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BP86, B3LYP and MP2 methods, generally used to study large systems containing transition metals, were
compared for their ability to accuratly evaluate bond dissociation energies of copper complexes. Various
[Cu-L]+ and [Cu-L]2+ complexes in which L are small ligands and the higher coordinated complexes,
[Cu(NH3)4]+ and [Cu(NH3)4]2+ were studied. For monoligated complexes, the BDEs calculated by the three
methods differed by 2 to 60 kcal/mol, the larger differences being obtained for [Cu-L]2+ complexes. The
BDEs calculated using the B3LYP functional were in general close to the experimental values whereas the
BDEs calculated using the BP86 functional were too high and the BDEs calculated using the MP2 were too
low. If we rank the whole ligands according to their increased bond strength, the resulting orders obtained
with the three methods are different for the [Cu-L] + complexes, the B3LYP giving the same order as the
experimental one. This result indicates that the BDEs of [Cu-L]+ complexes are better modeled using the
B3LYP than using the BP86 and MP2 methods. For [Cu-L]2+, B3LYP also gave the most reliable results
whereas BP86 gave too large BDEs and MP2 gave too small BDEs. However, symmetries of ground states
can be different using DFT and post-Hartree-Fock methods. For [Cu-N2O]2+ the use of the B1LYP provides
a better symmetry of the complex than the B3LYP, as has been recently shown in the literature for [Cu-
H2O]2+. MP2 led to an incorrect bent structure for [Cu-N2]2+ in contrast to a linear structure obtained with
the other methods, including CCSD(T). However, due to the lack of experimental data for [Cu-L]2+ complexes
and to contrasted results for the methods, it is not possible to conclude definitely. For the high coordinated
complexes [Cu(NH3)4]+ and [Cu(NH3)4]2+, the PBE calculation method was used in addition to the BP86,
B3LYP and MP2. The BDE values were very close to each other when there is no change of the oxidation
state during the reaction. On the basis of these calculations, the choice of the method was less crucial for
high coordinated complexes [Cu(NH3)4]+ and [Cu(NH3)4]2+ so long as the oxidation state remained the same
during the reaction. In contrast, when [Cu(NH3)4]2+ is reduced in [Cu(NH3)3]+ and NH3, the BDE calculated
using the four methods were markedly different.

Introduction

The complexes resulting from the interaction between transi-
tion metal ions and organic molecules or biomolecules constitute
an important class of organometallic compounds, which can be
found in catalytic materials and proteins. Their study can bring
useful information on the role of the metal in the catalytic
activity of these compounds. The fundamentals of the metal-
ligand interactions and of the electronic structures of the
complexes have been definedseven if not completely achieveds
from experiments and quantum chemical calculations, performed
on complexes containing small ligands.1,2 Copper ions play a
crucial role in many catalytic and oxido-reduction reactions.3

For instance, in environmental chemistry, copper-exchanged
zeolites are efficient catalysts to remove NOx from gaseous
effluents.4 Only a few experimental data relate to the thermo-
chemistry of Cu+ cations coordinated with small ligands. The
situation is even worse as far as Cu2+ is concerned. This is due
to the difficulty to generate and isolate Cu+ and Cu2+ complexes.
However, recent experimental studies provided the first ther-
modynamic data characterizing [Cu-NH3]2+ and [Cu-H2O]2+,

thus demonstrating that these unsaturated adducts are long-lived
species.5 The computed thermodynamic properties of Cu
complexes reported in the literature were obtained using
quantum calculations with either post-Hartree-Fock or high-
correlated methods. The theoretical modeling of copper com-
plexes is, however, very complex and these methods were shown
to be unreliable in some situations.6-8 Furthermore, these
methods cannot be used for large systems, such as materials or
biological systems, for which only DFT-based methods are able
to handle d-electron correlation. To apply DFT to large
organometallic compounds containing copper, it is prerequisite
to test how accurately this method models chemical properties.
Because biological and chemical processes most frequently
involve oxido-reduction reactions and high-coordinated transi-
tion metals, it is important to test how accurately changes of
oxidation state and coordination can be handled theoretically.
Previous studies led to the conclusion that the DFT based on
hybrid functionals gave binding energies in good agreement with
the experimental values for Cu+.6

In this work, we studied a series of small complexes involving
both Cu+ and Cu2+ to evaluate the accuracy with which binding
energies can be determined by using DFT methods, in com-
parison with experimental values. We have also compared DFT
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results with those provided by the post-Hartree-Fock MP2
method and the high-correlated CCSD(T) method. We have
focused our interest on [Cu-L]+ and [Cu-L]2+ complexes
containing NH3, H2O, CO, NO, N2O, NO2, N2, and O2 ligands,
which are involved in many reactions. Two model Cu com-
plexes, [Cu(NH3)x)1,4] + and [Cu(NH3)x)1,4]2+, were chosen to
study the changes in the properties with increasing the metal
coordination, higher coordination being the most frequent in
chemical and biological processes, as well as the change of
copper oxidation state.

Methodology

The methods considered include DFT with the BP86, PBE,
and B3LYP functionals and also the MP2 and CCSD(T)
methods. Energy and frequency calculations were performed
on fully optimized geometries, without applying symmetry
constraints. The basis set superposition error corrections were
evaluated using the counterpoise correction.9 Unscaled values
were used for zero-point vibrational energy corrections for
energy values. Conversions from∆U to ∆H ) ∆U + ∆(pV)
use the ideal gas law to calculate∆(pV) ) RT∆n, where∆n is
the change in the number of gas-phase molecules in the reaction.
Thermal corrections were calculated for the evaluation of
reaction enthalpies∆H and Gibbs energies∆G at 298 K, using
standard statistical mechanic formulas in the independent mode,
harmonic oscillator, and rigid rotor approximations, using our
ab initio results. The enthalpy and entropy have been evaluated
according to the development given in McQuarrie.10

Ionization energies of Cu+ (IE) were calculated as the
difference between the internal energies of Cu2+ and Cu+.

The extended Wachters basis set (8s6p3d) contracted accord-
ing to (62111111/511112/311) was used for copper and a
standard 6-311+G(2d,2p) basis for H, C, O, N, with the label
BI. Standard 6-31G(d) for copper and standard 6-311+G(2d,
2p) for N and O are labeled BII. The extended Wachters basis
set (8s6p3d) was used for copper and a standard 6-31G(d) basis
for H, C, O, N, with the label BIII. Transition states were
calculated using the Synchronous Transit-Guided Quasi-Newton
method and characterized as saddle points containing one
imaginary frequency. These calculations were carried out with

the Gaussian 98/DFT quantum chemical package, version A11
and Gaussian03, version B5.11

Results and Discussion

Most of the experimental data on [Cu-L]+ and [Cu-L]2+

were obtained by guided ion beam mass spectrometry (GIBMS)
in which the derived thresholds and bond energies correspond
to 0 K thermochemistry. The bond dissociation energies, BDEs,
are defined as the difference of molar enthalpies between
products and reactants at 0 K [H(Cu+/2+) + H(L) - H(Cu+/2+-
L)]. The analysis of the trends in metal-ligand binding energies
was based on the [Cu-L]+ and [Cu-L]2+ complexes, in which
the ligands can bind to the metal through various modes (σ-
andπ-donation). We have also investigated sequential copper-
ammonia binding energies of [Cu-Lx)1-4]+ and [Cu-Lx)1-4]2+

to know how they are modified upon increased Cu+ and Cu2+

coordination. Because, in the related experimental results, the
BDEs were corrected and given at 298 K instead of 0 K by the
authors,12 for consistency, our calculated BDEs were given at
298 K for these complexes. Comparative calculations using the
most frequently used functionals, BP86 and B3LYP, and post-
Hartree-Fock were performed. The PBE functional was also
used for the sequential copper-ammonia binding energies.

[Cu-L] +. The three methods, BP86, B3LYP, and MP2 were
first used to calculate the BDE of Cu+ complexes containing
NH3, H2O, CO, N2O, NO2, O2, and N2 (Table 1). For several
complexes, various conformers and isomers were also identified
(Figure 1). The isomers and conformers that were either already
studied or known to be less stable were not studied. For instance,
because O-end coordination for NO and CO to Cu+ is known
to lead to less stable structures,13-15 the N-end and C-end
addition to Cu+ were studied. In the case of N2O and NO2,
various structures coming from addition with N or O to Cu+

were calculated. Figure 1 shows that, whatever are the methods,
the symmetries are comparable, but not the bond lengths and
angle values.

We have focused our interest on metal-ligand bonding
energies to test how accurately these thermochemical parameters
can be reproduced. The BDEs obtained from BP86, B3LYP,
and MP2 methods are compared in Table 1. Whatever is the

TABLE 1: BDEs of [Cu -L] + Complexes

BDE (kcal/mol)

[Cu-L]+ symmetry BP86/BI B3LYP/BI MP2/BI (ROMP2/BI) exp theo

54.7-56.1 MCPF29,32,a

55.0 MP233,a

60 GIBMS31 56.2 B3LYP34,a

[Cu-NH3]+ ∼C3V 58.7 53.5 43.0 56.7 GIBMS12 52.3 G234,a

[Cu-CO]+ C∞V 44.1 34.9 26.1 35.4( 1.6 GIBMS35 33.4 MCPF36,c

39 MCPF38,a

[Cu-H2O]+ C1 38.0 36.0 28.7 38.4( 1.837 37.7 MP233,b

[Cu-H2O]+ Cs 28.7
[Cu-H2O]+ C2V 28.7

26.9-28.3 B3LYP14,a

CCSD(T) 28( 8;13 23.4;14,a 19.8-21.739,a

[Cu-NO]+ Cs 37.0 25.8 12.5 (16.0) 26( 1.15 GIBMS14 30.0 B3LYP39,b

31.7 B3LYP40,a

[Cu-N2O]+ C∞V 33.0 26.9 20.3 29.7 CCSD(T)40,a

24.5 B3LYP40,a

[Cu-N2]+ C∞V 26.5 20.8 13.2 21.2( 741 22.2 CCSD(T)40,a

[Cu-ONO]+ Cs 25.3 20.1 10.6
[Cu-NO2]+ C2V 21.6 11.7 0.6(6.8)

23.5 B3LYP40

[Cu-ON2]+ Cs 20.3 19.5 12.4 24.5 CCSD(T)40,a

[Cu-O2]+ triplet, Cs 17.1 11.4 <0 9.7 CCSD(T)13

[Cu-O2]+ C2V <0(1.8)

a ZPE correction and no BSSE correction.b No ZPE and no BSSE corrections.c T ) 298 K.
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ligand, the bond energy is always higher with DFT than with
MP2. As reported in Figure 2, the BDE values are ranked as
follows: BP86> B3LYP > MP2. According to an order of
increasing bond strength for each ligand, the resulting BDE order
depends on the method. For instance, using BP86, the BDE of
[Cu-NO]+ is higher than the BDE of [Cu-N2O]+, whereas it
is the opposite in the B3LYP and MP2 calculation. The BDE
order is [Cu-NH3]+ > [Cu-CO]+ > [Cu-H2O]+ > [Cu-

NO]+ > [Cu-N2O]+ > [Cu-N2]+> [Cu-ONO]+ > [Cu-
NO2]+ > [Cu-ON2]+ > [Cu-O2]+ with BP86 whereas the
B3LYP gives a different order for many complexes such as
[Cu-CO]+ and [Cu-H2O]+, or [Cu-NO]+ and [Cu-N2O]+.
Different BDE orders are also obtained using MP2, in particular
no stable [Cu-O2]+ complex, in contrast with our DFT results
and previous CCSD(T) work.13 Our calculations showed that
MP2 does not perform well also for the two other ligands NO
and NO2. The erroneous BDE values calculated using MP2
originate from difficulties in obtaining the right orbitals,6,8 but
also from spin contamination and BSSE corrections. Indeed,
as reported in Table 1 and in Figure 2, spin contamination
contributes to lower the metal-ligand bond interaction, because
restricted open-shell MP2 calculations (ROMP2) lead to larger
bond energies, in better agreement with the other methods and
with experiment. ROMP2 is also providing more accurate IR
normal modes for [Cu-NO]+. In fact, theνNO vibration (1876
cm-1) calculated with ROMP2 is close to the experimental value
(1904 cm-1) whereas it is abnormally high (3410 cm-1) without
the constraint on theR andâ manifolds. BSSE correction may
also be overestimated (5.2 kcal/mol), contributing to the
underestimation of the BDE. In the case of [Cu-O2]+ complex,
the addition of the BSSE correction led to a negative BDE:
the calculated BDE was 2.9 kcal/mol without the BSSE
correction of 4.5 kcal/mol.

To our knowledge, there are only few experimental data for
the BDEs of Cu+ with small molecules (Table 1). Considering
that the most reliable calculated values are those that match
experimental values, B3LYP appears as the most reliable
method, as has already been proposed.6,8 If the largest error of
the HF approach (MP2 or ROMP2) is the underestimation of
the metal-ligand interaction,16 in contrast, BP86 overestimates
generally the metal-ligand bonding. Using these exchange and
correlation functionals, Cu binds more strongly CO than H2O.
This wrong BDE order would originate from the self-interaction
problem related to the DFT method. Due to the admixture of
HF exchange, the relative stabilities are better reproduced, the
B3LYP order being the same as the experimental one, i.e., [Cu-
NH3]+ > [Cu-H2O] + > [Cu-CO]+ > [Cu-NO]+. To enlarge
the data used for our analysis, theoretical BDE values from the
literature are also presented in Table 1. Differences between
some of the values originate from differences in basis sets used
for the same level of calculation and also from the fact that
BSSE or ZPE corrections (which can be scaled or not by
empirical factor) were not added in some calculations. Therefore,
BDEs from referred results can be in better agreement with
experiment than the values in this work and vice versa. For
instance (Table 1), the 56.2 kcal/mol B3LYP value for [Cu-
NH3]+ calculated with a B3LYP/6-311+G(2df,2p)//B3LYP/6-
311G(d,p) without BSSE correction and with scaled ZPE is
higher than the 53.5 kcal/mol B3LYP/BI value and closer to
the experimental values (60 and 56.7 kcal/mol). In contrast, the
26.9 and 28.3 kcal/mol B3LYP values for [Cu-NO]+ calculated
with a Wachters supplemented and Stuttgart/Dresden basis set,
respectively, and without BSSE correction are higher but not
as close to the experimental value as the 25.8 kcal/mol B3LYP
value of the present work. Published results from other
methodologies, CCSD(T) and MCPF, are not as close to the
experimental values as B3LYP calculations. The best ability of
B3LYP to reproduce experimental BDEs is also illustrated in
Figure 3. A correlation has been proposed between neutral ligand
proton affinities and [Cu-ligand]+ BDEs yielding a useful
ladder of values for metal ion affinity of neutral com-
pounds.14,17,18In Figure 3, ligand experimental proton affinities19

Figure 1. Structure parameters of calculated [Cu-L] + using B3LYP,
BP86, MP2, and ROMP2 and the BI basis set. Bond distances are given
in Å and angles, in deg.

Figure 2. Calculated bond dissociation energies of [Cu-L] + using
BP86, B3LYP, MP2, and ROMP2 and the BI basis set in kcal/mol.
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are expressed as a function of both calculated and available
experimental BDE values. The best linear correlation between
experimental proton affinities and calculated BDE values occurs
for the B3LYP set. Our calculated N2O, NO2, and O2 BDE
values are also reported on the graph although no experimental
values are available: we can see that the values corresponding
to NO2 and ON2 ligands deviate from the linear fit, the
deviations being large whatever are the methods. These devia-
tions originate from two different reasons. For NO2, O- and
N-ends can bind to copper, whereas the same proton affinity
has been assigned to the isomers HNO2

+ and HONO+, only
one experimental value being available for NO2. This approxi-
mation introduces an error contributing to the deviation from
linear correlation. For N2O, the O proton affinity (137.6 kcal/
mol) is higher than the N proton affinity (131.5 kcal/mol)
whereas the calculated BDE value for [Cu-ON2]+ is lower than
for [Cu-N2O]+. For this ligand, the increase of the proton

affinity is followed by an unexpected decrease of the BDE. The
deviation of the two sets of values related to [Cu-ON2]+ and
[Cu-N2O]+ from the correlation line may originate from a
different behavior of N2O with copper, which shows that it can
be inadequate to approximate a copper cation as a proton.

[Cu-L] 2+. The three methods have also been used to
calculate BDEs for Cu2+ complexes containing NH3, H2O, CO,
N2O, NO2, O2, and N2 (Figure 4). The BDEs associated with
the [Cu-L]2+ complexes are much higher than those associated
with the [Cu-L]+. As already observed for [Cu-L]+ complexes,
DFT methods lead to larger BDEs for [Cu-L]2+, BP86 values
being larger than B3LYP ones, and less bonded with MP2. The
[Cu-L]2+ BDE order (previously defined as an order of
increasing bond dissociation strength for the whole ligands) is
very different from the BDE order of [Cu-L]+ complexes, the
differences being related to the entities containing NO, NO2,
CO, and O bonded N2O. The different methods lead also to
larger deviations for the [Cu-L]2+ than for the [Cu-L]+

complexes. These differences in BDE originate partly from
differences in geometries for the [Cu-L]2+ structures, as
illustrated in Figure 4. The symmetry calculated with the three
methods was the same for every [Cu-L]2+ complex except
[Cu-H2O]2+, [Cu-N2O]2+, and [Cu-N2]2+. For [Cu-H2O]2+,
geometries related with different symmetries and different
electronic ground states were found, depending on the methods,
as has been recently shown.21 Indeed, a more stableCs structure
was calculated using DFT methods whereas a more stableC2V

Figure 3. Comparison of calculated and experimental BDEs of [Cu-
L] + with L proton affinities, PA, in kcal/mol. The straight line
corresponds to the correlation of experimental BDEs of [Cu-L] + with
PA of L, in kcal/mol. The experimental values are labeled with a square,
only on the BL3YP graph.

Figure 4. Structures parameters of calculated [Cu-L]2+ using B3LYP,
BP86, MP2, and ROMP2 and the BI basis set. Bond distances are given
in Å and angles, in deg.
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structure was obtained with Hartree-Fock methods, MP2, and
CCSD(T). For [Cu-N2O]2+, MP2 leads to a linear structure
whereas a bent structure was obtained with BP86 and B3LYP.
The structure we calculated using the B1LYP functional leads
to the expected linear structure for [Cu-N2O]2+. On the other
hand, for [Cu-N2]2+, MP2 leads to a bent structure whereas a
linear structure is obtained using the BP86, B3LYP, ROMP2,
and CCSD(T) methods (Table 2, Figure 4). For L being NO or
NO2, the calculations were very dependent on the choice of the
basis set. MP2 associated with the BI basis does not converge
for [Cu-NO]2+ nor for [Cu-NO2]2+. Using the BII basis, a
minimum was found for [Cu-NO]2+ but not for [Cu-NO2]2+.
The B3LYP method associated with the BI basis also does not
provide a stable [Cu-NO]2+ nor a stable [Cu-NO2]2+. How-
ever, changing the ligand and/or the metal basis set modifies
the result: using the BII basis, a double-ê 6-31G(d) basis set,
instead of the triple-ê Wachters basis set for copper, leads to
find minima on the potential energy surface for [Cu-NO]2+

and [Cu-NO2]2+ (Table 2). However, a double-ê 6-31G(d) basis
is most probably not the most adequate basis set for the
description of [Cu-NO]2+ and [Cu-NO2]2+, because from
theory, the best results should be obtained by increasing the
size of the basis set.

In addition to the formation of Cu2+ and L, [Cu-L]2+

dissociates into Cu+ and L+. The fragmentation energies of
[Cu-L]2+ are reported in Table 3 for the two channels: the
straighforward dissociation leading to the formation of Cu2+

and the neutral ligand and the dissociation into Cu+ and L+

cations occurring through a dissociation barrier. Except for the
copper-ligand distances, the structures of the [Cu-L]2+

complexes and of the corresponding transition states are
comparable. As calculated Table 3, the barriers exist for all the
complexes, including [Cu-N2O]2+, which confirms the exist-
ence of these complexes.

To our knowledge, the only experimental BDEs available for
Cu2+ involve H2O and NH3. The comparison of our calculated
values with those obtained by experiments5 indicate that among
the three methods, MP2 calculations would give the best results,
with 150.7B3LYP > 133.4 expNRMS > 121.3MP2 kcal/mol for [Cu-
NH3]2+ and 114.4B3LYP > 91.5MP2 > 75.9NRMS kcal/mol for
[Cu-H2O]2+. The differences between the methods for the
[Cu-NH3]2+ and [Cu-H2O]2+ BDEs are much larger than those
calculated for [Cu-NH3]+ and [Cu-H2O]+. The validation of
the methods is, however, difficult, due to the lack of available
experimental results. Furthermore, theses experimental thermo-
dynamic values for the Cu2+ compounds should be taken as a

crude estimate because they are provided by coupling experi-
ments, charge stripping mass spectrometry and by gas-phase
measurements, increasing the errors.

In contrast to [Cu-NH3]2+ the experimental value reported
for [Cu-H2O]2+ is very low in comparison to the CCSD(T)
value (Table 2). Such a result was not expected because the
CCSD(T) led to much smaller differences for all the studied
complexes, including the Cu+ complexes. The analysis of the
absolute energy values involved in the BDE calculations showed
that most of the differences between the methods are provided
by the [Cu-L]2+ and Cu2+ relative energies and only slightly
by the ligands. Comparison of the experimental ionization
energies of Cu+ (IEexp ) 20.30 eV)22 with the calculated values
(IEBP86 ) 20.82 eV, IEB3LYP ) 20.40 eV, IEMP2 ) 19.84 eV)
illustrates the large BDE differences between the methods.
Hence, the differences between the BDE of [Cu-L]2+ using
the three methods originate essentially from the differences
between the multiplet energies of isolated Cu2+, illustrating the
difficulty of modeling isolated transition metal ions.23 The
increase of admixture of the Hartree-Fock exchange to density
functional was proposed to adjust the self-interaction correc-
tion.24 This would lead to a decrease in BDE values from BP86
to B3LYP. However, as will be shown below (see section [Cu-
(NH3)4]+ and [Cu(NH3)4]2+), the decrease of BDE values from
BP86 to B3LYP is very small for higher coordinated copper
for which the discrepancies between the methods are negligible.

We should point out that the different methodologies do not
lead always to the same symmetries for the structures of [Cu-
L]2+. However, as has been recently shown in the case of [Cu-
H2O]2+,24 the increase of admixture of the Hartree-Fock
exchange to density functional with the B1LYP functional led
to the sameC∞ symmetry for [Cu-N2O]2+ as calculated with
post-Hartree-Fock methods. Based on our results, MP2 cal-
culation leads to particular problems. For [Cu-N2]2+ a wrong
bent geometry was calculated with MP2 in contrast to a linear
structure obtained with ROMP2 and other methods (Table 2),
which may originate from spin contamination. In contrast to
Cu+, the use of ROMP2 does not lead always to an important
increase of the BDE values calculated with MP2. Concerning
[Cu-NO2]2+, no stable structure was calculated despite a strong
interaction calculated with DFT. The difficulty in finding a
minimum may result from the fact that the right set of orbitals
was not found.8 The choice of the basis set seems also to be
crucial because for the close shell [Cu-NO]2+, changing the
basis set from BI to BII led to a stable structure. A comparable
influence of the basis was observed for B3LYP because stable

TABLE 2: BDEs of [Cu -L] 2+ Complexes

BDEs (kcal/mol)

[Cu-L]2+ symmetry BP86/BI B3LYP/ BI MP2/BI (ROMP2/BI) CCSD(T)/BI exp theo

131.1 MP233,f

151.1 B3LYP20,e

[Cu-NH3]2+ C3V 164.8 150.7 121.3 126.8e 133.4 CSMSa,5 126.9 CCSD(T)20,e

[Cu-CO]2+ C∞V 103.5 88.9 71.7(71.5) 71.4e

99.7 MP233,f

115.8 B3LYP20,e

CCSD(T) 9420,e

[Cu-H2O]2+ Cs 129.0 114.4 91.5a 93.7a,e 75.9 CSMS5 CCSD(T) 103.821,e

[Cu-NO]2+ C∞V 163.7 123.5b,e 124.9b,e 105.2b,e

[Cu-N2O]2+ Cs 128.1 107.9 65.3d,e

[Cu-N2]2+ C∞V 86.4 70.8 49.9c (53.5) 56.2e

[Cu-NO2]2+ Cs 140.7b 117.8b

[Cu-ON2]2+ Cs 116.9 101.8 55.1e

[Cu-O2]2+ Cs
g 61.5e 53.6e 21.6e 61.6e

a CSMS) charge-stripping mass spectrometry.a C2V symmetry.b B3LYP/BII. c Cs symmetry.d C∞V symmetry. e ZPE correction and no BSSE
correction.f No ZPE and no BSSE correction.g Multiplicity is 4.
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structures were found for [Cu-NO]2+ and [Cu-NO2]2+ using
the BII basis set only. The basis set effect between BI and BII
can be explained by a too large charge transfer from NO to Cu
when the basis on copper is more extended (BI), favoring the
charge-separation between NO+ (or NO2) and Cu+. In contrast,
the BII basis involving the smaller double-ê 6-31G basis on
copper would stabilize the complexes [Cu-NO]2+ and [Cu-
NO2]2+.

Despite the strong differences among the methods for Cu2+

systems, Figure 5 shows that the DFT curves have similar
shapes. Indeed, the BDE order for [Cu-L]2+ ([Cu-NH3]2+ >
[Cu-NO]2+ > [Cu-NO2]2+ > [Cu-H2O]2+ > [Cu-N2O]2+

> [Cu-ON2]2+ > [Cu-CO]2+ > [Cu-N2]2+ > [Cu-O2]2+)
is the same for BP86 and B3LYP in contrast to [Cu-L]+.
Considering the three methods, the differences in the binding
abilities of NH3, H2O, CO, and N2 ligands are comparable,
whereas they were very different for Cu+. For instance, going
from H2O to NH3, the BDEs increase is comparable whatever
are the methods used for the Cu2+ complexes (73% using BP86
and 79% using MP2), whereas for the Cu+ complexes the BDEs
increase is different (64% using BP86 and 78% using MP2).
Larger differences between the methods were calculated for N2O
and O2.

The analysis of the bonding of Cu2+ with molecules showed
that a charge transfer from the ligand to Cu2+ has an important
contribution into the interaction, illustrating the larger electron
redistribution in the adduct, related partly with the d hole of
Cu2+.24-27 However, depending on the ligand, the charge transfer
in [Cu-L]2+ can facilitate the formation of Cu+ and L+.28 As
a general behavior, the straighforward dissociation is very
endothermic whereas the dissociation into Cu+ and L+ is
exothermic. It is generally admitted that a large difference
between the ionization energies of Cu+ (20.3 eV) and L is
associated with a higher charge transfer and then an easier
charge separation process. In such a condition, the [Cu-L]2+

would dissociate in Cu+ and L+ without an energy minimum
in the ground state. However, as reported in Table 3, the
calculations based on∆H at 0 K showed that a lower IE of the
ligand is not associated with a lower energy dissociation barrier
of the complex. These results demonstrate that using the

TABLE 3: Calculated Structure Parameters and ∆HOK of [Cu-L] 2+ Complexes, Their Transition States, and Products and
Experimental Ionization Energies of L

Cu-A-B-C
B3LYP/BI Cu-A, Å A -B, Å B-C, Å Cu-A-B, deg A-B-C, deg ∆HOK (kcal/mol) IE, eV

[CuN2]2+ 1.93 1.09 0.0
TS [Cu--N2]2+ 3.06 1.10 17.9 N2 ) 15.58
Cu+ + N2

+ ∞ 1.10 -30.2
Cu2+ + N2 ∞ 1.09 72.7
[CuN2O]2+ 1.94 1.14 1.15 166.4 176.3 0.0 N2O ) 12.89
TS [Cu- -N2O]2+ 2.68 1.14 1.17 179.8 180.0 6.6
Cu+ + N2O+ ∞ 1.14 1.19 180.0 -61.2
Cu2+ + N2O ∞ 1.12 1.19 180.0 109.4
[CuON2]2+ 1.94 1.23 1.11 139.3 174.2 0.0
TS [Cu- -ON2]2+ 2.50 1.21 1.12 154.9 177.5 3.7 N2O ) 12.89
Cu+ + N2O+ ∞ 1.14 1.19 180.0 -67.8
Cu2+ + N2O ∞ 1.12 1.19 180.0 102.8
[CuNH3]2+ 1.93 1.03 109.8 109.2 0.0
TS [Cu- -NH3]2+ 2.74 1.03 101.5 116.2 11.9 NH3 ) 10.07
Cu+ + NH3

+ ∞ 1.02 120.0 -79.8
Cu2+ + NH3 ∞ 1.01 107.2 153.6
[CuOH2]2+ 1.89 0.99 122.0 107.2 0.0
TS [Cu- -OH2]2+ 2.76 0.99 125.5 106.6 11.7 H2O ) 12.62
Cu+ + H2O+ ∞ 1.00 109.6 -60.1
Cu2+ + H2O ∞ 0.96 105.1 116.6
[CuCO]2+ 1.99 1.11 180.0 0.0
TS [Cu- -CO]2+ 3.11 1.11 180.0 20.1 CO) 14.01
Cu+ + CO+ ∞ 1.11 -50.7
Cu2+ + CO ∞ 1.13 91.1
[CuNO]2+ a 1.78 1.08 180.0 0.0
TS [CuNO]2+ a 2.79 1.07 180.0 16.0 NO) 9.26
Cu+ + NO+ a ∞ 1.06 -57.0
Cu2+ + NOa ∞ 1.15 125.2
[CuO2]2+ 1.93 1.23 134.8 0.0 O2 ) 12.07
TS [Cu O2]2+ 2.51 1.17 134.1 10.4
Cu+ + O2

+ 1.11 -124.4
Cu2+ + O2 1.21 54.0
[CuNO2]2+ a 1.92 1.14 1.12 160.4 179.4 0.0 NO2 ) 9.90
TS [Cu NO2]2+ a 3.79 1.15 1.13 164.1 180.0 4.4
Cu+ + NO2

+ a 1.12 180.0 -60.1
Cu2+ + NO2

a 1.19 134.3 118.7

a B3LYP/BII.

Figure 5. Calculated Bond Dissociation Energies of [Cu-L]2+ using
BP86, B3LYP, MP2, and ROMP2 and the BI basis set in kcal/mol.
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ionization energy of the ligand as an indicator did not allow us
to anticipate the stability of the complexes.

The study of [Cu-L]2+ complexes showed that the different
methods, BP86, B3LYP, and MP2, led to very different BDE
values. For [Cu-NH3]2+, both B3LYP and MP2 can be
considered as the methods giving the most reliable results. On
the contrary, for [Cu-H2O]2+, no method is giving values close
to experimental results, not even CCSD(T). Considering the
whole calculated values, these results suggested that the B3LYP
gave the most reliable BDE values among the BP86, B3LYP,
and MP2 methods.

[Cu-(NH3)4]+ and [Cu-(NH3)4]2+. When transition metal
ions are involved in biomolecules or in organometallic materials,
they are most generally coordinated to at least three ligands.
Then, it is useful to study higher copper coordinations comparing
the different methods.

We have studied the sequential metal-ammonia BDEs at 298
K involving Cu+ and Cu2+ with one to four ligands (Table 4,
Figure 6). The BDEs are reported at 298 K because the
experimental BDEs given in the litterature contain temperature
corrections to give the BDEs at 298 K. A labeled BIII basis set
containing double-ê basis set on N and H atoms was chosen
for these larger systems instead of the BI basis set containing
triple-ê basis set on N and H atoms, because it is the most
generally used basis set for large systems. Nevertheless, B3LYP/
BI values are also reported to show the influence of the basis
set upon the results. The sequential binding energy dissociation
is defined as the difference between the energy of [Cu-
(NH3)x-1]+/2+ + NH3 and [Cu(NH3)x]+/2+, i.e., [H[Cu-
(NH3)x-1]+/2+ + H(NH3) - H[Cu(NH3)x]+/2+]. In the case of
Cu+, the experimental BDEs is slightly increasing fromx ) 1
to x ) 2 and then decreasing fromx ) 2 to x ) 3 andx ) 4.
The increase of the BDEs associated with the loss of NH3 from
[Cu(NH3)] + to [Cu(NH3)2]+ has been attributed to the ability
of the transition metal to reduce the metal-ligand repulsion by
a sdσ hybridization.29 The increase of BDE fromx ) 1 to x )
2 is observed only using MP2, but not with B3LYP nor with
the BP86 and PBE functionals. A comparable result was
reported for Cu+ with acetone using MP2 and B3LYP calcula-
tions.30 These results would indicate that DFT modeling
underestimates the sdσ hybridization. More generally, it is
difficult to calculate accurately the BDE increase betweenx )
1 to x ) 2. Indeed, using high correlated MCPF calculations12

the reported increase of BDE fromx ) 1 to x ) 2 is too small
(less than 0.5 kcal/mol), whereas using MP2, it is too large (3.7
kcal/mol) in comparison to the experimental value (2.6 kcal/
mol). However, considering all the BDE values using different
methods, the reported curves in Figure 6 agree approximately
with the experimental curve.

The good agreement of B3LYP with experiment for the
monoligated complex [Cu-NH3]+, which gave us confidence
in the accuracy of this B3LYP method, is also observed for the
four coordinated complex, but the good agreement is also
obtained with the other methods. Indeed, the analysis of the
[Cu-(NH3)x)4]+ sequential BDE shows that the differences
between the methods decrease fromx ) 1 to x ) 4. Even if the
differences between the BDE values are small whenx ) 4, the
best BDE value was obtained with the DFT PBE functional. In
the case of Cu2+ the BDE decrease is nearly linear, but the slope
is lower for MP2 than for BP86. The various methods lead to
different first ammonia BDEs whereas they provide closer or
almost similar second, third, and fourth ammonia BDEs. Based
on a percentage, the results show that the differences between
the values are less than 5% forx ) 2 tox ) 4 for Cu2+, whereas
they are much higher for Cu+. However, for both Cu+ and Cu2+,
the BDE values for the fourth ammonia BDEs (x ) 4) calculated
with the various methodologies are very comparable, with
maximum differences of 3.8 kcal/mol for Cu2+ and 4.3 kcal/
mol for Cu+. This result indicates that the BDE values for the
loss of one ligand do not depend on the methods, when copper
cation (Cu+ and Cu2+) is four coordinated.

In addition to the loss of NH3, the charge separation reaction
of [Cu-(NH3)4]2+ into [Cu-(NH3)3]+ and NH3

+ was studied
(Table 5). In comparison to the monoligated copper (Table 3),
for [Cu-(NH3)4]2+ the energy difference is smaller between
the two different processes, i.e., versus the formation of the
dication and NH3 and the charge separation mechanism leading
to the formation of two cations (Table 5). The reaction of charge
separation of [Cu-(NH3)4]2+ is the most favorable process
because it is exothermic whereas the loss of a neutral fragment
is endothermic, as was calculated for [Cu-NH3]2+. Then,
decreasing the Cu oxidation state appears to be the most
favorable process. To take into account also the entropic term,
the Gibbs energies were evaluated for the reactions of decom-
position of [Cu-NH3)4]2+ (Table 5). Whereas enthalpy energies
of [Cu-(NH3)3]2+ do not depend on the methods, calculated
entropic terms are much more sensitive. Strong differences are
obtained for the enthalpy and Gibbs energy values associated
with the formation of [Cu-(NH3)3]+ and NH3

+, especially with
the MP2 method. These results show that when there is a change
of the oxidation state during the reaction, the enthalpy and Gibbs
energy values depend on the calculation methods. Then, this

TABLE 4: Sequential BDEs of [Cu-(NH3)x)1-4
+] and

[Cu-(NH3)x)1-4
2+] Complexes at 298 K

sequential BDEs (kcal/mol) at 298 K

x ) 1 x ) 2 x ) 3 x ) 4

[Cu-(NH3)x]+ BP86/BIII 63.3 58.6 7.9 4.1
PBE/BIII 64.6 59.5 9.2 5.4
B3LYP/BIII 57.8 54.9 8.2 3.6
B3LYP/BI 53.9 51.4 8.3 5.4
MP2/BIII 46.7 50.4 6.5 1.1
exp12 56.7 59.3 11.0 10.8

[Cu-(NH3)x]2+ BP86/BIII 168.5 103.6 67.9 42.8
PBE/BIII 170.8 104.5 68.9 44.3
B3LYP/BIII 152.2 102.2 64.2 42.3
B3LYP/BI 151.5 98.0 60.5 38.6
MP2/BIII 128.4 101.0 56.7 40.5

Figure 6. Calculated and experimental Sequential Bond Dissociation
Energies of [Cu-(NH3)x)1-4]+ and [Cu-(NH3)x)1-4]2+ complexes in
kcal/mol at 298 K.

406 J. Phys. Chem. A, Vol. 109, No. 2, 2005 Ducéré et al.



study showed that the choice of the methodoloy is less decisive
for complexes involving a high coordination of the metal,
however, the oxidation state should be the same along the
studied reaction process.

In a more general sense, this study shows that monoligated
and high coordinated copper have large differences in BDE
values and emphasizes that modeling the chemical reactions of
transition metal complexes needs to know what is the coordina-
tion of the metal.

Conclusion

The comparative study of the Bond Dissociation Energies
(BDEs) of [Cu-Lx)1,4]+ and [Cu-Lx)1,4]2+ complexes contain-
ing NH3, H2O, CO, NO, N2O, NO2, N2, and O2 ligands using
DFT based and post-Hartree-Fock methodologies showed that:

•Based on monoligated copper results, the B3LYP functional
gave the most reliable binding energy order and values for either
Cu+ and Cu2+. In contrast, BP86 led to overestimated BDEs
and MP2 to underestimated BDEs, both leading also to wrong
BDE orders for some ligands. For [Cu-H2O]2+ and [Cu-
N2O]2+, BP86 and B3LYP led to wrong symmetries for the
ground state structures. For these two complexes, the right
symmetry was obtained using the B1LYP functionnal. In some
cases, MP2 led to abnormal results, which can be partly
explained by spin contamination contribution. The lack of
accuracy of MP2 is confirmed also by comparing the results
obtained with the high correlated CCSD(T) method, which are
generally higher using CCSD(T) than MP2. The large differ-
ences between the BDEs of [Cu-L]2+ originate mostly from
the differences in the Cu2+ energy values which are very
dependent on the methods used.

•For complexes with a higher coordination of the metal,
illustrated with the [Cu-(NH3)x)4]+ and [Cu-(NH3)x)4]2+

complexes, the sequential BDEs showed that the differences
between the methods became smaller fromx ) 1 to x ) 4.
Going fromx ) 1 to x ) 2, i.e., when the Cu+ complex lost its
second ligand, the results differed with the methods. Our results
showed that the phenomenon of increase of the BDEs observed
experimentally is reproduced only with MP2 method. However,
the best BDE values were obtained with the B3LYP forx ) 1
and with the BP86 and PBE forx ) 2. Our calculations did not
lead to significant changes of the values upon changing the PB86
functional to the PBE functional. When the coordination is 3
or 4, which is the most frequently met coordination in chemistry
and biology, whatever the methods, the BDEs are almost the
same for Cu+ as well as for Cu2+. The choice of the method is
then less crucial for higher coordinated copper. However, our
study showed that the same values are obtained only when the
oxidation state does not change upon the reaction. In fact, when
the [Cu-(NH3)4]2+ dissociated into [Cu-(NH3)3]+ and NH3

+,
we showed that the BDE values depend strongly on the method.
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