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The electronic structure of Nis(dpa)sCl, (1) has been investigated within the framework of the density functional
theory (DFT), using two types of exchange-correlation functionals and various basis sets. The “broken-symmetry”
approach proposed by Noodleman for the characterization of electronic states displaying an antiferromagnetic
coupling has been applied to 1. All calculations lead to the conclusion that the ground state results from an
antiferromagnetic coupling between the terminal Ni atoms, both displaying a high-spin electronic configuration. The
central Ni atom is in a low-spin configuration, but is involved in a superexchange interaction connecting the two
magnetic centers. These results are in agreement with the assignments recently proposed by the group of F. A.
Cotton on the basis of magnetic measurements. It is shown that the ground state electronic configuration calculated
for 1 provides the trinickel framework with some delocalized ¢ bonding character. The observed geometry of 1 is
accurately reproduced by the broken-symmetry solution. The doublet ground state assigned to the oxidized species
[Nis(dpa)s]** (2) and the dramatic contraction of the coordination sphere of the terminal metals observed upon
oxidation are also confirmed by the calculations. However, the formal Ni—Ni bond order is not expected to increase
in the oxidized species. The contraction of the Ni—Ni distance in 2 is shown to result in part from the vanishing of
the important trans influence originating in the axial ligands, and for the rest from a more efficient shielding of the
metal nuclear charge along the Ni—Ni—Ni axis. The conclusions deduced from the analysis of the bonding in 1 and
2 can be extended to their homologues with higher nuclearity. More specifically, it is predicted that the single
occupancy of the most antibonding o orbital, extending over the whole metal framework, will provide the (Nip)2/+1*
chains with some delocalized bonding character and, possibly, with electrical conduction properties.

Introduction by Bera and Dunbar, who divide them into two classes,

The quest for materials associated with unusual electrical, 4€Pending on the linear conformation being either obtained
optical, magnetic, or superconducting properties has beenthrough unsupported_ me%ahete_ll interactions or constrained
since several decades an incentive toward the characterizatioy the polydentate ligand environment of the metal frame-
of low dimensional compounds organized around linear WOrk* Two groups of ligands have presently been investi-
chains of interacting metal atorhsMore recently, the gated in relation to their propensity to stabilize chains of
growing interest in the specific properties of nanoscale Mmetal atoms, namely, the conjugated polyénasd the
materials has stirred the attention toward the synthesis, thePolypyridylamide anions, which afe-dentate ligands with
characterization and the fine-tuning of discrete clusters in 9eneral formula [€HsN—N—(CsHsN—N),—CsHaN] "D~
which a variable number of metal atoms, larger than two andp = 2n+ 3. These ligands appear particularly promising
and presently limited to ningretain a linear conformation. ~ and versatile in many respects. They could be extended and
These families of linear clusters have been recently reviewed
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controlled in order to synthesize what is to our knowledge
the discrete cluster with largest linear metal backbong i
peptea)Cl,, with peptea= pentapyridyltetramiden(= 3).2
While the longest metal strings synthesized with this family
of ligands have been obtained with nickel and chromium
only? the prototypical members of this class of clusters,
namely, the trinuclear complexess{s-dpa)XY (dpa =
dipyridylamide,n = 0; X, Y being axial anionic ligands)
were characterized with a large variety of transition metals,
namely, Cr, Ru, Co, Rh, Ni, CuAn elaborate chemistry

has also been focused on the properties of the terminal

ligands® Comprehensive studies carried out in the group of
F. A. Cotton on the trinuclear complexes of cobalt and
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&

chromiunt™'8 have evidenced an unprecedented structural figure 1. Observed structure of Ndpa)Clz: Ni, red: CI, green; N, blue;

instability that could be tentatively assigned to the competi-
tion between different types of spin coupling within the metal
framework? As emphasized by Cotton et al., the correct

C, white.

goal of the present paper is to discuss the localization/

knowledge of the molecular structure conditions the under- delocalization issue via DFT calculations ons(dpa)Cl,

standing of the electronic structut®which itself determines

a key property of molecular wires, namely, the localization
or delocalization of the metal electrons and the electrical
conductiont®*213 Indeed, the intuitive idea that electrical

(1) and on the oxidized cluster [Mdpa)]®** (2) (Figure 1),
which are both structurally well characteriZ&d?*° Indeed,
the spectacular contraction of the coordination sphere
observed around the terminal Ni atoms Mhhas been

conduction along a linear molecule is enhanced by electroninterpreted in terms of a bonding interaction delocalized
delocalization and hampered by bond length alternation hasalong the (N§)"* framework, and opposed to the localized

recently received support from experiment and thébihe
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electronic structure assumed for the {Rlii specieg3 %5
Furthermore, it has been recently shown that the shortening
of the Ni—Ni distances upon oxidation spreads over the
whole metal chain in (N)**" complexes®” An extrapola-

tion of these structural and electronic trends to the higher
homologues of the (NJ®*U* series has been attempted,
opening the way toward the tuning of nanoscale conductive
wires1” However, the real origin and nature of the electron
reorganization and of the structural changes observed upon
oxidation have, to our knowledge, never been clearly
established? % The calculations reported here show that the
change in axial coordination has also to be taken into
consideration and that the distinction between “localized”
(Nip)®* and “delocalized” (Ni)@*D* clusters may not be

so clear-cut as previously assuniéd->1"

Computational Details

Calculations and geometry optimizations have been carried out
using the formalism of the density functional theory (DFT). Two
types of exchange-correlation functionals have been used: (i) the
so-called Becke-Perdew/86 (BP86) functiotfalvhich belongs to
the family of functionals referring to the generalized gradient
approximation (GGA), and (ii) the B3LYP function¥lprototypical
of the “hybrid” Hartree-Fock/GGA exchange functionals. Calcula-
tions using BP86 have been carried out with the 1999 release of
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the ADF prograrf® based upon the use of Slater basis 3kfhe of maximal spin"SE and of the broken-symmetry solutifE is

basis sets used in the present calculations are referred to as Il ina nontrivial problem, mainly due to the assumption that ought to
the ADF User’s Guide and will be designated as S/Il. For first row be done concerning the overlap between the magnetic orbitals.
atoms, the 1s shell was frozen and described by a single Slateryamaguchi et al. have proposed an elegant, though approximate
function. The neon core of Cl and Ni atoms was also modeled by spin projection proceduf&in which the dependence o2 upon

a minimal, frozen Slater basis. For hydrogen, carbon, nitrogen, andthe overlap is replaced by a dependence upon the spin contamination

chlorine, the valence-shell was described by a dogt8éater basis

set. For Ni, the 3s, 3p, and 4s shells are douhlethereas the 3d
shell is triple€, and the 4p shell is described by a single orbital.
No polarization functions were added. For some calculations a more

of the broken-symmetry solution:

23,,= 2(°°e — "p)/("F0- By 2)

extended Slater basis set was used (basis set S/IV), which is of “&Jand ®S[¥[denoting the spin eigenvalues calculated in the

triple- quality for the valence shells and includes polarization
functions for all atoms, including metals.
Calculations using B3LYP have been carried out with Gaussian

high-spin and in the broken-symmetry solutions, respectiFel§g]
can in principle vary from zero t8yax, WhereSyax represents the
maximal spin value®S[¥[1= 0 corresponds to the ideal case of a

9822 Two Gaussian basis sets have been used for these calculationg?€rfect overlap between the magnetic centers, whetéas~

The first one, referred to as G/I in the present work, consists of
using the LANL2DZ bases for the metal atoms and for their
coordination shell, namely, for the N and CI| atoms. The carbon
and hydrogen atoms are described with the all-electron LANL2MB
minimal basis set. The second basis set (G/ll) is the same as G,
except that each LANL2DZ atomic basis has been supplemented
with one appropriate d- or f-type polarization function. Calculations
on the open-shell states have been carried out using the unrestricte
formalism. The antiferromagnetic singlet state of(Npa)Cl, has
been characterized and its geometry optimized using the broken-
symmetry (BS) formalism first proposed by Ginsbétgtandard-

ized by Noodlema#? discussed and currently used by othirg?

The coupling constantJg, between two magnetic centers a and b
is defined as follows by the Heisenbei@irac—van Vleck (HDVV)
Hamiltonian2®

AW = -2, 8§, ™

However, a reliable evaluation o8 from the energies of the state
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Snax indicates a negligible overlaid. The spin eigenvalues are
provided by Gaussian 98, but unfortunately not by ADF.

Most geometry optimizations have been carried out assuming
the symmetry constraints of either tt®, or—for the broken-
symmetry calculationsof the C, symmetry point groups. The,
or the D, subgroups have been used in some cases, without any
significant deviation from ideal symmetry.

?\Iig(dpa)4CI2 in a Delocalized Orbital Model

The (Ni)®" core of the complex is an electron-crowded
system with 24 valence electrons. These electrons are
distributed among the 15 orbital combinations stemming from
the d-type orbitals of individual atoms. Thexis is assumed
collinear with the C+Nis—Cl line, so thato-type MOs are
made of ¢ combinations,r and & MOs being generated
from the other d-type atomic orbitals with appropriate
orientation®® In terms of molecular orbitals symmetry-
adapted to thé®, point group, each type of atomic orbital
generates three MOs with bonding, nonbonding (nb), and
antibonding character, respectively. The three MOs with

(26) (a) Ruiz, E.; Alemany, P.; Alvarez, S.; CanoJJAm. Chem. Soc.
1997119 1297. (b) lllas, F.; Moreira, |. de P. R.; de Graaf, C.; Barone,
V. J. Phys. Chenl997 101, 1526. (c) Cano, J.; Alemany, P.; Alvarez,
S.; Verdaguer, M.; Ruiz, EChem. Eur. J1998 4, 476. (d) Lleds,
A.; Moreno-Mdras, M.; Sodupe, M.; Vallribera, A.; Mata, |.; Mamgz,
B.; Molins, E. Eur. J. Inorg. Chem2003 4187.

(27) (a) Petrie, S.; Stranger, Rorg. Chem2002 41, 2341. (b) Stranger,
R.; Petrie, SJ. Chem. Soc., Dalton Tran8002 1163. (c) Petrie, S.;
Stranger, RPolyhedron2002 21, 1163 and references therein. (d)
Delfs, C. D.; Stranger, Rnorg. Chem2001, 40, 3061 and references
therein.

(28) Duclusaud, H.; Borshch, S. A. Am. Chem. So@001, 123 2825.

(29) (a) Blasco, S.; Demachy, |.; Jean, Y.; Lledé. New J. Chem2002
26, 1118. (b) Blasco, S.; Demachy, |.; Jean, Y.; Llsdd. Inorg.
Chim. Acta200Q 300-302 837. (c) Demachy, I.; Liedn A.; Jean,
Y. Inorg. Chem.1999 38, 5443. (d) Demachy, |.; Jean, Y.; Lleslo
A. Chem. Phys. Letti999 303 621. (e) Lleds, A.; Jean, YChem.
Phys. Lett.1998 287, 243.

(30) (a) Dirac, P. A. M.Proc. R. Soc. London, Ser. 2026 112, 661;
1929 123 714. (b) Heisenberg, WZ. Phys.1926 38, 411. (c) van
Vleck, J. H.Theory of Electric and Magnetic Susceptibiliti€xford
University Press: London, 1932.

(31) (a) Caballol, R.; Castell, O.; lllas, F.; Moreira, |. de P. R.; Malrieu, J.
P.J. Phys. Chem1997, 101, 7860. (b) Cabrero, J.; Calzado, C. J.;
Maynau, D.; Caballol, R.; Malrieu, J. B. Phys. Chem. 2002 106,
8146.

(32) (a) Yamaguchi, K.; Takahara, Y.; Fueno, T.; NasuJpgn. J. Appl.
Phys.1987, 26, L1362. (b) Onishi, T.; Soda, T.; Kitagawa, Y.; Takano,
Y.; Daisuke, Y.; Takamizawa, S.; Yoshioka, Y.; YamaguchiMal.
Cryst. Lig. Cryst200Q 143 133. (c) Onishi, T.; Takano, Y.; Kitagawa,
Y.; Kawakami, T.; Yoshioka, Y.; Yamaguchi, KRolyhedron2001,
20, 1177.

(33) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal Atoms
Wiley-Interscience: New York, 1982.

Inorganic Chemistry, Vol. 43, No. 10, 2004 3153



Ni-N antibonding 8 MO
(localized on central Ni-N,4 group)

Ni-N antibonding 8 MOs
(localized on terminal Ni-Ng4

groups, very weak overlap)
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¢ bonding MO
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Figure 2. Sequence of the nickel framework MOs adapted tdihpoint
group obtained from DFT calculations on the high-spiA,f state of
Nis(dpa)Cl,. The notation Ni-N4 designates a nickel atom together with
its equatorial environment of four nitrogens.

character (a &, and a symmetry, respectively) are repre-
sented in Figure 2. At a NiNi distance of~2.4 A, the ¢
orbitals develop an important overlap giving rise to a large
energy splitting between the three combinations. Further-
more, it should be noted that all threecombinations are
pushed up in energy due to an antibonding interaction with
the axial chlorine ligands (Figure 2).

In accordance with the standard ligand-field theory, a
similar metat-ligand antibonding interaction occurs between
the equatorial ligands and the properly oriented metal

Kiehl et al.

[Niz(dpa)]9t framework as a function of (i) the oxidation
state and (ii) the strength of the axial donation.

In practice, thes-bonding orbital, lowest in energy, and
the nine orbitals of ther/d block with pure metal character
(Figure 2) are doubly occupied in all trinickel systems
discussed in the present study. At the other end of the energy
scale, the most destabilizégcenray-n+ Orbital remains empty
in all states of interest. In between, the four metal electrons
remaining to be accommodated will be distributed among
(i) the on, orbital; (ii) the o* orbital, and (iii) the two
Oni(terminaly-N+ Orbitals (Figure 2). The nature of the electronic
ground state and the associated structural features will depend
upon this distribution. The critical property @lectrical
conductionwill also depend on this distribution, and more
specifically on the distribution of electroria the set of
delocalized MOs witlw character namely,o, on,, and o*.

As a matter of fact, the twonigerminay-n+ MOS are quasi-
degenerate as a consequence of the near-zero overlap
between the atomi@ orbitals. These symmetry-adapted
combinations are therefore physically equivalerbtalized
orbitals centered on both ends of the metal framework. By
contrast, thes orbitals are the only ones to be physically,
and not only mathematically, delocalized, due to the large
overlap occurring between adjacent Ni atoms. Therefore, the
existence of a localized electronic state is conditioned by
the requirement of a double occupancy for all three metal
orbitals with o character. The occurrence of such a
(0)X(onp)?(0*) 2 ground state, diamagnetic and with no metal
metal interaction, has been discussed by Cotton et al. and
tentatively ruled out fod,*? since it does not fit the magnetic
measurements. On the opposite, this diamagnetic state was
advocated to be the ground state of {BPAP)]?~ (with
HBPAP- = 2,6-bis(phenylamino)pyridine), a (§§" com-

plex devoid of axial ligand? It is clear that any organization

o-orbital combinations. As a consequence of the helical shapeof the valence electrons different from)f(on,)?(c*) ? entails

of polypyridylamide ligands, these antibonding counterparts
to the orbitals describing the dpa nickel donation ar@ot

a partial or total depopulation of tla& orbital, and therefore
implies at leastsome Ni—Ni—Ni delocalized bonding

facing each other along the chain of metal atoms, and theircharacter and an enhanced probability to observe long-

overlap can be considered as negligible. Within the de-
localized orbital model, they give rise to MO combinations
belonging to the band b representations db,, that will

be denotedy;—n+. These thre@yi—n+ MOs do not show up

in the same energy region. Since the central nitrogen of the

dpa ligand, which is the site of deprotonation, is significantly
more basic than the pyridinic coordination sitésthe
interaction with the metal is stronger, and the antibonding
counterpart to this interaction is found at higher energies.
The corresponding MO @lsymmetry) has practically all of
its weight coming from theentral Ni—N4 system and can
be considered as localized on this site. The twon MOs
involving the terminal sites appear lower in energy, namely,
in the same energy region as th& orbital of the metal

framework (Figure 2). They are quasi-degenerate and do not

show any significant contribution from the central site.
Because of the energy competition between dherbital
and the twodnitermina-n+ MOS, the interplay between the
interactions involving theaxial and theequatorial ligands
will induce a variability of the electronic structure of the

3154 Inorganic Chemistry, Vol. 43, No. 10, 2004

distance electrical conductidh.

The Superexchange Interaction in Ni(dpa),Cl, and
Higher Homologues

The magnetic data reported fbiand their fit by a simple
dimer model using the HDVV Hamiltonidhare consistent
with an antiferromagnetic interaction between the terminal
nickel atoms of the complex, considered as high-spith Ni
ions1?2715 The value of the coupling constant deduced by
Cotton’s group from the HDVV model waslg = —216
cm! (see note 18 in ref 15). A similar fit carried out on the
pentanickel homologue Nipda)Cl, is interpreted by means
of a similar coupling between terminal Ni atoms and yields
2J;5= —33.5 cmr L. The same interpretation was proposed
by Peng’s group for the whole sequence of presently avail-
able Nins3(polypyridylamide)Cl, with 2] values decreasing
from —198 cnm* for 1 to —3.4 cm* for Nig(peptea)Cl,.? It

(34) Cotton, F. A.; Daniels, L. M.; Lei, P.; Murillo, C. A.; Wang, Xorg.
Chem.2001, 40, 2778.
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Table 1. Propertied Calculated in the Quintet, Antiferromagnetic Singlet (Approximated by the Broken-Symmetry Solution), and Diamagnetic Singlet
States of Ni(dpa)Cl, Using Different Exchange-Correlation Functionals and Atomic Basis’Sets

antiferromagnetic state low-spin state
high-spin state (BS) (diamagnetic) exptH

S/ S/IIV GlI G/l S/ G/l G/l S/ Gl G/l Nig(dpaxCl,  [Nig(BPAP)]>~
distances
Ni—Ni 2439 2442 2457 2462 2415 2452 2454 2386 2.381 2.388 —242 2.368
Ni—Cl 2410 2355 2453 2397 2418 2454 2397 2.58 3.04 2.92 22328
Niterm—N 2.086 2.104 2102 2.117  2.080 2100  2.115 2.009 1954 1.965 -—2.08 1.96-1.91
NicenterN 1897 1916 1914 1913 1895 1914 1.913 1893 1910 1905 -1.89 1.92
spin distribution
Niterm. +137 +136 +159 +157 +129 +159 +1.58
Nicenter +0.25 +0.24 +0.11 +0.11 0.0 0.0 0.0
Cl +0.15 +0.14 +0.09 +0.10 +0.13 £0.09 =£0.095
Nterm. +0.08 +0.08 +0.07 +0.07 +0.075 +0.06 +0.06
Ncenter +0.02 +0.02 +0.01 +0.01 0.0 0.0 0.0
<S> 6.013 6.014 1.992  1.993
-2J (cm™) 645 110 91 216

198

AE (kcakmol™)  +3.69 +0.63 +0.52 0. 0. 0. +16.0 +23.8 +30.8

aSelected interatomic distances (A), atomic spin distribution (electrons), antiferromagnetic coupling constintfgmeigenvalues (dimensionless),
relative energies\E of the considered states (kealol~1). P S/Il: BP86 functional, valence doubleSlater basis sets. S/IV: BP86 functional, valence
triple-¢ Slater+ polarization basis sets. G/I: B3LYP functional, LANL2DZ Gaussian basis set for Ni, Cl, N. G/Il: LANL2Dg@blarization Gaussian
basis set for Ni, Cl, N (see Computational DetaifsLorresponds to the electronic configuratiar?(on,)3(0*)2 9 For Nig(dpa)Cl, taken from ref 12,
unless explicitly specified; for [N(BPAP)]?, taken from ref 34¢ Reference 2.

is assumed in this model that the metal atoms not occupying This antiferromagnetic state of polynickel wires was
a terminal position ar@ot active magnetic centers. described by Cotton et al. in terms of a coupling between
DFT calculations, carried out either with the GGA/BP86 two terminal NI' atoms in the high-spin§ = 1) state
or with the hybrid B3LYP functional, confirm the anti- separated by one or several'Nitoms in the low-spin§=
ferromagnetically coupled model as the ground staté of 0) state!?~®> This description was recently refined by Berry
(Table 1). The calculated values of the coupling constant et al., who suggest a superexchange mechanism coupling
are however strongly dependent upon the selected functionalthe terminal nickel atoms through Miva The role of the
B3LYP calculations with basis set G/I yield an energy central nickel is substantiated by a correlation between the
difference of 0.63 kcammol™* between the broken-symmetry variation of the Ni-Ni distances observed in a series of
(BS) solution at equilibrium and the high-spin, quintet state. Nis(dpa)L, compounds and the magnitude of the antiferro-
The value offSI®[was calculated to be 1.99, that is, close magnetic coupling® The interpretation based on DFT
to Snax = 2 and indicative of a low overlap between the calculations corroborates the mechanism proposed on ex-
magnetic orbitals. The application of eq 2 therefore yields perimental grounds: the high-spin state of the terminal nickel
an estimate of 110 cm for —2J;3. Adding polarization atoms is induced by the relatively weak donor strength of
functions (basis set G/lI) slightly decreases this value to 91 the pyridine nitrogens, allowing one metal electron pair to
cm L. Assuming the same negligible overlap between the be distributed between thezdorbital and the high-lying
magnetic orbitals, the GGA functional yields a much higher Oniterm.)-n+ Orbital. As discussed above, this latter electron
value for the coupling constant (645 cHh Similar, though can be considered as remaining localized on the terminal Ni
less important, discrepancies have been documented in theatom and its equatorial environment. At variance with that,
case of coupled dicopper species and were interpreted inthe electron accommodated opid assigned to the pool of
terms of a systematic overestimation of thee— "SE) gap o electrons and delocalized. As far as the central nickel is
by the GGA functional, due to an excessive delocalization concerned, its localizedyi—n+ orbital is too high in energy
of the magnetic orbital®-3? The contributions of the spin-  to be accessible. The electronic configuration ofcNi is
polarized orbitals to the nonmagnetic metal exactly cancel therefore basically closed-shell, and two of its electrons are
each other in the BS solution, but are additive in the quintet assigned to the set of orbitals3® As inferred from the low
state. The atomic spin value calculated afefNkin the %A value observed and computed for the coupling consta&adt
state therefore provides an estimate to the tendency of thethe antiferromagnetic ground state is in close competition
spin-polarized electrons to spread over the whole molecule.with a high-spin quintet state, which is properly described
In a purely localized model, this atomic spin value should in terms of delocalized orbitals by a single electronic
be very close to zero. In fact, the GGA functional yields a configuration. The magnetic orbitals in this configuration and
large spin delocalization, with an integrated value of 0.25e their symmetry in théd, point group are as follows: (nn
on the central nickel (Table 1). This value is reduced to 0.11e (&); (ii) o* (a1); (i) Iniay—n* T Onigp)—n+ (B2); (V) Snig)—n
with the hybrid B3LYP functional, still indicative of a

significant overlap. In view of the values obtained fe2J; 3, (35) Inthe highdspri]n quartet state gf the oxidilzerc]i lcomplex, in wb‘g:lfs 5
real delocalization should be in between, and relatively close (s, ‘ér;?rc;“f'ﬁl.'Ctoftosnp'r,ll"j}i..kg,\'}l‘ﬂri,'focogilslSc'ﬁertnY gggf"%’;&aﬂgngl'

to the B3LYP results® 2003 3015.
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Figure 3. Degenerate spin-polarized LUMOs obtained from the broken-
symmetry DFT approach of the antiferromagnetic ground states(dpéi}Cl,.

— Oni)—n+ (b1). The double occupancy of the low-lying
orbital, incompletely balanced by the single occupancy of
the delocalizeds* orbital, implies some bonding all along
the linear metal framework, extending to the axial chlorines
through the Niem)—Cl interaction (Figure 2). The reality
of the antiferromagnetic ground state might seem more
difficult to capture, since the broken-symmetry solution used
to estimate its relative energy is not a physical statés?
The physical significance of the optimal geometry and of
the magnetic orbitals stemming from the unprojected BS
solution is, however, admitte§-28 In the present case, the
BS optimal geometries do not significantly differ from those
of the quintet state (Table 1), which means that bonding
interactions are little affected by the spin coupling. This is
confirmed by the nature of the spin-polarized LUMOs, which
retain an important metaimetal and metatchlorine ¢*
character (Figure 3).

Electronic and Structural Variability of Trinickel
Complexes

Structure of Neutral Niz(dpa),Cl,. The molecular ge-
ometry ofl in the antiferromagnetic singlet ground state (as
approximated by the broken-symmetry solution), in the

Kiehl et al.

i \ [ %4
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[(Ni)a(dpa)sClal™  [(Ni)a(dpa)y] ™2
n=0,1

Figure 4. Orbital diagram showing the effect of a removal of the axial
chlorine ligands in trinickel complexes.

a dissociative trend, easily explained by the strong Gli
antibonding character of the uppercombinations (Figure
2)3” The other structural effect that can be expected from
the depopulation of théterm,)-n+ Orbitals is a contraction

of the Niermina—N distances. Such a contraction is indeed
obtained from the calculations and amounts to 0.15 A with
B3LYP (Table 1)3” The Nierm—N distances in the diamag-
netic singlet, however, remain longer than the.Ni—N ones

by 0.045 to 0.06 A (with B3LYPY? which illustrates the
effect of the difference in basicity between the two types of
N ligands. A more unexpected structural consequence of the
change from an antiferromagnetic to a diamagnetic state is
acontractionof the Ni—Ni bond length, by~0.06 A (Table
1)3” The opposite could have been expected with regard to
the shift from a partly bonding to a nonbonding metaletal
electronic configuration. In fact, two factors tend to coun-
teract the trend toward an expansion of the-Ni distance.

diamagnetic singlet state, and in the high-spin quintet state g is the vanishing of the trans influence exerted by the

has been optimized with both the GGA/BP86 and the B3LYP

functionals and with various basis sets. Selected interatomic
distances and atomic spin values are displayed in Table 1.

axial ligands. The lengthening of the NNi distance
assigned to the trans effect can be estimated to be 0.06/0.08
A from the calculations. The second factor is the important

Observed distances are quite closely reproduced at all levels,snsfer of electronic density toward the region of the

of calculation, with the exception of the NCI bond lengths,
overestimated by-0.1 A with the nonpolarized basis sets.
Inclusion of polarization functions reduces this discrepancy
without affecting the other bond lengths (Table 1). Distances
calculated with a given basis set for the quintet state and for
the antiferromagnetic singlet differ by less than 0.03 A. The
electronic reorganization to the diamagnetic singlet state
implies a two-electron transfer from the twWikigerm) =
orbitals to the upper metal combinations, yielding the
(0)¥(onn)*(0*)? configuration. The energy cost of this elec-
tronic reorganization was calculated to be 16.0 koal !

with the GGA functional, and 23.8 kcahol~* with B3LYP/

G/I. This energy difference tends to increase when polariza-
tion functions are added (Table 1). It has been mentioned

above that this electronic state corresponds to a localized,

globally nonbonding description of the metallic framework.
It is also characterized by very important changes in the
molecular geometry. The first structural consequence of the
full occupancy ofo,, ando* is a dramatic elongation of the
Ni—Cl distances. The distances calculated with B3LYP are
of the order of 3.0 A (Table 1), which can be assimilated to
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trimetallic axis, which efficiently shields the electrostatic
repulsion between the positively charged nickel atoms. It
should finally be noted that, in spite of its high relative
energy, the diamagnetic singlet really represents an energy
minimum on the potential energy hypersurface. This is a
consequence of the stabilization of all threeorbitals of
(Ni3)®" induced by the loss of axial coordination (Figure 4).
Furthermore, the depopulation of thigerm) n+ Orbitals
moves these MOs to higher energies as a consequence of
the Ni—N bond contraction, thus widening the HOMO
LUMO gap (Figure 4). This effect confers the diamagnetic
singlet the status of a high-energy metastable state. The
replacement of the dpa ligands by the bulky BPAP anions,
which impede axial coordination, has led to the characteriza-

(37) The structural changes associated with the diamagnetic singlet state
follow the same trend when calculated with the BP86 functional, but
they are significantly less dramatic: the-NCI distance is stabilized
at 2.58 A; the contraction of the pin—N bond length is limited to
0.07 A and that of Ni-Ni to 0.03 A (Table 1). This should be assigned
to the well-documented trend toward orbital overdelocalization induced
by pure GGA functionals which tends to smooth the description of
“catastrophic” events such as bond-breaking.



Electron Delocalization in Nickel Metallic Wires

Table 2. Selected Propertié€alculated for the Doublet Ground State
of [Niz(dpa)]®* and for the Lowest Doublet and Quartet States of
[Nis(dpa)Clz])* with the GGA/BP86 Functional and Two Different
Atomic Basis Sets

[Ni(dpa)Cl]* [Nig(dpa)]®*
doublet state  quartet state  doublet state
S/ S/IIV.- s/l SV S/l S/IIV exptP
distances
Ni—Ni 2.357 2377 2378 2378 2294 2295 2.285/2.289
Ni—ClI 2430 2520 2.335 2.292
Niterm—N 2.019 1981 2.076 2.088 1.944 1959 1.929
NiceneN ~ 1.885 1.888 1.890 1.913 1.878 1.891 1.881
spin distribution
Niterm. +0.27 +0.26 +1.00 +0.94 +0.29 +0.28
Nicenter +0.24 +0.26 -0.08 -0.08 +0.39 +0.39
Cl +0.09 +0.08 +0.07 +0.06
Nterm. +0.003 +0.004 +0.09 +0.08 +0.001 +0.002
Neenter +0.003 +0.005 +0.05 +0.06 +0.005 +0.005

AE (kcakmol=1) 0. 0. +10.9 +11.7

a|nteratomic distances (A), atomic spin distribution (electrons), and
relative energiedE (kcalFmol~1). b From ref 15.

tion of a linear complex of (N)®" displaying the structural
and magnetic signature of the diamagnetic singlet Stdte.
could be noted that the NiNi distance observed in
[Niz(BPAP)]?~ is shorter than that of by 0.05/0.07 A, in
agreement with the structural trends calculated for the
diamagnetic statef 1 (Table 1).

Oxidized Trinickel Complexes: [Nis(dpa)sCls]" (11)
and [Niz(dpa)y®* (2). The effect of a one-electron oxidation
on the electronic and structural configurations of the trinickel

tions indeed found the correspondifgy; state lowest in
energy. In terms of delocalized bonding, this configuration
only differs from that ofl by the accommodation of one
more electron on the nonbonding MO, which has no
contribution on Nienter(Figure 2). How can such an electronic
arrangement induce the shrinkage of the-Ni distance?
The question has already been briefly discussed in the above
section. Part of the contraction should be assigned to the
vanishing of the trans influence of the axial ligands. Letting
axial chlorines approach the oxidized species to yiglds
sufficient to stretch the metaimetal distance from 2.295 to
2.377 A (Table 2). The recent structural characterization of
a series of Nj(dpa)L ., compounds with various axial ligands
has indeed established that modifying the donor strength of
L induces variations of the NiNi distance with the same
order of magnitudé® The other effect is electrostatic and
results from the efficient shielding of the positive charge
stemming from the (N)”* backbone by an increased electron
density gathered along thieaxis. One may even argue that
the extra positive charge introduced in the metal framework
by oxidation represents the incentive toward the change of
the electronic configuration. The quartet stdfe which
corresponds to thes?(ons)(0*)° configuration and retains
two electrons accommodated in th@erm)-n+ Orbitals was
found higher in energy11.7 kcailmol™?, Table 2). Indeed,
this configuration yields aeshieldingof the metal charge
and is destabilized in the oxidized species.

The shielding effect induced hyelectron density and its

species has been investigated by means of calculations carriethfluence on the metaimetal bond length clearly question

out on1" and2 with the BP86 functional and the two basis
sets S/Il and S/IV. Fot*, a low-spin £A;) and a high-spin

the status of ther nonbonding orbital. Because of its null
weight on the central atom, this orbital is classically

(*Ay) electronic state have been investigated and their considered aseither bonding nor antibondindn spite of a
geometries optimized by means of unrestricted, symmetry- zero contribution to the formal bond order and to electron

adapted calculations. The quartet state?2a$ expected to

delocalization, ther, orbital is not quite innocent, since its

be very high in energy and has not been investigated. Thepopulation influences the bond length as a function of the
most important geometrical parameters and the atomic spinnet charge of the atomic triad. One could therefore assign

distribution are displayed in Table 2has been synthesized
and its structure characterized from X-ray diffractiéiit is
not coordinated in axial position, except for relatively long
range interactions with two (RFF counterions. The structure
of this complex is especially intriguing because of a

this orbital a more dynamic and versatile role by telling that
it is either bonding or antibondingdepending on the sign

of the atomic net charges. According to this tentative
definition, the population ofry, in linear (Ms)®* species
should be assigned a bonding influence, still enhanced upon

remarkable contraction of the coordination sphere around theoxidation of the metal framework to (§*

terminal nickels, associated with a dramatic change of the

electronic state of terminal nickel atoms from high spin to
low spin. The decrease of the NNi distance from~2.44
A'in 1to 2.285 A in2 has been highlighted and assigned to
the setting up of delocalized NNi bonding®~1> However,

Extrapolation to Nickel Wires with Higher Nuclearity

The assignment of the electronic configuration ofsffi"
complexes, associated with a pretty good modeling of their
observed structure, has important consequences regarding the

less attention has been paid to the equivalent shortening ofpossible ability of these systems, and of more extended

the Nierm—N distances. Let us refer to the ground staté of
and to the closely related quintet state, with two of its
magnetic orbitals displaying Nin—N antibonding character.
On the one hand, the observed contraction of thg.NtN

compounds of the same type, to initiate, tune, or control the
transit of electrons through a nanocirctiitiere, we show
that, in spite of important structural discrepancies between
1 and its oxidized, axially free counterp&itthe shape and

distances should be assigned to the depopulation of theséhe occupancy of the two molecular orbitals responsible for

latter MOs. On the other hand, no modification of the
Nicenter—N distances is observed, which means that the
correspondin@nicentery-n+ Orbital remains empty. Following
the orbital scheme of Figure 2, the only electronic config-
uration available t@ should be ¢)*(on,)?(0*)*. The calcula-

the delocalized bonding along the metal framework, namely,
the bondingr and the antibonding* MOs, are not modified
upon ionization. The change in the electronic structure,
however, affects the population of a third combination of
metal ¢z orbitals, referred to asnp. This MO belongs to the
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& representation of th®, group; it is antisymmetric with
respect to the Gand C'; rotation axes, and its contribution
to the central Ni atom is therefore strictly zer@i, is

Kiehl et al.

high-spin state analogous to the one discussed lfor
Configuration 3 would be associated with a triplet state, with
two Onigerm)-n+ Magnetic orbitals. An antiferromagnetic

basicallylocalizedon separate parts of the chain, even though coupling of the electrons accommodated in these orbitals

its population is expected to yield a contraction of the metal

should occur exclusively through the equatorial ligands and

metal distances along the chain. The electronic configurationyield a brutal collapse of the magnetic coupling constant.

of the (Ni)®™* complexes of dpa can be written as
(0)%(onp)%(0*) * with g = 1 for the neutral species amng= 2
for the oxidized complexDue to the relatiely large aerlap
between the metaldorbitals in the considered range of
Ni—Ni distancesthe delocalization issue is conditioned by
the population of the* orbital. An incomplete population
of ¢*, in the standard as in the oxidized forms, pides all
(Niz)®* complexes with some delocalized metaletal
bonding

Since the value of-2J just smoothly decreases when the
metal chain is extendéedthe hypothesis of a change in the
electronic configuration can be tentatively ruled out.

The crystal structure of the oxidized complex {Ni
(etpda)]®* (etpda= the anion ofN,N'-bis(4-ethylpyridyl)-
2,6-diaminopyridine) has been resolved by Cotton’s grdup.
The evolution of the Ni-N and of the N+-Ni distances with
respect to the neutral complex closely parallels the contrac-
tion observed for [Ni(dpa)]®". An important point is that

The structural and magnetic data reported by Peng’s groupthe contraction of the metal framework not only affects the

for a series of four neutral nickel wires with increasing
number of metal atoms ranging from Xdpa)Cl, to the
nonanickel homologue Rblipeptea)Cl, suggest that the

most external Ni-Ni bonds but also extends tall four
meta-metal distance¥. Assuming that the shortening of
the Ni—Ni bonds could be partly assigned, as f@yrto a

conclusions obtained from the investigation of the trinickel more efficient shielding of the metal positive charge along
complex can be extended to higher nuclearity compoénds. the ¢ axis, the observed contraction could be explained by
All compounds investigated by Peng are antiferromagnetic, the transfer of one electron from theorbitals to thes, MO,

with regularly decreasing values ef2J. Furthermore, in all
four complexes, the observeddNi—N distances are stretched
by ~0.2 A with respect to the other, internal-NN distances,
all ranging between 1.89 and 1.93?Ahese structural and

which extends over all Ni atoms but the central éhe.

To summarize, the magnetic and structural data presently
available for the (N)?** and for the (N§)@*1* complexes
seem compatible with a straightforward extension of the

magnetic data strongly support the idea of an electronic electronic structures deduced from DFT calculations carried

activation of the terminal nickel atoms similar to that
observed forl, with the transfer of one electron into each
Onierm)-n+  lOcalized orbital. Two metal electrons will

out on N(dpa)Cl, and on [Ni(dpa)]®*. Both the neutral
and the oxidized complexes should be characterized by the
permanence afomedelocalized bonding character along the

therefore be missing to complete the double occupancy of metal framework due to an incomplete occupancy of the

the whole set op o-type orbitals obtained from appropriate
delocalized combinations of theed2z atomic orbitals. At that
point, two possibilities are left open for the electronic

highest, delocalized, and fully antibondingorbital.
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