{to Cu and Ag

Nitrogen oxides are important industrial pollutants which can Using the MP2 and DFT methods in conjunction with
be removed from air by a selective catalytic reducti@CR) moderate basis sets. The energy calculations were refined
on transition-metal zeolites. Copper is often employed in by MCPF, CCSD(T), and QCISD(T) single point calcula-
these processé&sé Furthermore, it was demonstrated in many tions. Three isomers of CuN@vere found>—the most stable
studies that the monovalent €ion is the core of the active  C,, bidentate?-O,0 isomer, theCs monodentate;*-O
sites of copper zeolite catalys$ts? The mechanism of the  isomer, and the least stab®, monodentate;*-N isomer.
SCR is not fully understood yet. However, it is plausible to  Only moderately sized basis sets of DZ quality were used
assume that a key role is played by the CuNOmMplex. in the studyt®> and thus the calculated relative energies of
There are different way%in which NG, can coordinate  the isomers differed significantly depending on the levels
to Cu or Cu. NO, can act as a monodentate ligand and of approximation used. In some cases, also sizable differences
coordinate through either Gj{-O coordination) or N#*-N (up to 24 kcal/mol) between CCSD(T) and QCISD(T) were
coordination). It can also act as a bidentate ligand and interactoptained and attributed to an unsound estimation of the triple
with the copper via either two O atomg*O,0 coordination)  excitations!® Similar conclusions had already been drawn
or O and N atoms/-O,N coordination). Several theoretical  for CuCH, by Frenking at al® who reported “dramatic
studies of the CuN®system in the gas phase’® and failure” of the QCISD(T) method. However, it was shown
zeolites®*® have been published. later° that this failure of the QCISD(T) method, which is
reflected in the flawed bond energy, is due to the inferiority
Corresponding author e-mail: stepan.sklenak@jh-inst.cas.cz.  of the QCISD method itself rather than due to the failure of
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the perturbative estimate of connected triple excitation CCSD(T)  2.0675
contributions (T). It will be discussed later in this paper that 8.5,25[’“) 3;??;1% O
the CuNQ and CuNO; systems suffer from similar PBEO%g \
problems, and, in some cases, symmetry breaking leads to 11339< N
further problems in evaluation of physical-chemical proper- Cu iz
ties. \ 12615

Sauer at at® studied the structure and stability of Gu 120.0 (Cay) 12280
NO; in the gas phase and in the ZSM-5 zeolite using the ’
B3LYP method. In the gas phase, they found three minima 1.1961
and two transition states on the ground stdfe @nd?A;) ::322
potential energy surface of CNO,. Then!-O trans isomer 109.1 1.1835
was calculated to be the most stable species.itH®@ cis }{23 N O
and #-N isomers are higher in energy by 2 and 10 kcal/ 111.2 ./112,5
mol, respectively. Sauer at ®lconcluded that the bonding /\ 13642 110
in Cu"NO; is mainly noncovalent and arises from the Cu——0O0 {;3“5);]‘ 112.4
interaction of the'S(d'9) state of Cu and the?A; ground e 1.3402
state of NQ. Further information on CINO, can be :ggg -0 (Co)
extracted from the recently appeared comparative study of ’ ®
Ducere at al* on the binding of N@ NHs, H,O, NO, N.O,
N2, and Q to Cu* and C@" at several DFT and ab initio 1.8972 @)

1.9031

levels. 1.8920 / 122.7

In the present paper we recalculate the [Cu, NJY© CU$N > 123
neutral and positively charged systems at the uniform CCSD- \ 123.9
(T) level of theory with large ANO basis sé¥s?? These 1333
calculations serve for evaluating reliable relative stabilities ; 1.2301
and interconversion profiles as well as benchmarks for the n'-N (Cy) 12151
most common DFT methods. Figure 1. Optimized structures of the #2-0,0 (a, top), n*-O

(b, middle), and #*-N (c, bottom) isomers of CuNO, at CCSD-

2. Methods (T)/Basis-Il, QCISD(T)/Basis-Il, PBE/Basis-Il, and PBEO/

) ) o Basis-Il. Bond lengths are in A and bond angles in deg.
All the studied species were fully optimized, and the

vibrational frequencies were determined using the MOLPRO 2p electrons of N and O were correlated in all the CCSD(T)
ab initio program packaggéemploying the Roos augmented and QCISD(T) calculations.
ANO basis set?in the contractions designated as Basis-l  |n addition, we also performed calculations using two pure
(Cu: 21s15p10d6f/6s5p4d2f and O,N: 14s9p4d/4s3p2d) and two hybrid density function theory metheeBPW9136
and Basis-Il (Cu: 21s15p10d6f4g/8s7p5d3f2g and O,N: PBES” and PBE®® B3LYP3% 4! respectively. The imple-
14s9p4d3f/5s4p3d2f) and obtained from the Extensible mentations of the unrestricted DFT methods were used for
Computational Chemistry Environment Basis Set Database,the open shell species. Moreover, the ACEXitogram was
Version 02/25/04* employed to test the stability of HF solutions and to calculate
The ab initio calculations were performed at the two the CCSD(TQ? energies as well as to obtain the CCSD
correlated ab initio CCSD(y2° and QCISD(T}>26:29.20 amplitudes which were checked for all the species to ensure
levels of theory as implemented in the MOLPRO program. that the systems are well described by a single reference
The open shell species were calculated using the spinconfiguration.
unrestricted (UCCSD(T)/ROHE32 and UQCISD(T)/RO-
HF13) methods. Some supporting calculations were per- 3. Results and Discussion
formed with the GAUSSIANO3 program packdgat the 3.1, CUNQ,. 3.1.1. Relative Stabilities and Structureswe
UCCSD(T)/UHF level. found three minima and two transition states connecting these
It was pointed out by Urban et &35that for the Cur- minima on the [Cu, N, g potential energy surface. The
OH, complex the triple excitations which follow from optimized structures of all the species of CuN&3 well as
correlating the 3pshell of Cu make a considerable contribu- of NO, and NG~ are given in Figure lac and Tables S1
tion in the vicinity of the minimum of the interaction and S2 of the Supporting Information.
potential. To investigate the effect of theS3hell of Cu on The C,, bidentate;?-O,0 isomer (Figure 1a) is calculated
the relative energies of the CuN@nd CuNO, species, we  to be the most stable isomer of Cubl&l all levels of theory
carried out single point CCSD and CCSD(T) calculations. (see also Figure 2 and Table 1) and represents a pronounced
However, the results showed that the effect of the 3p well on the related PES. Only slight differences in the
electrons on the relative energies is in the range of a few geometrical parameters can be observed depending on the
tenths of kcal/mol. Thus we decided to use the “frozen core” method used. Not surprisingly, there is good agreement
approximation as implemented in the MOLPRO program, between the QCISD(T) and CCSD(T) results, since both
i.e., only the copper 3d and 4s electrons as well as 2s andmethods are assumed to be more or less iderfticallhe
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Figure 2. Relative energies (in kcal/mol) of the CuNO; isomers and transition states at CCSD(T)/Basis-1l, QCISD(T)/Basis-II,

PBE/Basis-Il, and PBEO/Basis-II.

Table 1. Calculated Relative Energies (in kcal/mol) for All Minima and Transition States of CuNO,2

isomer basis set CCsD CCSD(T) QCISD QCISD(T) BPW91 PBE PBEO B3LYP
7?-0,0 Basis-I 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7?-0,0 Basis-II 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7N Basis-I 15.3 14.2 14.1 16.0 5.3 5.4 10.1 9.2
n*-N Basis-II 14.8 13.6 13.8 14.9 5.2 5.3 9.9 9.1
nt-0O Basis-I 11.4 11.6 9.3 15.2 10.0 105 12.3 10.8
nt-O Basis-II 11.8 12.1 10.2 14.8 10.1 10.5 12.2 10.7
7?-O,N (TS) Basis-I 16.9 16.2 16.7 16.6 15.0 15.2 15.8 15.9
7?-O,N (TS) Basis-II 16.4 15.7 16.3 16.0 15.0 15.3 15.7 15.9
nt-O (TS) Basis-I 15.6 16.1 14.7 18.3 16.2 16.6 17.2 15.7
nt-O (TS) Basis-II 15.9 16.5 15.3 18.2 15.9 16.3 16.8 154

2 The energy values include the electronic energy and zero point energy (ZPE). For the CCSD and QCISD levels, the ZPE values at CCSD(T)

and QCISD(T), respectively, are used.

largest CCSD and QCISD amplitudes (0.09 and 0.11) as welldistance, and, furthermore, also the orbital analysis reveals
as the values of the T1 diagnostic (0.030 and 0.037) arethat there is no significant contribution of the €N overlap

small.
It should be noted that the pure DFT calculated-Qu

to the bonding (vide infra). All the methods provided similar
structures. The calculated €® bond is uniformly shorter

bond lengths are slightly longer (0.04 A) than that at the than that in theC,, bidentaten?O,0 isomer reflecting a
CCSD(T) level, and the inclusion of the “exact HF exchange” larger covalent contribution to the bonding. The only
in the hybrid methods brings the ab initio and DFT results geometry parameter which significantly varies at the different
closer (difference of 0.02 A). It has been stated earlier that levels is the @,—N bond distance which spans the interval

the bonding between Cu and N@ the #2-0,0 isomer is
mainly ionic®® This ionic character of the metaligand bond
is reflected in the structure of the N@noiety that is very
close to that of N@ (r(N—0): 1.262 A; a(O—N—0):
116.#4 at CCSD(T)/Basis-ll) rather than to that of N®(N—
0): 1.198 A;a(0O—N—0): 134.F at CCSD(T)/Basis-Il).
The remaining two isomers on the neutral [Cu, N O

from 1.340 A (PBEO/Basis-ll) to 1.413 A (BPW91/Basis-
). The Q:,—N bond is significantly longer than the=ND
bond (by 0.17 A at CCSD(T)/Basis-Il) which, consistently
with the valence bond picture, has a character of a double
bond rather than a single bond. The calculateeN3-O bond
angle (113 at CCSD(T)/Basis-ll) is again much closer to
that of NO,~ than to that of N@ Thus, also in thig;*-O

PES are close in energy, and their relative order of stabilities isomer the bonding is dominated by the ionic character.
depends strongly on the level of theory used (see Figure 2 TheC,, monodentatg'-N isomer (Figure 1c) is calculated

and Table 1). Th&€; monodentatey’-O isomer (Figure 1b)

at CCSD(T) to be the least stable CuNi®omer (Figure 2

is the second most stable species at CCSD(T). The coppeland Table 1). The calculated structures are very similar at
acts as a monodentate ligand, and it is coordinated only toall the levels used. The calculated-® bond length (1.236

the oxygen atom. The calculated €N distance (2.627 A

A at CCSD(T)/Basis-ll) is shorter and the-®—O bond

at CCSD(T)/Basis-ll) is significantly longer than the bonding angle (123 at CCSD(T)/Basis-Il) is larger than the corre-
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sponding geometry parameters of tbg bidentaten?-0O,0
isomer, and their values are between those of &l NQ .
This fact reveals that the covalent contribution to the bonding
is larger for they*-N isomer than for the other two isomers.

Although then?-0,0 isomer is the most stable species at
all computational levels (see Table 1), the order of the two
less stable isomers is different at various levels of ap-
proximation. Let us first focus on the coupled cluster (CC)
level. Then!-O isomer is calculated to be less stable than
7?-0,0 by 1112 kcal/mol, while the;*-N isomer is higher
in energy than?-0O,0 by 14-15 kcal/mol. The effects of
the perturbative contributions of connected triple excitations
(hereafter (T)) as well as of the size of the basis set are
negligible in both cases (smaller than 1 kcal/mol).

The influence of the perturbative contributions of con-
nected quadruple excitations (hereafter (Q)) on the relative
energies of the isomers of CuN@as investigated as well.
However, the CCSD(TQ)/Basis-I//CCSD(T)/Basis-I results
reveal that the effect of (Q) on the relative energies is very
small—a few tenths of kcal/mol.7f*-O and#-N are less
stable tham?-O,0 by 12.0 and 14.7 kcal/mol, respectively,
at CCSD(TQ)/Basis-I//CCSD(T)/Basis-I (plus the ZPE en-
ergy at CCSD(T)/Basis-l).] The negligible effect of (Q) is
in agreement with already small effect of the triples (T).

All three isomers of CuN@were also calculated employ-
ing the effective core potential of Hay and W&dtnd Basis-|
at the CCSD(T) level. However, the relative energies of the

Sklenak and Hriak

Table 2. Mulliken Populations in the s, p, and d Orbitals
of Cu, N, and O of CuNO,

isomer atom S p d charge
7?-0,0 Cu 6.18 12.10 9.98 +0.73
7?-0,0 O 3.86 4.61 0.03 —0.51
7%-0,0 N 3.64 2.77 0.26 +0.29
nt-O Cu 6.21 12.10 9.94 +0.73
nt-O O; 3.88 4.70 0.03 —0.62
n*-0O N 3.65 2.85 0.24 +0.22
nt-0 (o7} 3.86 4.42 0.05 —0.34
nt-N Cu 6.18 12.06 9.93 +0.82
nt-N N 3.58 2.93 0.36 +0.09
n*-N O 3.86 4.54 0.04 —0.45

(ca 0.8 e) of the 4s-electron on copper to the;Mit@gment.
The back-donation from N© into the 4p orbitals of Cu is
sizably smaller. This back-donation is the largest forithe
0,0 isomer, about 0.08 e, and it is smaller O (0.04 e)
and negligible for;!-N.

3.1.3. QCISD.When analyzing the QCISD and QCISD-
(T) relative energies, notable differences—@l kcal/mol)
between the QCI and CC values are found forh®© and
n*-N species. Moreover, the effect of (T), which is small at
CC, is sizable at QCI especially fgi-O as it increases the
relative energy by 56 kcal/mol with respect tg;>-O,0.
Surprisingly, the energy gap between the CC and QClI results
for 1-O andzn?-N as obtained by Sodupe at #lwhen using

three isomers as well as their optimized geometries were very; smaller [Cu: 8s6p4d] basis set, were substantially larger

close to those calculated at the CCSD(T)/Basis-I//CCSD-
(T)/Basis-| level. j*-O and#n'-N are less stable thanp?-
0,0 by 12.8 and 15.5 kcal/mol, respectively, at CCSD(T)/
ECP+Basis-I//CCSD(T)/ECH-Basis-I (plus the ZPE energy
at CCSD(T)/Basis-l).]

The energy order of the isomers of CupN€an be also
rationalized using a simple concept of electronegativity. The
copper atom which donates one s electron to the MQiety

(up to 24 kcal/mol). In the manner of "dramatic failure of
QCISD(T)"51947this effect was attributed to the unsound
estimation of (T) i.e., the perturbative method was made
responsible for the failure. These explanations ignore the fact
that already the QCISD solution is severely flavietf and

the omitted nonzero connected-fErms in the QCISD
equations are fully responsible for these irregularities.
Furthermore, the QCISD method offers no significant

prefers to coordinate to a more electronegative element, i.e.,computational advantages with respect to CCSD and should

oxygen. Thusy?-0,0, in which Cu coordinates to two
oxygen atoms, is the most stable. Consequently;th®

be avoided.
3.1.4. DFT. The results obtained at DFT depend on

species is less stable (Cu is ligated only to one oxygen atom)whether the functional employed is pure (BPW91 and PBE)

followed by #*-N (Cu coordinates to the nitrogen atom).
3.1.2. Bonding.The analysis of the orbitals involved in
the formation of the bond between Cu and N® the 7
0,0 isomer of CuN®@ (Figure S1 of the Supporting
Information) reveals that the bonding between Cu and NO
in CuNG; is mainly ionic, and it arises from the interaction
of theS(d'9) state of Cu and the'A; ground state of N@'.
The 4s orbital of Cu, which is singly occupied in Cu, interacts
with the SOMO orbital (6g of NO, to form the HOMO
orbital (133) of CuNG,, which polarizes toward the NO
moiety. The 7b and 6b orbitals of CuNQ arise from the

or hybrid (PBEO and B3LYP)y!-O is calculated to be 10
kcal/mol less stable thag?-O,0 with the pure DFT, while
the hybrid DFT values are very close to the 12 kcal/mol
calculated at CCSD(T)/Basis-ll. The pure DFT relative
energies ofp’-N with respect toy?-0,0 (5 kcal/mol) and
even the 10 kcal/mol calculated at PBEO and B3LYP are in
very poor agreement with the superior CCSD(T) values (14
kcal/mol) irrespective of the similar optimized geometries
of #-N.

3.1.5. Transition States.Two transition states were
localized on the potential energy surface of CulNThe first

antibonding and bonding, respectively, combinations betweenone is theC; monodentatey’-O species and the second one

the 3d, orbital of Cu and the 4borbital of the NQ moiety.
The remaining 3d orbitals of Cu do not significantly interact
with the orbitals of NQ. The bonding in the other two
isomers is very similar. The Mulliken populations calculated
for all three isomers (Table 2) confirm an ionic character of
all three isomers.

The bonding in all three isomers is driven by the donation

is theC; bidentate;?-O,N species. The calculated imaginary
frequencies reveal that the isomerizatioytsO,0 — #*-O
andn*-O — 51-N proceed via the former and latter transition
states, respectively.

The calculations showed that all three bond distances of
the C, #1-O TS are close to those of ti@& #*-O isomer for
all the methods used. The relative energy of €D TS,
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Table 3. Bond Dissociation Energies (in kcal/mol) of the #2-O,0 Isomer of CuNO, with Respect to the Cu + NO, and Cu*

+ NO,~ Channels

channel basis set CCSD CCSD(T) HF QCISD QCISD(T) BPW91 PBE PBEO B3LYP
Cu + NO; Basis-| 55.3 54.7 48.7 56.3 53.8 44.5 48.0 48.2 46.3
Cu + NO, Basis-Il 55.9 55.2 47.0 56.7 54.3 43.6 47.1 47.3 455
Cu* + NO;~ Basis-| 172.8 176.0 157.4 174.8 176.1 185.6 189.0 179.6 179.4
Cu* 4+ NO;~ Basis-Il 172.8 176.3 156.7 174.8 176.5 186.2 189.4 179.8 179.8

Table 4. Vertical and Adiabatic lonization Potentials (in kcal/mol) of the #?-O,0 Isomer of CuNO,

type basis set CCsD CCSD(T) QCISD QCISD(T) BPW91 PBE PBEO B3LYP
vertical Basis-| 234.0 231.3 236.2 251.6 225.3 226.5 230.4 230.7
vertical Basis-lI 236.0 233.6 238.3 251.4 224.7 225.9 229.7 230.0
adiabatic Basis-| 200.6 202.0 201.7 201.9 205.0 206.7 203.7 205.0
adiabatic Basis-II 202.8 204.5 203.8 204.4 204.2 205.9 202.6 204.1

which also corresponds to the barrier of isomerizatjén
0,0— »-0, is 16-17 kcal/mol at CCSD(T) and DFT. The

The effect of the size of the basis set is less than 1 kcal/mol
for all the methods employed.

imaginary frequency corresponds to the torsion mode, and  3.1.7. lonization Potentials.To complete the figure and

thus the transition state connects theO cis and trans

to make a bridge to the charged species we calculated the

species. However, all computational attempts to localize a vertical (IR) and adiabatic (1§ ionization potentials of the

n*-O cis species led to the?-0,0 isomer. Restricted
optimization scans indicated that theO cis species is rather

7?-0,0 isomer of CUN@ The individual values are revealed
in Table 4. The IRvalues calculated at the CCSD, CCSD-

a shoulder on the potential energy surface and the barrier(T), QCISD, and hybrid DFT levels lie in a narrow interval

for its isomerization into;?-O,0 is most likely very small.

The calculated geometry parameters of Gebidentate
7%>-O,N TS depend significantly on the methods employed.
The DFT schemes provide the structures having the Qu
bond too short (by up to 0.20 A) and the €N bond too
long (by up to 0.15 A) with respect to the CCSD(T) resullts.
In other words, the isomerizatiopt-O — #*-N is found to

230—238 kcal/mol. It should be noted that the QCISD(T)
values are significantly larger.

In contrast to IR, all the methods used provide very similar
adiabatic ionization potentials (26207 kcal/mol) since the
geometries of CtiNO, are relaxed and the corresponding
energies are calculated at the minimum points of the energy
potential surface.

have a late transition state at the CC and QCI levels, while 3.2 CuNO,. 3.2.1. Relative Stabilities and Structures.

it has an early TS at DFT. The imaginary frequency
corresponds to €N and C-O asymmetric stretching mode.
Surprisingly, the calculated relative energies of #ieO,N

TS are within a small interval 1517 kcal/mol for all the
methods used.

3.1.6. Bond Dissociation Energiedn Table 3 we present
the bond dissociation energies, hereafdgr of the 72-0,0
isomer of CuNQ with respect to Cu and N{as well as to
Cu' and NQ~. The D, values calculated at CCSD(T) are
55 and 176 kcal/mol for the Ctr NO, and Cd + NO,~
channels, respectively. The effect of (T) is 3 kcal/mol for
the latter channel and negligible for the former one. The QCI

Let us turn our attention on the positively charged system.
We found three minima and two transition states connecting
these minima on the potential energy surface. The optimized
structures of all the species of @MO, are given in Figure
3a—c and Table S3 of the Supporting Information.

The Cs monodentatey*-O trans isomer?Q’) (Figure 3a)
is calculated to be the most stable isomer of RO, at all
levels of theory, see Figure 4 and Table 5. The CCSD(T),
QCISD(T), and hybrid DFT methods provide very similar
structures. The CdO bond length is calculated to be 1.985
and 1.96 A at CCSD(T)/Basis-Il and hybrid DFT/Basis-II.
Due to the missing bonding electron, the bond is longer than

De values are rather close to the CC ones. The differencesthe corresponding CtO bond in the;*-O isomer of CUNQ

between the CCSD(T) and Hb, values reveal the effect of
electron correlation which is-68 and 19 kcal/mol for the
Cu+ NOz and Cu + NO;,~ channels, respectively. T
values calculated at the hybrid DFT are significantly smaller
by (7—10 kcal/mol) than those calculated at CCSD(T) for

by 0.14 A. On the other hand, the lengths of the ® bonds
of -0 trans of CUNO; are significantly shorter than those
of #1-O of CuNQ; (1.239 and 1.166 A for CINO; 1.364
and 1.196 A for CuNg@), and they are together with the value
of the O-N—O bond angle (133 close to the geometry

the Cu+ NO, channel. The main reason of the disagreement parameters of N©(1.198 A and 13%). The pure DFT

is the inability of DFT to correctly describe the copper atom
(2A). The Cu-ionization potential calculated at PBEO/Basis-
Il and B3LYP/Basis-1l is about 7 and 11 kcal/mol larger,
respectively, than that calculated at CCSD(T)/Basis-1l. On
the other hand, for the Cut+ NO,™ channel the agreement
between the hybrid DFT and CCSD(T). values is
significantly better as the difference is about 3.5 kcal/mol.

methods provided significantly shorter €@ bond lengths
(~1.90 A).

The Cs monodentatey-O cis isomer {A") (Figure 3b) is
calculated to be the second most stable minimum lying 2
kcal/mol at all the levels used (see Figure 4 and Table 5)
higher than;*-O trans. The calculated geometry parameters
of #1-O cis are very close to those gi-O trans possessing
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Figure 3. Optimized structures of the #*-O trans (a, top), #*-O
cis (b, middle), and #*-N (c, bottom) isomers of CutNO, at
CCSD(T)/Basis-Il, QCISD(T)/Basis-ll, PBE/Basis-Il, and PBEO/
Basis-Il. The values in italic are at CCSD/Basis-Il (only for
the #1-N isomer). Bond lengths are in A and bond angles in
deg.

the same trends for the methods used. It only might be

mentioned that the ©N—O angle is slightly widened
reflecting the steric (nonbonding) repulsion of the'Clihe

largest CCSD amplitudes (0.07) as well as the values of the

T1 diagnostic (0.025) are very small for both isomers.
3.2.2. Symmetry Breaking.The C,, monodentatey'-N

isomer @A;) (Figure 3c) is calculated to be the least stable
among the isomers of CNO, (see Figure 4 and Table 5)
at all the levels used. This isomer can be described by two G
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isomer £A,) is calculated in theC,, symmetry, the wave
function Wsp) is symmetry adapted (hereafter SA), and it
belongs to the Airreducible representationV(sa covers

the resonance between two solutions bearing the unpaired
electron on either @ or Oy,). The symmetry adaptation is a
further constrain in a variational calculation, and it might
consequently lead to a higher energy. To investigate whether
the symmetry adapted wave function of tteN isomer ¢A;)

is stable, the stability of the HF solution was tested. We could
not directly test the stability of the ROHF wave function (as
used in the CCSD(T) and QCISD(T) calculations), but we
tested the corresponding SA UHF wave function. The
stability tests reveal that the SA UHF wave function, which
is only slightly spin contaminated¥= 0.78), has several
UHF — UHF instabilities. When the orbital rotations
corresponding to the instabilities were applied to the SCF
eigenvectors and the SCF calculation was repeated with these
rotated vectors as the starting guess, a UHF solution lower
in energy by 6.3 kcal/mol was found. However, the price
for lowering the energy is a heavy spin contaminatit#i(

= 1.08). Moreover, the corresponding UHF wave function
does not transform as the; Areducible representation of
the Cy, point group.

The localized (symmetry broken; hereafter SB) solutions
lead to a lower energy in a variational calculation, but the
wave functions¥ sg)1) and W (sg)2) do not transform as the
totally symmetric irreducible representation of the molecular
point group. The energy differences between the symmetry
adapted (SA) and localized (SB) solutions for theN
isomer £A;) are negligible at CCSD despite the fact that
the underlying ROHF wave function is heavily affected
(AE®A=SB) = 4 kcal/mol). [The localized solution was
obtained by running a calculation at the ROHF level with
then*-N isomer £A;) having two unequal NO bond lengths
and using that SCF solution as the guess in the subsequent
calculations with then'-N isomer fA;) possessing the
optimizedC,, structure. The localized (SB) solution at the
ROHF level leads to a lower energy than the SA solution
by 4 kcal/mol. However, at CCSD both SA and SB solutions
provide essentially the same energy due to the robustness
of the CCSD method and its low energy sensitivity on the
underlying SCF orbitals.] The largest CCSD amplitude (0.07)
is rather small indicating that the effect is not due to a
multirefence character. Also the calculated T1 diagnostic of
0.025 is very small. On the other hand, the QCISD energy
difference between the SA and SB solutions is sizable
E(SA=SB) = 3,5 kcal/mol) indicating that the orbital rotations

degenerate valence bond structures having the unpairedOUld not be removed (the largest amplitude is 0.10).

electron on either @ or Q.

O o)

® / ® -2 ® a
Cu :N Cu N i+ =—> Cu =N//
N N\ N\

Ob Oy Qb

_ 1
¥ sBy1) = 0" @0 (h) Ysa) = 020y ¥ (sB)2) = S0 by

where G, = 1/N(Gu) + 0)) and Oy = 1/N(Gy) - Opy))-

That indicates a possibility of symmetry broken Hartree
Fock (HF) solutions for this specié%#-5! When then*-N

However, it is noteworthy that the inclusion of (T) for both
CCSD and QCISD leads to the SA energy whichower
than the SB one. This indicates that both solutions (CCSD-
(T) and QCISD(T)) are not very reliable in these cases. To
partially eliminate the effect of symmetry breaking, the
geometry of they!-N isomer £A;) was reoptimized at the
CCSD level of theory. Sizable changes in geometry are
observed. The CuN bond is calculated to be longer by 0.08
A at CCSD ¢(Cu—N) is 2.200 A and 2.172 A at CCSD/
Basis-I and CCSD/Basis-Il, respectively) than at CCSD(T).
The #*-N isomer £A;) is higher in energy than thg!-O
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Figure 4. Relative energies (in kcal/mol) of the CutNO; isomers and transition states at CCSD(T)/Basis-Il, QCISD(T)/Basis-Il,
PBE/Basis-Il, and PBEO/Basis-Il. The value in italic is at CCSD/Basis-II (only for the #!-N isomer).

Table 5. Calculated Relative Energies (in kcal/mol) for All Minima and Transition States of CuTNO,?2

isomer state basis set CCsD CCSD(T) QCISD QCISD(T) BPW91 PBE PBEO B3LYP
n*-0 trans A Basis-| 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
n*-O trans A Basis-II 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
n*-O cis 2N Basis-I 2.4 2.6b 2.7 2.7 1.9 1.8 2.2 2.3
n*-O cis A Basis-Il 2.4 2.6 2.6 2.7 1.7 1.7 2.2 2.2
n*-N 2Aq Basis-I 14.2 12.2 15.3 11.9 5.6 55 11.0 11.0
n*-N 2A1 Basis-II 14.0 11.9 14.9 11.6 5.8 5.7 11.2 11.3
7%-0,0 (TS) 2A1 Basis-I 9.7 9.7 101 9.4 11.7 11.7 105 11.2
7?-0,0 (TS) 2Aq Basis-II 9.8 9.9 10.2 9.6 121 121 111 11.6
n*-O (TS) 2A Basis-I 31 3.4 35 3.4 4.2 4.2 35 3.7
n*-0O (TS) 2A Basis-II 3.0 34 3.3 3.4 3.9 3.9 3.2 3.4

2 The energy values include the electronic energy and zero point energy (ZPE). For the CCSD and QCISD levels, the ZPE values at CCSD(T)
and QCISD(T) are used. The CCSD energies of the 5-N isomer correspond to the reoptimized geometry at CCSD. ? 2.5 kcal/mol at CCSD(T)/
ECP+Basis-1//CCSD(T)/ECP+Basis-| (plus the ZPE energy at CCSD(T)/Basis-I).

trans one by 14.0 kcal/mol at CCSD/Basis-Il (11.9 kcal/mol CASSCF method is unable to guarantee a single solution

at CCSD(T)/Basis-II). when it is started from the SA and SB guesses. A larger
3.2.2.1. CASSCF and MR-SDCI.To shed further light active space should lead to a single solution (in the full CI

on the problem described above, we carried out CAS5EF limit); however, such calculations became prohibited for

and subsequently internally contracted MR-S®@calcula- technical reasons. The corresponding CI vectors reveal that

tions of the *-N isomer £A;) of Cu"NO,. Employing for all the active spaces used the CASSCF wave function is
multireference methods such as CASSCF might be a waystrongly dominated by an SCF-like solution based on the
to avoid symmetry breakiig ¢ since these methods include leading ground-state electron configuration. This fact causes
more reference functions which are able to better describethat CASSCF does not provide a single solution for the SA
several valence bond structures. On the other hand, there iand SB guesses; however, on the other hand, it justifies the
only a small amount of dynamic electron correlation included use of the single reference CCSD method which yields the
in the CASSCF calculations, and, thus, we enhanced thesame energy for both SA and SB solutions. The involvement
treatment using the MR-SDCI method. of a low-lying excited state of the'-N isomer £A;) of Cut-

Our single point CASSCF/Basis-1//CCSD/Basis-I calcula- NO, could be ruled out since the first excited state is some
tions employed four different active spaces (in the reduced 70 kcal/mol higher in energy.
Cssymmetry) as described in Table 6. The symmetry adapted Further, we applied the MR-SDCI method employing the
(SA) and broken (SB) HF wave functions were used as the results of the CASSCF(7,8) and CASSCF(7,7) calculations
initial guess for the CASSCF calculations. The SA guess in order to investigate the effect of dynamic electron
led to a lower CASSCF energy than the SB guess (see thecorrelation. The energy gap between the SA and SB solutions
AE(sg-sa) values in Table 6). The energy gap between the is reduced by only 0.2 kcal/mol at MR-SDCI, and it is further
SB and SA CASSCF solutiond\Esg-sp)) decreased as the  reduced by 0.80.9 kcal/mol when the Davidson correctfén
size of the active space increased indicating that even thistMRCI(Q)) is employed (Table 6). However, the MRCI
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Table 6. Energy Differences (in kcal/mol) between the Symmetry Adapted (SA) and Localized (SB) Solutions at Different
Levels of Approximation for the #-N Isomer (2A;)*

method?a active space orbitals AE(se-sa) method AE(sB-sa) method AEsg-sa)
CASSCF(13,13) 16a’ — 23a’, 4a" — 8a''b 151
CASSCF(13,12) 16a’ — 22a’, 4a" — 8a''c 1.59
CASSCF(7,8) 19a’ — 22a’, 5a" — 8a'"'d 3.29 MRCI 3.07 MRCI(Q) 2.14
CASSCF(7,7) 19a’ — 22a’, 6a" — 8a''e 3.48 MRCI 3.27 MRCI(Q) 2.49
HF -1.39
CCsD 0.02

a CASSCF(n,m) where nis number of electrons and m is number of orbitals. ? Frozen orbitals: 1a’ — 15a’, 1a" — 3a’. ¢ Frozen orbitals: 1a’
— 15a’, 1a" — 3a". ¢ Frozen orbitals: 1a’ — 18a’, 1a" — 4a’". € Frozen orbitals: 1a' — 18a’, 1a"” — 5a". f The geometry optimized at CCSD/
Basis-l is used.

method (based on the chosen active space), unlike the singlsymmetry broken UHF solution was obtained and used as
reference CCSD approach, is unable to guarantee a singlehe guess in the subsequent calculations employing the
solution. MR-SDCI does not include the €xcitations in UBPW91, UPBE, UPBEO, and UB3LYP methods fgrN
an exponential form and thus does not exhibit a low possessing the optimizégh, structure. The calculations led
sensitivity on the underlying orbitals. to the symmetric solutions for all four DFT methods
A conclusion can be drawn from the presented results thatemploying both basis sets. The subsequent evaluation of the
in the case of symmetry breaking the CCSD is the method vibrational frequencies provided only positive values.
of choice if the following three conditions are fulfilled: First, The relative energies of'-N are 11 and 6 kcal/mol at the
the CCSD energy gap between SA and SB solutions shouldhybrid and pure DFT levels (Figure 4), respectively. The
be small. Second, the corresponding CASSCF wave functionformer value is in agreement with the CCSD one (14 kcal/
is strongly dominated by the leading ground-state electron mol); however, the latter energy is once again unrealistically
configuration, and finally, no low-lying excited state of the low.
same symmetry as the ground state is present. The Cu-N bond length is calculated to be significantly
3.2.2.2. Symmetry Breaking and Vibrational Frequen- shorter at PBEO and B3LYP than at CCSD by some 0.15 A
cies.The existence of symmetry broken solutions apparently and extremely shortened at BPW91 and PBE by about 0.25
causes problems in the numerical calculations of vibrational A. These results indicate that the pure DFT methods fail to
frequencies. Namely, one small imaginary frequency corre- provide correct structures and relative energieg'éfl. The
sponding to the Ca&N—O bending mode was obtained at Cu—N bond is significantly longer than the corresponding
all the ab initio levels but CCSD as a consequence of the bond in the neutral CuN©The N—-O bond lengths as well
numerical evaluation of the frequencies in lower symmetry as the G-N—O bond angle ofy*-N are calculated to be close
point groups. The CCSD frequency of the-&—0 bending to the corresponding geometry parameters o, NO
mode is a real number for the step larger than 0.03 A  3.2.3. Bonding.The analysis of the orbitals involved in
indicating that the;*-N species4A;) is a minimum on the  the formation of the bond between Cand NQ in the5*-O
potential energy surface. A smaller step leads to an imaginarytrans isomer of CtNO, (Figure S2 of the Supporting
value of the Ca-N—O wavenumber. The other five frequen- Information) reveals that the bonding between'@ad NQ
cies do not significantly depend on the step size. in Cu™NO; is ionic, and it arises from the interaction of the
3.2.2.3. Symmetry Breaking and DFTThe performance  !S(d'9) state of Cu and the?A; ground state of N@ The
of DFT for symmetry breaking cases was a subject of severalprevailing interaction between Cwand NQ is the electro-
studies® 72 Head-Gordon at & studied three open shell static interaction. The 4s orbital of Cu, which is empty in
systems (N@ O4F, and Q") for which the UHF wave  Cu", interacts with the SOMO orbital (1Qaf NO; to form
function breaks spatial symmetry. It was concluetiat the SOMO orbital (204 of CuNG; which very strongly
symmetry broken solutions were obtained with DFT only polarizes toward the Nnoiety. The 19aand 16aorbitals
when unusually large fractions of HF exchange (above 70%) of Cu*NO, arise from the antibonding and bonding combi-
were included into the hybrid functionals. The exchange was nations, respectively, between the&g orbital of Cu and
found more important than correlation in determining the the 94 orbital of the NQ moiety. The Cu 3g and NQ 2d’
tendency to preserve or break symmetry in BfFHowever, orbitals interact to form the antibonding'&ad bonding 44
even when the optimization of KohiBham orbitals leads  orbitals of CNO,. The remaining 3d orbitals of Cu do not
to a symmetric solution, there is no guarantee that the significantly interact with the orbitals of NOThe bonding
vibrational frequencies will be entirely free of the effects of in the other two isomers is very similar. The Mulliken
symmetry breaking because the higher-lying asymmetric populations calculated for all three isomers (see Table 7)
solutions might strongly interact with the symmetric solu- predict the positive charge being located predominantly on
tion.®8 In addition, the MOLPRO program calculates DFT the copper center.
second derivatives numerically, and thus the calculated The Mulliken populations of 6.08, 12.06, and 9.97 e in
frequencies can suffer from the same problems as thosethe s, p, and d orbitals, respectively, of CugfO trans
obtained at CCSD. show a back-donation of 0.11 e from W@ Cu. The back-
To test whether the DFT methods used suffer from donation for;®-O cis is very close to that of'-O trans. On
symmetry breaking for thg'-N isomer A;) of CU"NO,, a the contrary, there is no back-donation fg¢N.
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Table 7. Mulliken Populations in the s, p, and d Orbitals case since the imaginary frequency is significantly larger (e.g.
of Cu, N, and O of Cu*NO, 173 cnmt at CCSD(T)/Basis-1I) than that of thg-N species
isomer atom s p d charge (°A1). In addition, the imaginary frequency is not sensitive

/-0 trans cu 6.08 12.06 9.97 4088 to the method useq, basis set and step size emplloygd in the
71-0 trans 0, 383 4.40 0.03 027 numgr]cal calculations. _Therefore, tI_;yé_0,0 species is a
#1-0 trans N 350 278 025 1044 transition state connecting twg-O cis isomers since the
#1-O trans 0, 3.85 415 005 ~0.05 imaginary frequency corresponds to the asymmetrie-Gu
710 cis cu 6.07 12.05 9.98 +0.90 stretching mode. The corresponding barrier is calculated to
»1-0 cis fo}} 3.82 439 001 —0.24 be 7-10 kcal/mol.
71-O cis N 3.50 2.75 0.27 +0.44 3.2.5. Bond Dissociation Energiedn Table 8 we present
-0 cis 02 3.85 4.20 0.05 —0.10 the bond dissociation energie3¢ of the#*-O trans isomer
7N Cu 6.02 12.01 9.97 +1.00 of CutNO, with respect to Cti and NQ. The CC, QClI,
n*-N N 3.50 289 030 +0.26 and hybrid DFT values dD. are 22-24 kcal/mol. The pure
7N o 3.85 423 005 —0.13 DFT schemes provide the values®df which are larger by

3—5 kcal/mol. The differences between the CCSD(T) and
324 Transition States.Two transition states were HF D¢ values reveal the effect of electron correlation which

localized on the potential energy surface of 'GID,. The is 9 kcal/mol. . _
first one is the G monodentate;-O species?A), and the 3.3.'Infrared Frequepmes.The calculated mfrgred fre-
second one is th€,, bidentaten?-0,0 species?Ay). The guencies are revealed in Table 9 (selected species at CCSD-
calculated imaginary frequencies reveal that the former (T)) and Tables S4 (all isomers of CubiGall levels), S5
transition state connects th&-O trans and;-O cis isomers, ~ (NOz and NQ7; all levels), and S6 (thg'-O trans and cis
while the latter TS connects twgl-O cis isomers. All isomers of CENO; all levels) of the Supporting Information.
computational attempts to find a transition state connecting  3.3.1. IR Frequencies of the;*-O,0 Isomer of CuNO;.
the -0 trans andy’-N isomers led to a?2-O,N structure Let us discuss the infrared frequencies of the most stable
which is very close in energy and geometry to tjieN Cz, 7*-0,0 isomer of CuUN@ The wavenumber of the GtO
isomer. We assume that the calculated structure is an artifac@symmetric stretching mode is calculated to be around 210
of symmetry breaking rather than a real transition state. Nonecm™* at CCSD(T), 190 cm* at QCISD(T), 120 cm' at pure
of the chosen computational method is able to correctly DFT, and 166-180 cnt! at hybrid DFT. These values are
calculate the curvature of the ENO, potential energy  Scattered over a wider range (¥2210 cnt?) as compared
surface in the vicinity of the minimum corresponding to the to the symmetric mode due to the discussed problems with
n'-N isomer due to symmetry breaking. It should be noted Symmetry breaking of the HF solution. On the other hand,
that then?O,N structure is very close to that found by Sauer the symmetric Ct+O stretching mode (similarly the other
at all® at B3LYP. symmetric ones), which does not suffer from symmetry
The calculations also showed that all three bond distancesbreaking, is calculated to lie in a narrow range 2330
of the »-O TS are close to those of the -0 trans and cm ! at all the levels used. The 0,0 out-of-plane mode is
cis isomers for all the methods used. The imaginary the same case, and thus the wavenumber values span a small
frequency corresponds to the torsion mode. The relative interval 356-380 cnt™. The remaining three modes are more
energies of theg-O TS, which also correspond to the barrier interesting for experimentalists, since their wavenumbers lie

of isomerizationy*-O trans— 5*-O cis, are 3-4 kcal/mol in a region which is experimentally easily accessible. The

at all the levels employed. wavenumber of ©N—O bending mode is calculated to be
Since theC,, bidentate;?-0,0 TS ¢A;) is an open shell 865 and 875 cm' at CCSD(T)/Basis-l1 and CCSD(T)/Basis-

species having two equivalent—-ND bonds, there is a I, respectively. The QCISD(T) values are greater by some

possibility of symmetry broken HF solutions for this species. 20 cnT™. The DFT infrared frequencies of the-M—0O

The stability of the symmetry adapted UHF wave function, bending mode are close to the ab initio ones. The pure DFT
which is only very slightly spin contaminated®= 0.77), methods provided slightly smaller wavenumbers (855%m
was tested, and an UHF UHF instability was found. When ~ while the hybrid DFT methods gave somewhat greater
the orbital rotations corresponding to the instabilities were wavenumbers (896910 cn1?).

applied to the SCF eigenvectors and the SCF calculation was The asymmetric (as) and symmetric (ss}@® stretching
repeated with these rotated vectors as the starting guess, amodes (1262 and 1287 ci respectively, at CCSD(T)/
UHF solution having essentially the same energy was found. Basis-Il) are much closer to those of Q1273 cm'! (as)

The corresponding®value is 0.82 indicating a low-spin  and 1303 cm? (ss)) than to those of NX1345 cn1? (ss)
contamination of the wave function without an UHFUHF and 1666 cm* (as); all values at CCSD(T)/Basis-Il). This
instability. Since there is no change in energy between thefact indicates an ionic character of thg¢O,0 isomer (Cu

two UHF solutions, we assume that the energy of the NO,"). It should be noted, that the-ND stretching modes
symmetry adapted ROHF solution is the same as that of thecalculated at DFT are not in agreement with the CCSD(T)
symmetry broken ROHF solution. The question is whether values since the asymmetric stretching mode has a greater
the imaginary frequency of thg-0,0 species?\;) indicates wavenumber than the asymmetric one by5® cm?

that the species is a transition state or it is an artifact causeddepending on the functional. There is only one available
by symmetry breaking. We assume that the former is the experimental frequency (1220 cf) of the stretching N-O
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Table 8. Bond Dissociation Energies (in kcal/mol) of the #1-O Trans Isomer of CutNO, with Respect to the Cu* + NO,

Channel
basis set CCSD CCSD(T) HF QCISD QCISD(T) BPW91 PBE PBEO B3LYP
Basis-I 22.0 23.0 135 23.0 22.7 26.3 29.1 23.5 24.2
Basis-II 21.4 22.5 13.3 22.4 22.3 26.7 29.5 23.9 24.6
Table 9. Calculated CCSD(T) Infrared Frequencies (in cm™1)
species symmetry basis set B> Ay B A1 B, Ay
Cu—0 as Cu—0 ss OO out O—-N-Ob N—-O as N—O ss
CuNO2 %-0,0 Coy Basis-| 203.4 326.1 346.1 864.7 1216.9 1251.9
CuNO, #2-0,0 Coy Basis-II 208.4 330.8 346.7 874.6 1262.0 1286.7
species symmetry basis set A" A A A A A
torsion Cu—O—Nb Cu-Os O—N-Ob Ocy-Ns N-Os
CuNO; -0 Cs Basis-| 132.5 139.0 413.2 764.6 905.3 1560.2
CuNO; -0 Cs Basis-Il 127.8 138.9 421.9 799.7 952.6 1584.4
species symmetry basis set 273 Aq B1 A1 A1 B>
Cu—N-Ob Cu—Ns OO0 out O—N-Ob N—O ss N—O as
CuNO; 71-N Coy Basis-I 129.8 325.3 375.9 806.1 1304.6 1412.0
CuNO; *-N Coy Basis-Il 144.6 3295 378.3 817.1 1339.3 1457.5
species symmetry basis set Az Az B>
O—N-Ob N—O ss N—-O as
NO> Coy Basis-| 749.7 1316.9 1622.3
NO; Cyy Basis-II 758.8 1345.1 1665.5
NO,~ Coy Basis-I 776.4 1267.4 1218.5
NO2~ Coy Basis-Il 787.9 1302.7 1273.1
species symmetry basis set A A" A A A A
Cu—O—-Nb torsion Cu-Os O—-N-Ob Oc-N's N-O's
Cu*NO; -0 trans Cs Basis-| 1355 121.2 269.6 811.4 1223.2 1768.0
Cu*NO; #1-0 trans Cs Basis-Il 121.8 124.7 268.5 801.7 1256.4 1755.5
Cu*NO; -0 cis Cs Basis-I 96.0 214.5 291.9 745.3 1294.8 1674.6
Cu*NO, #*-O cis Cs Basis-II 98.2 214.4 295.3 749.9 1321.8 1711.7

mode of CuNQ, which was determined in Ar matricésand
assigned to the asymmetric stretching mode.

wavenumber of the CuO stretching mode is about 300 chn
for both isomers. The three modes involving the Niiiety

To further investigate the disagreement between the lie in a region which is experimentally easily accessible. The

CCSD(T) and DFT frequencies of theD stretching modes
of the #?-O,0 isomer of CuN@ we calculated the infrared
frequencies of NaNg(Table S7 of the Supporting Informa-
tion) for which there are available experimental spééira
solid Ar (1293 cm'ss, 1223 cmt as, and 826 cri bending

for the#?-O,0 isomer of NaN@). We performed calculations
on NaNQ, and the results reveal that the CCSD(T), QCISD-

O—N—-0O bending mode is calculated to have a greater
wavenumber for trans (75810 cn?) than cis (706-760
cm1). The wavenumbers of thec®-N and N-O stretching
modes are very scattered, and thus an eventual assignment
of experimental bands will be difficult. However, all the
methods indicate that the wavenumber of @ stretching

is significantly larger than that of &N due to the

(T), and all DFT methods reproduce the right order of the electrostatic interaction between Cand Q..

N—O stretching modes of NaNOBased on these results
we firmly believe that most likely the symmetric MO
stretching mode of thg?-O,0 isomer of CuN@has a greater

4. Conclusions
In this paper, we have presented a computational study of

wavenumber than the asymmetric one as predicted by theCuNG, and CuNO, at the CCSD(T), QCISD(T), and DFT

CCSD(T) and QCISD(T) methods.

3.3.2. IR Frequencies of CUNO.. Let us look briefly at
the two most stable isomers of WO, (Table 9 and Table
S6 of the Supporting Information). The calculated wave-
numbers of the CaO—N bending mode are 130130 cn?
and 806-110 cm?l, for trans and cis, respectively. The
wavenumber of the torsion mode is significantly lower for
trans (126-150 cm) than cis (216-270 cm'). The

levels of approximation. Several stationary points (minima
and transition states) were located on the Cuyld@d Cui-

NO; potential energy surfaces. We investigated the perfor-
mance of the two pure (BPW91 and PBE) as well as two
hybrid (PBEO and B3LYP) DFT methods with respect to

the superior CCSD(T) method. The hybrid DFT methods are
superior to the pure DFT and predict the geometries and
relative stabilities which are close to the CCSD(T) results
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for the most of the species. However, the PBEO and B3LYP
calculated relative energies of thg-N isomer of CuNQ
are smaller by 45 kcal/mol compared to the CCSD(T)

value, and, moreover, both methods also predict the bond

dissociation energies of CuN@or the Cu+ NO, channel)
which differ as much as 10 kcal/mol from the CCSD(T)

values. The sizable differences between the CCSD(T) and

QCISD(T) results were analyzed. We showed that the
inferiority of the QCISD method itself with respect to CCSD
is responsible for the failures not just the unsound estimation
of the triple excitations (T). The issue of symmetry breaking

J. Chem. Theory Comput., Vol. 2, No. 4, 200807
(14) Ducere, J. M.; Goursot, A.; Berthomieu, ID.Phys. Chem.
A 2005 109, 400-408.

(15) Rodriguez-Santiago, L.; Branchadell, V.; Sodupe, M.
Chem. Phys1995 103 9738-9743.

(16) Rodriguez-Santiago, L.; Sierka, M.; Branchadell, V.; Sodupe,
M.; Sauer, JJ. Am. Chem. S0d.998 120, 1545-1551.

(17) Sierraalta, A.; Anez, R.; Brussin, M. R. Phys. Chem. A
2002 106, 6851-6856.

(18) Sierraalta, A.; Anez, R.; Brussin, M. R. Catal.2002 205,
107-114.

was investigated, and it was demonstrated that in the case (19) Bohme, M.; Frenking, GChem. Phys. Letl994 224, 195~

of symmetry breaking CCSD is the method of choice.
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