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The nature of the bonding in the binary transition-metal carbonyl complex has been analyzed by topological
approaches (atoms in molecules (AIM) and electron localization function (ELF)) from a series of calculations
carried out at the hybrid Hartred=ock/DFT level (B3LYP). It is shown that the interaction between a transition
metal and CO should be characterized as a dative bond, in which the monosynaptic basin of the carbon plays
the role of the disynaptic basin connecting the metal core to the carbon atom. For all atoms except Cr, Mn,
and Cu, the multiplicity of the ground state is given by applying Hund’s rule to the maximal core occupancy
(i.e., [Ar]lc™?): high-spin complexes fon < 4, low-spin forn > 5, spin-conserved fon = 4, 5, 9. The

charge transfers and the spin density on the ligand are rationalized by resonance structures of the same
multiplicity. In all complexes except CrCO and CuCO, the ELF function in the core has a local cylindrical
symmetry that in turn favors a linear structure; moreover, 2 electrons are available for the charge transfer
toward the CO moiety and for the metal nonbonding valence basin. In CrCO and CuCO whose cores have
a spherical symmetry, only one electron can be shared by the net transfer and the nonbonding valence basin.
The maximization of the charge transfer implies a bent geometry. Finally, we propose two new denation
back-donation schemes based on the AIM and ELF partitions. In the ELF framework, the net charge transfer
is almost equal to ther back-donation, the-donation being negligible.

1. Introduction (i) The metal atom always bears a positive chétge

(iii) There is no any unique scheme to describe the GD
bonding. Several mechanisms have been proposed to describe
the ground-state symmetry of these systems: (i) 4s to 3d
promotion; (ii) spin pairing promotion; (iii) 4s to 3dybridiza-
tion; (iv) bending. Nevertheless, the bent geometry for @nd

. . . . Cu—CO remains as an exception along the whole series.
The previous reviews of the theoretical works carried out on In this paper we have apolied the topological analvsis of the
these compounds focused on the energetic and bonding PTOPETe ectron IpocF;Iiz,ation functiF())F;l (ELF) topex ?ain the e)llectronic
ties from the orbital point of view. One of the most puzzling P

features of the M-CO bonding is that the stabilization energy zggi\(j:aurseimar:g rtSIZ Sgsgge;rgnogh?gpﬁg ?g;?plﬁnxeesrt{aegdoﬁothis
ranges from few kcal. mot to typical dative bond values, c. P polog prop

a. ~50 kcal. mot?, according to the nature of the transition Iat't:er function. | the | ¢ levels belonging t
metal. Up to now most descriptions of the bonding of the th (()jrﬁman); comp exlﬁsl_ .f? 0\1\_/es_ enertghy evels eo_n%mg. 0
M—CO complexes, where M is a transition metal, rely on the € diliérent Spin Mulliplicities fie In a rather narrow window,

= . consequently, there are contradictions even in recent theoretical
traditional picture of Dewar, Chatt, and Duncanson (DG, ; 212295 :
This model is based on a balance betweatonation from the quks, for example, in the case .Of 075 .TO .obtam. a
carbonyl (the carbon lone pair) to the vacant orbital of the metal reliable set of molecular properties, we have first investigated

atom andr back-donation from the metal to the G orbital. _the basis set effects, Wh'c.h are ShOV_V” to b? (.)f primary
Recently, two systematic theoretical wotk& have been importance for the determination of the adiabatic binding energy.

published on the first-row transition-metal monocarbonyl fea- However, we should note that the geometrical parameters of

tures using the DCD scheme. The main objective of these papersthe studied complexes in a given electronic state do not depend

on the M—C bonding was to understand the following points: on the level of theory (vide infra).
(i) All complexes have &., symmetry except two cases,
Cr—CO and CuCO, which have a bent structure in the ground

The bonding between transition-metal atoms and carbon
monoxide is of considerable interest as a basic model for both
molecular and surface chemistry. Among small transition-metal
complexes, metalmonocarbonyls, MCO, have been exten-
sively studied both experimentaliy*3 and theoretically4-28

2. Results and Discussion

state, All the calculation have been performed with the Gaussian
98/DFT quantum chemical packa$feThe DFT calculations
* Corresponding author. E-mail: silvi@Ict.jussieu.fr. have been carried out with Becke's three-parameter hybrid
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TABLE 1: Energetic Separations (kcal/mol) of the Ground TABLE 2: Structural Parameters of the Studied
State and the Excited State Correlated with the M-CO Compounds
el N
Ground State Multiplicity and Symmetry OMCO BDE?
6-311G(2d) 6-311&(2d) TzV SDD exp state  rco(A)  ruc (A) (deg)  (kcal/mol)
Sc?D—4F 34.9 21.2 21.2 23.8 329 ScCO - 1.166 2.070 180.0 49.7
Ti 3SF—°F 20.8 4.5 10.8 9.1 187 I1 1.143 2.202 180.0 41.3
V 4F=D 19.4 43.7 1.5 6.0 TiCO SA 1.159 2.021 180.0 45.3
FeSD—3F 49.5 21.4 55.3 22.2 34.2 3A 1.171 1.924 180.0 28.0
Co*F—2F 334 8.4 20.7 213 VCO 6>+ 1.150 1.994 180.0 26.6
Ni 3D—1S 42.3 54.0 31.9 358 415 A 1.167 1.909 180.0 13.8
IAT
21t has not been possible to calculate eitherestate of V with crco 7§+ i%gg ggég iggg gg
SDD or the?F state of Co with 6-311&(2d). ' ' ' '
MnCO SI1 1.151 2.037 180.0 22.8
I1 1.151 1.920 180.0 17.5
method? using the LeeYang—Parr correlation function&l FeCO 33~ 1.149 1.774 180.0 19.3
(denoted as B3LYP). We have used the 6-8G(2d) extended =" 1.144 1.923 173.4 17.0
CoCO 2A 1.147 1.726 180.0 51.8

basis set36 for the carbon and oxygen atoms. Several basis

ANT
sets have been used for the first series of transition metals: NiCO 1§+ i'iis ig% igg'g ;‘71'2
6-311+G(2d), 6-3116(2d), TZ\F,7v33and SD¥° (Wlth Stuttgart 37! 1:142 1:910 144:0 14:3
pseudopotential for 10 core electrons, and the (8s7p6dif)/ 3A 1.131 1.928 180.0 9.1
[6s5p3d1f]-GTO contraction scheme for valence (3s3p3d4s) CuCO ZAJ’r 1.141 1.952 138.9 8.7
electrons). The bonding between the transition-metal atom and = 1.128 1.952 180.0 4.1

carbonyl units is investigated using the topology of the electron  aBDE = bond dissociation energy: [Eco + Ew(3d™4si(h))] —
localization (ELF)*° The topological analysis has been carried Ecompiex

out using the TopMod packadé. _ .
molecular properties of CO. In the following, we present thus

2.1. Structural Analysis. In the 3d4< electronic configu- h lculated its with the ab lected basi s, W
ration, the transition metals form van der Waals complexes with € calculated resufts wi € above selecled basis sets. We
emphasize that with these basis sets, the first excited-spin

the carbon monoxide molecule because the large Pauli repulsion™ . . . .
arising from the metal valence shell hampers the formation of orbital configuration (.)f each metal is very well reproduced with
a true chemical bond. This is the case of all first series of "€SPect to the experimental data.

transition metals in their ground state except for Cr and Cu. h lefsrent spl)lnlmtulctiuf)llutleshm the Imezrto:jbfrnt geortrrl]etrllesb |
The formation of a chemically bonded complex involves the ave been calculated for éach compound to determine the globa

3d14s configuration of the metal atom, which is usually its MMMuUm of the M-CO system. Structural properties of the

first excited state, except for Cr and Cu for which it is the ground M_CO pomplexes are reported in Tabl_e 2, for the .ground and
state. The energetic separation between the excited and groun&rSF e_xuted states Qf each complex. It is _\A_/orth noting that the
states of the first row transition metals are experimentally known opt|m|zt_ed geometries are fa_r_from sensitive to bfzss'g set and
(Table 1). It is a rather difficult task to reproduce accurately correlation schemes, as test|f|ed_by the _Ilteraf-’aé’é: ’ .

the energetic separation between these two states by quantum We have calcplated the bond dissociation energy (BDE) with
chemical methods (see ref 20 for a detailed discussion). In fact, reSPeCt to the first excited state of metal and ground state of
such a calculation is strongly basis set dependent, and thereforé O
it is very important to select the basis set that yields the best _ Nl
results. It is the reason we have used four different basis sets BDE = (E(M(3d 451)) +E(CO)) — E(MCO)

for transition metals: 6-311G(2d) (labeled as BS1), 6-8Gt Cr— and Cu-CO ComplexesThe bond dissociation energies
(2d) (labeled as BS?2), TZV (labeled as BS3), and SDD (labeled \yere calculated to be'5.8 and—8.7 kcal/mol for C-CO and
as BS4). For a pragmatic point of view the “best” basis set for cy—co, respectively. Both complexes were detected in matrix

a metal should fulfill the following requirements: at low temperatur&42-44 whereas only Cu atoms were found
(i) for a given multiplicity the convergence is achieved on to be reactive with respect to complex formation with CO at
the expected electronic configuration (e.g/@8vs 3d"!4s"), room temperaturés46 The Cr—CO singularity was explained
(i) the calculation yields the correct ordering of the two by a weakestr-bonding interaction, because the single oc-
lowest atomic configurations, and cupancy of the g orbitals4’
(iii) the order of magnitude of the energetic separation  From electron spin resonance (ESR) experiments, the Cu
between these latter space is accounted for. CO complex was found to be lineafX electronic state}®

It is worth noting that basis set effects are mostly responsible whereas the theoretical investigations proposed a bent struc-
for discrepancies between calculations and experiments becauseure??2427’Barone using DFT calculations showed that the linear
numerical tests carried out with several post Hartieeck Cu—CO corresponds to a transition stétdn recent experi-
correlation schemes (MPPCCSD(T)) or with different exchange-  mental works, the three fundamental vibrational modes, namely,
correlation functionals (BPW91, B3LYP) show that the cor- the CO and MC stretching modes6 andvic) and the bending
relation treatmenhever corrects these discrepancies. mode duco, were identified with the help of isotopic effects

Because the 3d!4s' configuration is the only one able to  and it has been evidenced that the-@0O complex has actually
react with CO, for each transition-metal atom we have to choose a bent geometr§#2 Our prediction on the GaCO compound
a basis set that provides this configuration. Owing to these is in line with previous theoretical works.
points, the BS1 basis was selected for Sc and Ti, the BS2 basis The calculated bond dissociation energy for-@0O, cor-
for Mn and Fe, the BS3 basis for V, and BS4 basis for Cr, Co, rected for BSSE and ZPE effects, is in good agreement with
Ni, and Cu atoms. In the case of carbon monoxide, the bestthe experimental dat& (7.9 vs 7.0 kcal/mol). In the case of
agreement with spectroscopic results has been obtained withCr—CO, the bond dissociation energy after BSSE and ZPE
the BS2 basis set. Diffuse functions noticeably improve the corrections was found to be 5.3 kcal/mol, slightly less stable
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Figure 1. Intersystem crossing between the and =" curves of Ni-CO.

than Cu-CO. In addition, the G+C bond is weaker than the  the results obtained with the ICACPF appro&kttine C-O bond

Cu—C one: the CuC bond length is by 0.124 A shorter than length is nearly the same for two states, whereas the-®In

that of C—C, and the force constant of €€ is stronger than distance in the*I1 state is shorter than that in ti¥€l state.

the Cr—C one (0.95 vs 0.25 mdyne/A). Owing to the energetic properties of the MEO complex, it
The MCO bond angle was calculated to be around°139 could be considered as a frontier complex between the high-

Because this value is much smaller than18@ can conclude  spin and low-spin compounds.

that the bent structure cannot be due to a Jahn Teller effect. In  Low-Spin Complexe.he first excited states of Ni, Co and

addition, the unpaired electron in the linear-800 has ao Fe are®D (3d°(®D)4s), b *F (3(®F)44), and aF (3d'(*F)-

character §(s)cu = 82% vs 0.79 ESR valdgthat excludes a 4, respectively. As shown in Table 2, theNCO compounds

degenerate statél().

in these excited states (high spin) are always above the low-
Mn—CO Complex.Among all monocarbonyl complexes,

spin compounds, namely, NCO(Z"), Co—COA), and Fe-
Mn—CO seems to play a particular role. Although Huber et COCZ").

al., for the first time, tentatively assigned the 1850 ¢érband For these compounds, an intersystem crossing occurs between
observed in the argon matrix to the CO stretching mode ofMn  the high- and low-spin states, which could be avoided by off-
CO/ similar study by Weltner et df* did not allow this band  diagonal spir-orbit matrix elements. In the case of NCO,

to be identified. Finally, in the Andrews’s grodp,a band

as illustrated in Figure 1, intersystem crossing occurs near the
localized at 1950.7 cnd was assigned to the same CO stretching equilibrium position of the’A state of Ni-CO, which allows

mode of Mn—CO, when laser-ablated metal atoms were co- the complex to be stabilized in tHe" state.
deposited with carbon monoxide in solid neon.

We turn now to the FeCO complex. The W&~ and=-
The available theoretical results are not always consistent states dissociate to the Fé&) configuration. In line with a

among themselves. Fournf@nising a pure BP functional, found  recent experimental wor, the ground state of FeCO is of

the 6IT and“IT unbound, with thé’IT state 8 kcal/mol above 3%~ symmetry, in which our computed F€ bond length (1.774
the I state. Adama@® using a hybrid B3LYP functional,  A) is close to the experimental value (1.798 A). Two states of
calculated thélT state as ground state with a bond dissociation Fe—CO were found to be close in energy, the ground state being
energy of 16.4 kcal/mol with respect to M§(3c4<) + CO- 2.3 kcal/mol below the metastable structure, in agreement with
(12). BauschlicheP! using a high-correlated method (ICACPF),

relativistic calculations reported by Bauschlicher and co-
found the®IT state as the ground state, but the bond dissociation worker$? (of 0.5 kcal/mol separation). Our energetic separation
energy was not calculated.

(2.3 kcal/mol) is closer to the experimental value suggested by
Our calculations, using the B3LYP/BS2 method, give the two Villata and Leopol&* (~3.2 kcal/mol) than that reported by
excited states (8D 3df4s' and a*D 3d°4s!) with a separation ~ Bauschlicher.

of about 4900 cm! for atomic Mn. The error is 22%, compared High-Spin ComplexesThe equilibrium geometries for the
to the experimental value. For the MO complex, it has been  low-lying high- and low-spin electronic states of-ScTi—, and
found that thefIT state is 5.3 kcal/mol below th#1 state, V—CO compounds were found to be linear, in agreement with
whereas théll bond dissociation energy was found to be 22.8 previous calculation&'17:20.25285557 The calculated ground
kcal/mol, with respect to the Mn(8D 3df4s') + CO(X) states of Se CO and V-CO are of*=~ and®=" symmetries,
asymptote. Our calculatédil—*TT separation (5.3 kcal/mol) is in line with the ESR suggestioi}:>® The electronic ground state
close to that found by Bauschlické(7.5 kcal/mol). Neverthe-

of the Ti-CO compound is found to be dfA symmetry.
less, thefll state is 26.0 kcal/mol above the ground state of According to our calculated bond dissociation energies (BDE

Mn(a 6S 3P4<?). We note that our geometrical parameters are in Table 2), relative to the St#)—, Ti(°F)—, and V€D)—CO-
very close to those of ref 51do = 1.150 andryc = 2.037 A

(=) asymptotes, Sc is found to be the most strongly bound,
to be compared to 1.158 and 2.025 A $br state). In line with Ti the next most strongly bound, and V the most weakly bound,
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Figure 2. Two low-lying states of T+CO.

in agreement with previous high-level calculatidf# contrast
to the Se-CO case, the metalcarbon bond length in the low-

limited and often fail to predict the right configuration of the
ground state. The ground state of-€rand Mn—CO, for

spin state is shorter than that of the high-spin one. It should beinstance, is wrongly predicted to belong to #g and“I1 states.

noted that, for the Fe, Co—, and Ni-CO molecules, the

As already pointed out by Frenking and co-work&&! it is

metal-carbon bond length was calculated to be always shorter impossible to find a correlation either between the-® bond

in the high-spin state than in the low-spin one (ground state). length and ligand~ metal donation, or between the-© bond
The bond dissociation energies of the high-spin states, with length and metal— ligand back-donation. Therefore, the
respect to the atomic ground electronic states in taking into classical model of the chemical bonding (donation/back-donation

account the 4s> 3d promotion energies (Table 1), were found
to be—16.8,—26.6, and—20.6 kcal/mol, respectively, for Sg
Ti—, and V—CO. For the low-spin states of S¢ Ti—, and

on the ground of the individual molecular orbitals) should be
regarded as a qualitative scheme to understand some-metal
ligand interactions, but not as a quantitative model. It is only

V—CO, the bond dissociation energies were calculated to be the total electron distribution obtained by summing the densities
8.4, 9.3, and 7.8 kcal/mol, respectively. In previous theoretical of the electrons in all the molecular orbitals that has a real

works, with a pure nonlocal functiorfdland with the second-
order Mgller-Plesset (MP2j! doublet Se-CO was predicted
to be either unbound or very weakly boundg > 3.5 A).
Frey and co-workePg found a very small donation and back-
donation in the doublet statéX"), indicating a very weak
interaction between the ground state of8j(and the carbon
monoxide. Nevertheless, according to our calculations?khe
state of Se-CO, derived from the S&F(3c?4sh) configuration

is bound relative to the ground state of Sc by 8.4 kcal/moal,
because it has the bestback-bonding. However, both states

physical significance, because of the noninvariance of molecular
orbitals.

To study the total electron density properties, we have
undertaken the topological analysis of the electron density
distribution function within the atoms in molecules (AIM)
framework? and the electron localization function of Becke and
Edgecombé?

2.2.1. What Can Be Learned from the AIM Analysigte
AIM analysis enables the estimation of the net electronic transfer
from the metal to the carbonyl moiety by integrating the electron

of these molecules are stable thermodynamically, but the low- density over the metal atomic basin; in addition, the delocal-
spin state corresponds to a metastable complex. This feature iszation indexes)(M,C) introduced by Fradera et & provide

illustrated in Figure 2, in the HCO case.

2.2. Bonding ConsiderationsThe bonding in the transition-
metal complexes is classically explained by a simple denor
acceptor mechanism. The strength of the-®1O bond is
determined by a balance betweenback-donation from the
metal to the CQr* orbital (which could be correlated to the
C—0 bond length) and donation from the carbon lone pair to
the vacant orbital of the metal (which could be correlated to
the M—C distance). The latter interactiorr (donation) is

complementary quantitative information on the nature of the
metal-carbonyl bond. It is worth recalling that these latter
indexes, actually derived from a statistical point of view
considering the variance and covariance of the atomic popula-
tions, were previously introduced by Cioslowski and Mi%on
and later (with orbital invariance) by mgyan et al®® as
“topological bond orders”. Another traditional AIM set of
criteria is formed by the values of the density, its laplacian,
and the density of energy calculated at the bond critical point,

essentially repulsive. To reduce this repulsion, several mecha-which indicates if the interaction belongs to the closed shell or

nisms were suggestéti?® In particular, the symmetry of the
ground state corresponds to a minimal occupation of¢he
orbitals and to a maximal occupation of theone. Moreover,
the multiplicity is lowered with respect to the formal ground

to the electron shared interaction.

2.2.2. What Can Be Learned from the ELF Analysi$te
partition of the molecular space provided by the ELF analysis
intends to give a more chemical insight than the AIM one. In

state by the spin pairing of some d electrons, which lowers the particular, the study of the ELF basins is expected to describe

stabilizing exchange interactiod%>° However, these rules are

how the charge transfer is spread over the carbonyl moiety and
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1.00 TABLE 3: AIM Analysis of MCO Complexes: Net Atomic
Charge q(M), Metal Atom Basin Integrated Spin Projection
[$,[] Delocalization Indexo(M,C), Electron Density at the
Bond Critical Point and Its Laplacian p(bcp), V¥(bcp), and
080 1 NBO Net Charge?® (for All Complexes Except MNnCO
ROB3LYP Calculations)
060 M state qM) B0 O6M,C) p(bcp) VAbcp) g(M)
5 Sc 4~ 071 104 1.24 0.0856 0.3657 0.514
= 11 0.39 0.29 0.86 0.0690 0.2194
Ti SA 059 158 1.22 0.0917 0.3989 0.355
040 A 0.46 0.82 0.84 0.0760 2.337
\Y ) 0.48 213 1.20 0.0975 0.4252 0.247
A 0.35 1.29 1.10 0.1056  0.3501
020 | Cr A 0.38 271 0.82 0.0732 0.1799 0.228
=t 033 273 0.90 0.0759 0.3056 0.164
Mn  °II 0.53 2.64 1.04 0.0958 0.4227
I 046 1.72 1.28 0.1287 0.4618 0.300
0.00 . . " " " ‘ " : ‘ Fe - 031 10 1.76 0.1947 0.6031 0.180
000 050 100 150 200 250 300 350 400 450 500 55- 026 2.34 114 01216 05734
R Co Z2A 029 05 1.14 0.1998 0.6239 0.244
Figure 3. ELF profile for Mn. A’ 025 1.34 1.0 0.1129 0.2829
Ni It 0.29 1.74 0.2029 0.6550 0.109

indi ; i A 0.23 0.87 112 0.1300 0.3951
also to indicate where the unpaired electrons are localized. TheCu A" 022 036 108 01277 03758 0.8l

ELF anaIySiS of the MCO CompleXeS yleldS seven basinS, three 23+ 0.18 0.44 1.10 0.1313 0.5501 0.076
core basins, namely, C(M), C(C), and C(O), and four valence

basins accounting for the oxygen lone pairs V(0O), the CO bond g|ectrons transferred to the ligana*(orbitals); x, y, andz are
V(C,0), the carborrmetal bond V(M,C), and the free valence the real partial occupancies of the three relevant regions of the
of the metal V(M). It is interesting to note that the formation glecular space, which satisfy+ y + z= Z — 18.

of a M—CO complex corresponds to a global tautomorphic 2 3. Metal-Carbonyl Bonding Analysis. 2.3.1. AIM Analy-
process in the vocabulary introduced by Krokidis éf&lecause sjs Taple 3 presents the quantitative data of the AIM analysis
the number of basins is identical in the isolated subunits. Such gf the metat-carbonyl interaction, namely, the electron density,
a process, in which the synaptic order of one basin is increased|apjacian of the electron density at the bond critical point,
betokens the formation of a dative bond (see examples in refsetal atom net charge, and-MC delocalization index. The
67 and 68). From a rigorous point of view the standard common features of the electron density analysis are
expression of the EL% is only valid for closed-shell systems (1) the electron transfer from the metal to the carbonyl, which
described by a single determinant. However, it can be used forjg larger than that previously calculated by Adamo ébaking
open-shell systems for which acceptable results have beenhe NPA approach,

obtained; for example, it yields similar atomic shell populations (2) the laplacian of the electron density at the MC bond
compared to those obtained with a spin-polarized forffalad critical point, which is large and positive, and
realistic populations in the case of radicéls. (3) the energy density at the same point, which is small and
Chemists generally consider the 3d orbital electrons of negative.
transition-metal elements as valence electrons because of the In all cases the interaction can be characterized as a closed-
stepwise occupation of these orbitals and of the accessibility of shell interaction involving a charge transfer; in other words, as
oxidation number greater than 2. The ELF partition associates expected, the MC bond is a dative bond. However, differences
electron density to core and valence regions. It does not useappear that enable us to classify the complexes in three groups
the orbital concept. The ELF profile of a transition-metal atom consistent with the spin state change.
such as Mn (Figure 3) evidences a shell structure with three  High-Spin Complexe3he net electron transfer is rather large,
core shells, namely, K, L, and M, and an external valence shell.i.e., 0.5+ 0.1 for the three complexes, and the delocalization
The minimum of the function before the valence shell deter- index is close to 1.2. The electron density at the bond critical
mines the core radius, which is 2.07 &iThe value of the point is 0.09, the laplacian ranging from 0.34 to 0.42 .and the
electron density integrated over the core sphere amounts 22.8&nergy density on the order ef0.015.
e, whereas the valence shell population is 2.2 e. Therefore, the Low-Spin Complexefn the low-spin complexes the electron
five “valence” electrons of the traditional representation con- transfer is about half that calculated for the high-spin species
tribute much more in the topological sense to the core density whereas the delocalization indexes are largelr.6). At the bond
than to the valence one. For the main group elements Ca andcritical point the electron density and the laplacian are almost
Ga flanking the first series of transition, the core radii are 2.55 2 times larger than in the high-spin case. The energy density is
and 1.60 au, respectively, and the core radii of the transition- also larger in magnitude~—0.1).
metal elements fall within this range. It is worth noting that the ~ Consered Spin Multiplicity Complexe3he spin multiplicity
valence shell population is always larger than its expectation of CrCO, MnCO, and CuCO is the same as in the ground state
(2 or 1), which can be interpreted by leaking from the M shell free metallic atoms. In all complexes the charge transfer is rather
due to the ambivalent core-valence nature of the d functions in low as well as the delocalization index, especially for the two
the orbital model. In this paper we will adopt the notation bent complexes CrCO and CuCO. The properties calculated at
[Ar] cx¥% for the electronic configurations of the metal atoms the bond critical point are similar to those of the high-spin

in the complex. [Ar] denotes 9 electron pairs of the carthe complexes.
extra core electrons localized within the core that correspond  For the linear complexes, the variation of the spin multiplicity
to thed electrons in the delocalized orbital scheraen(d), v appears to be the driving force that governs the metatbonyl

the free valence electrons of the metal drbital), andl the interaction. To this respect, MNnCO appears to be intermediate
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V(Cu) C(Cu) V(Cu,C) V(O)
V(Se) C(Sc) V(Sc,C) V(0)

" '
T T C(C) V(C,0)
Figure 5. Localization domains of CucCO. The bounding isosurfaces
€@ VI©0) are ELF= 0.30 (top) and ELF= 0.70 (bottom).

/

Figure 4. Localization domains of ScCO. The bounding isosurfaces
are ELF= 0.30 (top) and ELF= 0.80 (bottom). structures (for example, CuCO in Figure 5), the localization

reduction diagram is quite different:
between the high- and low-spin complexes, because its charge

transfer is close to the low-spin value, whereas the values of — core
the other indicators fall in the high-spin group. The behavior
of the two bent complexes is characterized by small charge M)
transfers and delocalization indexes, but it is nevertheless close
to that of MnCO.

2.3.2. ELF AnalysisThe localization domains of ScCO are
displayed in Figure 4, which is representative of the linear I:V(Ov ©)
complexes. There are three core basins: C(Sc), C(C), and C(O) V(0)
and four valence basins V(Sc), V(Sc,C), V(C,0), and V(O). The
value of ELF at the attractor of V(Sc) is rather low and therefore

c(0)

—V(M, C)

L— core C(0)
the associated domain does not exist for EEF0.8. The
localization reduction diagrafh’? of all linear complexes Here, the C(M) domain is separated before the V(M) one,
displays a unique pattern: which is consistent with the stability of the5cdand d°
configurations of the metal core; it appears, therefore, that the
— core —C(C) 3d subshell has less valence character than in the other d

configurations. Within the ELF analysis the density arising from
the d subshell belongs more to the metal core than to the valence.
— M) This statement, which is justified by the ELF density partition,
is consistent with the traditional assignment of d orbitals in main
group elements but is rather unusual for transition metals.
EV(O’ C) However, this does not imply that the d basis function does not
V(0) participate in the bonding in the actual approximate expansion
of the wave function. The ambivalent contribution of the d basis
(o) functions is testified by the variance of the C(M) and V(M)
populations.
Table 4 gathers the ELF population analysis of the nine
complexes in their ground state and in their first excited states.
As in all cases the CO moiety appears to be a well-defined
chemical subunit, it is convenient to introduce the net electronic
ransfer from the metal atom to CO as the difference of the
atomic number of the metal and of the sum of the core C(M)
and monosynaptic valence V(M) basin populations, i.e.

— core

The complex can be considered as a molecule as the first
separations occur between the C(C) and C(O) domains from
the remaining part. The next separation concerns the V(M)
monosynaptic domain, the metal atom core remains in the sam
reducible domain as the carbonyl valence attractors, this can
be interpreted as a result of the ambivalent (core-valence)
character of the 3d subshell. After the separation of the C(M)
domain, the diagram reflects the electronegativity difference of 8q=Z — N(C(M)) — N(V(M)) (1)

C and O, this latter atom keeping its valence structure at a rather
large ELF value. This can also be understood as the effect of High-Spin Complexed he population analysis of the high-
the polarization of the CO bond. In the case of the two bent spin complexes in their ground state is characterized by the
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TABLE 4: ROB3LYP/6-311G(2d) Basin PopulationsN, Integrated Half-Spin Densities[$,[] Population Differences with Respect
to Free Carbon Monoxide A, and Net Electron Density Transfer toward Ligand dq

Cc(M) V(M) V(C,M) V(C,0) V(0)
M state N 50 N 5,0 N 5,0 A N A N A oq
Sc - 19.11 0.57 0.86 0.39 3.46 0.39 0.90 2.56 —0.47 4.78 0.56 1.03
I1 18.73 0.23 1.78 0.04 2.96 0.16 0.40 282 —-0.21 4.44 2.22 0.49
Ti SA 20.24 1.12 0.80 0.36 3.31 0.40 0.34 2.61 —0.42 4.74 0.52 0.96
A 19.76 0.68 1.75 0.12 2.86 0.14 0.30 290 -0.13 4.40 0.18 0.49
\% 6% 21.59 1.76 0.52 0.24 3.20 0.31 0.64 2.68 —0.35 4.70 0.48 0.89
A 20.77 1.10 1.68 0.14 2.92 0.18 0.36 289 —-0.14 4.44 0.22 0.55
Cr A 23.0 2.46 0.40 0.19 3.14 0.24 0.58 2.65 —0.38 4.59 0.37 0.60
=t 22.57 2.26 0.90 0.42 2.99 0.24 0.43 2.86 —0.17 4.48 0.26 0.53
Mn oT1 23.09 2.14 0.98 0.43 3.40 —0.04 0.84 2.61 —0.42 4.68 0.46 0.93
1 22.95 1.84 1.14 -0.15 3.32 —0.10 0.76 2.65 —0.38 4.70 0.48 0.91
Fe 83 23.83 0.91 1.08 0.06 3.42 0.03 0.86 2.65 —0.38 4.79 0.57 1.09
53 24.19 1.81 1.02 0.44 3.26 0.40 0.70 282 —-0.21 4.47 0.25 0.79
Co 2A 25.50 0.48 0.41 0.02 3.46 0.00 0.90 2.63 —0.40 4.77 0.55 1.09
A 25.76 1.15 0.71 0.16 3.03 0.12 0.47 2.75 —0.28 4.52 0.30 0.53
Ni =+ 26.70 0.28 3.37 0.81 266 —0.37 4.78 0.56 1.02
A 26.68 0.68 0.62 0.18 3.18 0.10 0.62 2.74 —0.29 4.55 0.33 0.70
Cu A 27.86 0.18 0.52 0.18 3.12 0.09 0.56 2.73 —0.30 4.52 0.30 0.62
DX 27.80 0.20 0.65 0.24 2.94 0.04 0.38 2.95 —0.08 4.40 0.18 0.55
2.70 which ¢, v, and| stand for C(M), V(M), and the transferred

charge. The reat, y, andz values can be then interpreted as
arising from resonance contributions with integer values. The
multiplicity is given by Hund’s rule by considering the core
configuration [Arg"™2 wheren = Z — 20. Therefore in the high-
spin case the most probable resonance structures that are
consistent with the spin multiplicity are [Ae]™2, [Ar]c™ 1L,
[Ar]c"T UL, [Ar]cM2, and [Ar]c" 1242, As the ground states of
ScCO, TiCO, and VCO belong respectively to theA, and=
irreducible representations, the occupancy wiust be 0 or 2,
whereas that ot should be either 0 or 1. For example, the
255 following tentative weights enable us to recover the populations
and integrated spin densities of C(M) and V(M) and the
transferred charge:

2.65

2.60

V(C,0)

- , , ScCO  [AP (14%)  [Ar]cat (32%)  [Ar]oH2 (54%)
1.14 115 1.16 117 TiCO [Ar]c* (20%) [Ar]c®* (32%) [Ar]ctM? (48%)
R VCO  [AC5(48%)  [AcWt(8%)  [Arca? (44%)

Figure 6. V(C,0) population in au vs CO internuclear distance in A. ) o ) ]
The weight of the [Arg"2 limit structure increases wit@

decrease of the net charge transfer with the increase of the metalhereas that of [Ad" 1212 undergoes the opposite trend.
atomic number or, said in other words, with the increase of the  Conseped Spin Multiplicity Complexe©nly MnCO whose
metal atom electronegativity, which is consistent with basic ground state 8T can be directly compared with the other linear
chemical intuition. As a consequence, the absolute variationscomplexes. The main difference from the high-spin complexes
of the V(C,M), V(C,0), and V(O) populations with respect to is that there is no spin density in the V(C,Mn) basin. The
uncomplexed carbon monoxide behave consistently. Moreover,populations and integrated spin densities of C(Mn) are consistent
as displayed in Figure 6, the CO internuclear distance is nicely with a resonance picture involving the two configurations
correlated to the V(C,0) population. Another interesting feature [Ar] c! (53%) and [Art*H2 (47%).

of the high-spin complexes is the distribution of the spin density  In the bent structures, the local core configurations arecfAr]
over the C(M), V(M), and V(C,M) basins. This is not due to and [Ar]c!® for CrCO and CuCO, respectively. As shown in
the lack of self-interaction correction in the DFT scheme becauseFigure 7, thelJOCM is such as the electron density transfer
very close values of the integrated spin density over these basindrom the metal is maximized. This transfer occurs mostly
are calculated at the Hartre€ock (restricted open-shell) level.  between the V(M) and V(C,M) basins and, as a consequence,
The integrated spin densities in ts = S state (1.14, 2.24,  the remaining spin density is shared between them.

and 3.52 for Sc, Ti, and V, respectively) suggest that the local Low-Spin Complexe3he net electron density transféq is

core configurations are dominated by the [Af]@Ar]d2, and on the order of 2 for FeCO, CoCO, and NiCO in their ground
[Ar]d® configurations, the weight of the remaining [Af]d state and about half for the excited states of ScCO, TiCO, and
[Ar]d3, and [Ar]cP increasing withZ. The trends of the basin ~ VCO. The V(M) populations of these three latter complexes
populations of FeCGE~) and NiCOA) are consistent with are greater than 1&whereas the core populations are less than
those previously described for ScCO, TiCO, and VCO, except their expectations (i.e., 18.73 for Sc, 19.76 for Ti, and 20.77
that the V(C,0) population in NiCO is less than that in FeCO. for V). The behavior of Co and Ni is different because their
The local configurations of the metallic cores are dominated V(M) populations are less than Og&and their core populations

by the [Ar]cP and [Ar]d® configurations. It is possible to propose  are larger than the expectations. Fe follows the expectation, i.e.,
an occupation scheme in terms of the occupancy of C(M) and N(C(Fe))~ 24, N(V(Fe)) ~ 1. For theMs = S components of
V(M) and of the net transfer to the ligand written @$Z in the multiplets, the spin density is essentially located in the C(M)
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Figure 7. Total charge transfer vs bent angle in the CuCO complex.

basin above all for Fe and Co. As in the high-spin case, the

multiplicity is given by Hund'’s rule applied to the [Ag]™2
configuration. The other configurations consistent with this
multiplicity are thus [ArE"»? and [Ar]c"2.# As there is no spin
density within the CO moiety, thkoccupancy should be 0 or
4; for the same reason, that ofs 0 or 2. Possible weights of
these configurations are

FeCO [Ar]c® (25%) [Ar]ct2? (50%) [Ar]c* (25%)
CoCO [Ar]c® (55%) [Ar]c’2? (20%) [Ar]c®4 (25%)
NiCO [Ar] ¢t (61%) [Ar]ci? (14%) [Ar]c81* (25%)

Core Shapes and Geometri@he local core configurations

J. Phys. Chem. A, Vol. 107, No. 22, 200813

TABLE 5: AIM, ELF, and NBO 25 Donations and
Back-Donation of the Linear MCO High-Spin and Low-Spin
Complexes in Their Ground State

donation back-donation
AlM ELF NBO AlM ELF NBO
ScCO 0.14 -0.03 0.171 0.78 1.05 0.339
TiCO 0.17 0.02 0.188 0.69 0.87 0.273
VCO 0.21 0.08 0.201 0.64 0.82 0.230
FeCO 0.42 -0.02 0.300 0.68 1.08 0.245
CoCO 0.41 0.0 0.313 0.67 1.09 0.281
NiCO 0.41 0.06 0.347 0.68 1.06 0.230

complex, the donation amounts t€0.03 (it is in fact a back-
donation) and the back-donation to 1.02 e.

The AIM and ELF donations and back-donations of the linear
ground-state complexes are listed in Table 5. As a general rule
the ELF partition yields negligible donation values and therefore
the back-donation represents almost the whole charge transfer.
The AIM back-donation is always on the order of Gt70.1
whereas the donation is on the order of 0470.04 for the
high-spin complexes and 0.41 for the low-spin ones. With
respect to the NBO analysis of Adamo and %&lihe AIM net
charge on the metal atom is always larger, which is consistent
with the MtCO™ picture. Consequently, the AIM values of
donation and back-donation are also larger. The picture obtained
from the ELF partition scheme supports the ®0~ structure.

of the bent structures, as given by the population and integrated3. Conclusions

spin density of the core basins, &® and!S for Cr and Cu,

respectively. For linear structures, the combination of the core

The formation of a MCO complex in which M is a transition-

population and core spin density is never consistent with a local Mmetal atom of atomic number = 20 + n obeys the following
S state but rather with P or D. Around the Cr and Cu core, the rules:

ELF function has a local spherical symmetry whereas for the

other atoms it is cylindrical. In this latter case, the Pauli repulsion
between V(C,M) and C(M) and V(M) is minimized in the linear
geometry where V(C,M) and V(M) are in opposition with
respect to C(M).

In the bent complexes the ELF function around the metal

1. Except fom = 4, 5, 9, the spin multiplicity obeys Hund's
rule for the configuration [Ag""2,

2. The averaged local configuration of the core is [Ar]c
except for Cr and Cu for which it is [Ar]¢?, as expected from
the electronic configuration of the ground state of the free atom.

3. Forn < 4 the stable configuration multiplicity is + 3.

nucleus has a local spherical symmetry and therefore thegecause the local core configuration is mostly [Af]ewo

molecular axis of the ligand is not a preferred direction for the ynpaired electrons can be shared by the metal valence basin,
core symmetry. Moreover, the density available for the transfer the ligand, and the metal core. Therefore the total charge transfer
belongs entirely to V(M) at infinite distance and the transfer is gd the V(M) population are both close to 1. Moreover, the

made easier when the distance between the V(C,M) and V(M) integrated spin densities over V(M) and V/(C, M) are also close
attractors is decreased. to 1.

2.4. Estimate of Topological Donation and Back-Donation. 4. For
Within the Dewar-Chatt-Duncanson scheme, the donation is describe
defined as an electronic transfer from the ligand toward the metal
that involves the canonical orbitals of symmetryThe back-
donation is the contribution of the canonical orbitals to an
electronic transfer in the opposite direction. As the topological
partitions enable us to distinguish metal and ligand moieties, it
is possible to estimate quantitatively the donation and the back-
donation by considering the contributions of the orbitals of each
symmetry to the localization basins of one of the moieties.
Consider, for example, the ScCO complex and the AIM
partition. The sum of the orbitals to the carbon and oxygen
atomic basins is 9.8@ instead of 10 and therefore the AIM _ VAR
o-donation is 10.8-9.86= 0.14e. Thex-back-donation is 0.78 ~ the metal is maximized for a bent structure.
ebecause the orbitals contribute 4.78to ligand atomic basins. 7. For all other metals, the local symmetry of ELF in the

The analysis of ELF yields a different set of values because metal core is cylindrical, which favors the linear geometry of
the wholeV(C,M) basin is assigned to the ligands according to the complex.
its appearance in the bifurcation diagram whereas in the AIM 8. In the case of linear complexes it is possible to estimate
partition it is shared between the metal and carbon atomic basinsthe donation and back-donation contribution to the net charge
We have therefore to consider theandsr contributions to the transfer. In the ELF analysis the donation contribution is almost
C(C), C(0), V(C,M), V(C,0), andV(O) basins. For the ScCO negligible.

n = 5, the interaction in the ground state can be
d in terms of two resonance structures: one with 4
unpaired electrons in C(Mn), one in V(Mn) and a pair transferred
to the ligand, the other with 6 electrons in C(Mn) and one in
V(Mn).

5. Forn > 5 the ground-state multiplicity is 9- n. One
electron pair can be shared by the ligand, V(M) and in part
C(M). There is no spin density within V(M) and V(C,M)g is
close to 1 and the V(M) population is less than 1.

6. For Cr and Cu, the ELF function is spherically symmetrical
in the core region of the metal, only one electron can be
distributed over V(M) and V(M,C). The charge transfer from
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