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Abstract: Two new linear pentanickel
complexes [Nis(bna),(Cl),][PFs], (1)
and [Nis(bna),(Cl),][PF4], (2; bna=bi-
naphthyridylamide), were synthesized
and structurally characterized. A deriv-
ative of 1, [Nis(bna),(NCS),][NCS],
(3), was also isolated for the purpose
of the conductance experiments carried
out in comparison with [Nis(tpda),-
(NCS),] (4; tpda=tripyridyldiamide).
The metal framework of complex 2 is a
standard [Nis]""* core, isoelectronic
with that of [Nis(tpda),CL] (5). Also as
in 5, complex 2 has an antiferromag-
netic ground state (J=—15.86 cm™!) re-
sulting from a coupling between the
terminal nickel atoms, both in high-
spin sate (S=1). Complex 1 displays
the first characterized linear nickel

framework in which the usual sequence
of Ni'' atoms has been reduced by two
electrons. Each dinickel unit attached
to the naphthyridyl moieties is assumed
to undergo a one-electron reduction,
whereas the central nickel formally re-
mains Ni'". DFT calculations suggest
that the metal framework of the
mixed-valence complex 1 should be de-
scribed as intermediate between a lo-
calized picture corresponding to Ni'-
Ni'-Ni"-Ni'-Ni" and a fully delocalized
model represented as (Ni,)**-Ni'-
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(Ni,)**. Assuming the latter model, the
ground state of 1 results from an anti-
ferromagnetic coupling =
—34.03 cm™') between the two (Ni,)**
fragments, considered each as a single
magnetic centre (§=3/2). An interva-
lence charge-transfer band is observed
in the NIR spectrum of 1 at 1186 nm,
suggesting, in accordance with DFT
calculations, that 1 should be assigned
to Robin-Day class II of mixed-valent
complexes. Scanning tunnelling micro-
scopy (STM) methodology was used to
assess the conductance of single mole-
cules of 3 and 4. Compound 3 was
found ~40% more conductive than 4,
a result that could be assigned to the
electron mobility induced by mixed-va-
lency in the naphthyridyl fragments.

Introduction

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The research interest toward extended metal-atom chains
(EMAG:) based on polypyridylamido ligands has increased
significantly in recent years, fuelled by the potential applica-
tions of 1D nano-objects in quantum electronics."* In this
field, a number of tri-, tetra-, penta-, hepta-, and nanonu-
clear complexes have been synthesized and characterized in
the group of Cotton and Murillo, in our group, and else-
where.™ The structural, magnetic, and spectroscopic proper-
ties of these metal strings have been the object of intensive
investigation.”! Besides experimental discussions, Rohmer
et al. have reported DFT calculations on these complexes,
providing some hints to clarify the electronic configurations
of polypyridylamide-based EMACs and their influence on
structural and magnetic properties.’! Other thorough investi-
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gations on these complexes have been recently carried out
by Pantazis and McGrady,” and by Kitagawa et al.['")

Recent investigations conducted in our group to assess
the relative conductivity of single metal string molecules by
means of scanning tunnelling microcopy (STM) have shown
that nickel strings seem to be slightly less conductive than
their cobalt and chromium analogues.’* It was proposed
that the relatively low conductivity of polynickel EMACs is
related to the weakness of the delocalized bonding along
the metal string. Nickel, however, remains a metal of great
interest in view of the facile synthesis of Ni-based metal
strings and because of the high yields that are currently ob-
tained, relative to other metals. Therefore, one of the re-
search goals pursued in our group is the design of advanced
polynuclear metal strings combining a high synthesis yield
with a good conductivity. A possible strategy for approach-
ing this goal is the characteriza-
tion of mixed-valence (MV)
complexes, especially those in
which unpaired electrons are
expected to move easily along
the metal chain. According to
the Robin-Day classification of
MV complexes, the molecules
most interesting should belong,
a priori, either to class III (elec-
tron-delocalized) or to class II
(displaying some electron de-
localization)."!  The
sponding materials are expect-
ed to be conductors (class III),
or semiconductors (class II),
while class I MV complexes are
insulators.

Among the currently avail-
able dimetallic MV compounds ascribed as conductors, the
series [Ni,(napy),(X),][BPh,] (napy =1,8-naphthyridine; X =
Cl, Br, I), characterized by the presence of three delocalized
electrons in the dinickel core,’>'l could represent a good
candidate for the synthesis of a conducting metal wire
(Schemes 1 and 2). The coupling of 1,8-naphthyridine mole-
cules with amino groups could therefore provide an alterna-
tive to polypyridylamide ligands for the synthesis of poly-
nickel wires based on dinuclear mixed-valence elements
(Scheme 2). The binaphthyridylamide (bna) ligand was ob-
tained according to the procedure shown in Scheme 3, and

corre-
J
CI*NI* if —
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Scheme 1. The ideal strategy for designing new polynickel wires.
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then used to synthesize the pentanickel complex [Nis-
(bna),(Cl),][PF¢], (1), containing two (Ni,)** units separated
with one Ni"! atom. Complex 1 could then be oxidized into
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Scheme 3. Synthesis of complexes 1 and 2.

[Nis(bna),(Cl),][PF¢], (2), in which all metal atoms can be
formally described as Ni". Crystallographic characterization,
magnetic susceptibility measurements and DFT calculations
are reported for these two new pentanickel complexes, in
view of their potential for the development of a new family
of EMACs with improved conductive properties.”! In order
to assess these conductive potentialities, a derivative of 1,
[Nis(bna),(NCS),][NCS], (3), was isolated successfully and
its conductivity was measured by means of STM techniques,
in comparison with [Nis(tpda),(NCS),], 4

Results and Discussion

Synthesis: The overall synthetic routes to the bna ligand,
and then to complexes 1 and 2 are summarized in Scheme 3.
The Hbna ligand was prepared by reaction of 2-amino-1,8-
naphthyridine and 2-chloro-1,8-naphthyridine with palladi-
um catalyst. Treatment of Hbna with NiCl, in the presence
of tBuOK, followed by excess of KPF, generated compound
1. The two-electron oxidation leading to product 2 was ob-
tained by reacting 1 with [Cp,Fe][PF;] in CH,CL,.

Chem. Eur. J. 2007, 13, 8667 —8677
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X-ray characterization: The crystallographic data for 1 and
2 are reported in Table 1, and labelled ORTEP plots exclud-
ing solvent molecules are displayed in Figure 1.

Table 1. X-ray crystallographic data for 1 and 2.

1.6 CH,Cl, 2.4 CH;CN-2Et,0
formula CroH5ClF Ny NisP,  CgoH7,CLF,,N,,NisO,P,
M, 2253.11 2345.95
crystal system monoclinic orthorhombic
space group C2/c Pbcn
a[A] 25.4608(9) 28.7086(5)

b [A] 15.2805(6) 13.5487(2)
c[A] 20.7850(8) 23.6078(4)
al] 90 90

B 91.945(2) 90

7 [°] 90 90

VA7 8081.8(5) 9182.6(3)

Z 4 4

T [K] 150(1) 150(1)

Peatca [gem ™) 1.852 1.697
R1UWwRP [1>20(I)]  0.0868/0.2386 0.0620/0.1767
R1E/wR2P (all data)  0.1881/0.2975 0.1122/0.1982

[a] RI=X|F,| - |F|/S|F,|. [b] wR2=[E[w(F-F)VS[w(F)’]l",  in
which w=1/0°(F2)+(aP)’+bP, P=(F>+2F>)/3.

Selected bond lengths observed for both complexes, and
for [Nis(tpda),Cl,] (5), are reported in Figure 2, together
with the corresponding values obtained from DFT optimiza-
tion. The nonplanarity of the bna ligand induces a torsion
angle between Nil—N1 and Ni3—N3 close to 35° for 1 and
38° for 2 (Figure 1). In both cases, the linear pentanickel
chain is helically bridged by four bna ligands, and the mole-
cules display approximate D, symmetry.

As for 5, the coordination environments of the three
inner Ni atoms are distorted square planar, whereas the two
terminal ones are roughly square pyramidal. The trends ob-
served for the bond lengths of 2 are reminiscent of those
previously obtained for the other [Nis]'®* complex 5,151
namely 1) an external Ni—Ni distance close to 2.40 A and an
internal metal-metal distance shorter by ~0.10 A, and 2)
long metal-nitrogen distances originating at the outermost
Ni atoms (~2.10 A) compared with much shorter Ni—N dis-
tances at all other metal atoms.'” However, complex 2 dis-
plays some specific structural characters: 1) a significantly
shorter Ni—Cl distance (2.308 vs. 2.346 A for 5) due to the
stronger electrostatic attraction between chlorine and the
tetracationic complex; and 2) a progressive contraction of
the Ni—N bond lengths from the long outermost Nil—N dis-
tance (av 2.095 A) to the very short distances originating at
the central Ni atom (1.867 A), associated in 2 with the Ni-N
bonds involving the most basic amino groups. The two-elec-
tron reduction giving rise to complex 1 appreciably modifies
these structural characters. The whole coordination environ-
ment has expanded, partly due to the decrease of the posi-
tive charge of the metal framework, but also because of the
presence of two extra electrons to be accommodated on mo-
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Figure 1. Molecular structures of complexes 1 (top) and 2 (bottom). El-
lipsoids are drawn at 30 % (top) and at 50% (bottom) probability levels.
Hydrogen atoms and interstitial solvents have been omitted for clarity.

lecular orbitals (MOs) with metal-nitrogen antibonding
character. Both effects cumulate to induce an elongation of
~0.10 A of the intermediate Ni(2)-N bond lengths
(Figure 2). At variance with the metal-ligand bond lengths,
the outermost Nil—Ni2 distances contract from 2.408 to
2.325 A. This makes the outer metal-metal distances shorter
than the internal ones, a structural feature still unprecedent-
ed for pentanuclear metal string complexes (M = Co, Ni).

Magnetic properties: The magnetic susceptibility of poly-
crystalline powder samples of 1 and 2 was measured in the
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Figure 2. Selected interatomic distances observed (blue) and computed
(UB3LYP calculations, red) for 1, 2, and 5. Atomic spin densities com-
puted on the nickel atoms (UB3LYP) are indicated in italics.

range 4-300 K. The corresponding variations of y,, T are re-
ported in Figure 3. For complex 2, the plot of y,,7T versus T
is similar to that of [Nis]'°" analogues with two antiferro-
magnetically coupled high-spin terminal Ni"' ions.!516 As-
suming an isotropic interaction between two magnetic cen-
tres S; and S, and accounting for the Zeeman splitting, the
usual Heisenberg-Dirac—van Vleck Hamiltonian™ can be
written as Equation (1).

H=-JS,-S,+gBS -H (1)

The temperature-dependant magnetic susceptibility curve
could be satisfactorily reproduced (R*=0.9978; solid line in
Figure 3, bottom) with the development of the van Vleck
equation appropriate to S;=S,=1,"! associated with the pa-
rameters g=2.17 and J=—15.86 cm™". The J value obtained
for 2 appears somewhat smaller than that obtained for [Nis-
(tpda),Cl,] (J=-33.5cm ™).l

The reduced complex 1 displays a y,7 value of
3.01 cm®*Kmol ™" at 300 K, rapidly decreasing with tempera-
ture (Figure 3, top). This value, significantly larger than
those obtained in the pentanickel homologues 2 and 5, clear-

8670 —— www.chemeurj.org
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Figure 3. Plot of x,,T versus T for complexes 1 (top) and 2 (bottom). The
solid line represents the best theoretical fit.

ly points to the presence of extra unpaired electrons in 1.
The short Ni—N distances observed around Ni(3) (1.922 A)
suggest that this atom, with its square-planar environment,
retains a low-spin d® electronic state. The magnetic suscepti-
bility curve could therefore be interpreted as resulting from
the antiferromagnetic interaction between two mixed-va-
lence [Ni,]** units separated by the central Ni(3) atom. A
model for the individual [Ni,]>* units is provided by the bi-
nuclear [Niy(napy)4(X),]* complexes (napy=1,8-naphthyri-
dine; X=Cl, Br, I) investigated experimentally and theoreti-
cally by Bencini, Gatteschi, et al.'* The symmetric struc-
ture of the bromide, and as far as the Ni—N distances are
concerned, of the iodide complexes suggests that these for-
mally Ni"Ni' species belong to class III (delocalized) of the
classification of Robin and Day. The ground state of both
molecules was found to be a quartet (S=3/2) with no evi-
dence of thermally populated doublets. The high-spin
ground state was assigned to the double exchange mecha-
nism, due to the rapid hopping of an extra electron between
two integer valence-localized centres.”” The electron-trans-
fer parameter associated with this process was indeed found
from DFT calculations to overcome the opposite effect of
the antiferromagnetic coupling between the two Ni atoms.!!
The question is raised of whether the conclusions obtained

Chem. Eur. J. 2007, 13, 8667 —8677
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by Bencini et al. for [Ni,(napy),(X),]* can be transposed to
the dinickel naphthyridyl moieties of complex 1. It should
be noted that the structural similarity between the dinickel
monomer and the fragments of 1 is impaired by the nonsym-
metric environment along the metal axis. This asymmetry
extends to the equatorial environment with a stretching of
the outermost Ni(1)—N distances by 0.12 A with respect to
Ni(2)-N (Figure 2), when all Ni—N distances in [Ni,-
(napy)y(X),]* are intermediate at ~2.09 A.['Y This structural
feature suggests that the delocalization of the spin density is
not so complete as in the dinuclear complex. The spin distri-
butions obtained from DFT calculations on 1 confirm that
Ni(1) and Ni(2) are not magnetically equivalent (Figure 2)
and suggest a model intermediate between the complete de-
localization observed in [Niy(napy),(X),]* and the localized
picture displayed in Scheme 4 (top and middle).

However, various attempts to fit the y,,7 curve within the
localized model of Scheme 4 (top and middle) proved un-

XZ—Z_*____
ddzzy—f— N & H

cl Ni'— Ni'—Ni'—Ni'"—Nil—¢J

cl Ni'— Ni'—nNi'—Ni' — Nill— ¢
—_—

Jy Jy Ji
dxz_yz+ —
Shew g

*_/ A

Cl—Ni1 — Ni2—Ni3 —Ni2— Ni1—_CI

[E—

%{—/

J (Sp=S5=3/2)

Scheme 4. Top: Coupling scheme for complexes 2 and 5. Middle: Local-
ized coupling scheme for complex 1. Bottom: Delocalized coupling
scheme for complex 1.

successful. We therefore turned to the delocalized model of
Scheme 4 (bottom) and assigned a high-spin (S =+3/2) state
for both dimetallic fragments considered as comprehensive
magnetic entities.

This model yields a theoretical value of 3.75 cm®Kmol ™
for y.7, which is compatible with the value of
3.01 cm*Kmol ™ observed at room temperature for the anti-
ferromagnetically coupled complex. To keep the problem
tractable, each [Ni,]** unit was considered as a single mag-
netic centre with §=3/2, thus providing, by means of Equa-
tion (1) and of the appropriate van Vleck equation,'” a con-
venient fit of the experimental susceptibility curve (solid
line in Figure 3, top, R*=0.9999) with the set of parameters
g=2.01 and J=-34.03cm .

NMR spectroscopy: The 'HNMR spectra of complexes 1

and 2 in CD;CN are displayed in Figure 4. Both spectra dis-
play five peaks, four of which are in equal integration

Chem. Eur. J. 2007, 13, 8667 -8677
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Figure 4. '"H NMR spectrum of 1 (top) and 2 (bottom) in CD;CN. Chemi-
cal shifts are indicated in parentheses and proton numbering is depicted.

ratio.!! This appears to be consistent with the idealized D,
symmetry assumed for both compounds. Attempts to assign
the peaks in both spectra by means of '"H 2D COSY experi-
ments were unsuccessful, due to the lack of resolution. As-
signments reported in Figure 4 are therefore proposed on
qualitative grounds. Spin density is conveyed to the ligand
mainly through the partly occupied d,._» metal orbitals. This
delocalization of the spin density toward the ligand—o de-
localization—induces a downfield shift for the protons of 1
and 2 relative to the protons of the free ligand. The dipole
effect, corresponding to a through-space donation from the
unpaired electron accommodated on the d,. orbitals, can be
neglected in the first approximation.*”

The peak observed at 63.94 ppm in 1 moves significantly
upfield upon oxidation (Figure 4). It can thus be tentatively
assigned to the proton closest to the formally oxidized metal
centre, namely H(5) (see Scheme 4, top and middle). The
assignment of the other protons was proposed in consider-
ation of their distance to the magnetic centres.

Near-IR spectra: The spectrum of 1 in CH;CN shows two
broad, though relatively weak bands at 1186 nm (Figure 5),
which are not observed in 2. These two bands could there-
fore be assigned to an intervalence charge transfer (IVCT)
system, characteristic of mixed-valence complexes. The posi-
tion and intensity of these bands are not significantly modi-
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Figure 5. Near-IR spectrum of complex 1 in CH;CN.

fied across a range of solvents including CH,Cl,, MeOH,
and acetone. Even though the Hush formula™®! H,=
0.0205 /€ ox AV ;3 Ve/r may not be used to interpret the
spectra of these complexes, the appearance of these bands is
consistent with a significant electronic interaction within the
metal framework of 1.%*! In accordance with the results of
DFT calculations, the relatively weak intensity of these
bands suggests that complex 1 could be tentatively assigned
to Robin-Day class II of mixed-valent compounds.

Electrochemistry: In CH,ClL, 1 exhibits three chemically re-
versible one-electron redox processes at E;,=0.16, 0.46 and
—0.59 V, constituting two oxidations and one reduction with
respect to the starting redox state of 1 (Figure 6).

N>
-

-—TT7—T7 77 T
0.8 0.6 0.4 0.2 0.0 02 -04 06 -08 -10

E(V vs Ag/AgCl)

Figure 6. Cyclic voltammogram of compound 1 in CH,Cl, containing
0.1m TBAP with scan rate=100 mVs™".

Assuming for 1 the formal oxidation model (Ni,)**-Ni"-
(Ni,)** corresponding to a partial delocalization of the un-
paired electron on each {Ni,(napy),} fragment, the first two
processes are assigned to the successive oxidations of these
fragments, eventually leading to complex 2, symbolized as
[Ni"-Ni"-Ni"-Ni"-Ni"]**. The large difference (AE;,=

8672 ——
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300 mV) between the potentials observed for the oxidation
of the (Ni,)’™ moieties suggests the presence of a significant
electron coupling between these fragments,®! in accordance
with the magnetic measurements and with the interpretation
of the N-IR spectra.

DFT calculations: Calculations have been carried out on 1,
2 and 5 to investigate, compare, and interpret the magnetic
interactions in Nis compounds. The geometries of all three
complexes in the high-spin state were optimized with basis
set 1 (BS1, see Experimental Section). The main geometrical
parameters are displayed in Figure 2, with regard to the ob-
served distances. The crystal structures are correctly repro-
duced by the calculations, except for a slight, but systematic
overestimation of the distances, typical of hybrid or GGA
functionals. This overestimation reaches 0.06 A for some
Ni—Ni distances and 0.09 A for some Ni—Cl distances
(Figure 2). In 1, the remarkable shortening of the
Ni(1)—Ni(2) distance with respect to 2, leading to an unpre-
cedented reversal with respect to the inner metal-metal dis-
tance, is correctly reproduced by the calculations (Figure 2).
An optimization also carried out with BS1, but using the
BP86 GGA functional yielded similar results.

Complex 5, [Nis(tpda),Cl,], was taken as a benchmark
test to calibrate, among the currently available standards,
the exchange-correlation functional and the atomic basis
sets most adequate to interpret the exchange coupling
within the framework of the Heisenberg Hamiltonian and
assuming two magnetic centres. As for [Niy(dpa),Cl,]®" and
[Niy(Tsdpda),(H,0),] (H,Tsdpda=N-[p-toluenesulfonyl]di-
pyridyldiamine),™! the magnetic coupling occurs between
the unpaired electrons of the terminal Ni atoms, both in
high-spin state. The coupling therefore involves the superpo-
sition of two interactions: 1) an exchange mechanism along
the metal chain involving the metal d,. orbitals and de-
scribed by Cotton et al. as a spin polarization process,™™ and
2) a superexchange along the pathways defined by the bridg-
ing ligands and involving the d,. .-like orbitals of the termi-
nal and of the internal metal atoms'®!% (Scheme 4, top).

Even though somewhat different values have been propo-
sed,®™ the most reliable fit of the observed magnetic behav-
iour in 5§ within the framework of the Heisenberg Hamilto-
nian corresponds to a J,p value of —33.5cm LM Single-
point calculations based upon the observed structure were
carried out by Kitagawa et al. by using the B3LYP function-
al, the same formalism as in the present work, and all-elec-
tron basis sets of quality equivalent to BS2. The exchange
coupling value obtained by Kitagawa etal. is —25.2cm™".
This corresponds to a remarkable agreement with the exper-
imental value, given the well-documented sensitivity of J,g
to the geometrical parameters and to the calibration of the
computational framework, especially concerning the ex-
change-correlation functional. The J,z value calculated in
the present work with BS2, with the geometry optimized
with BS1, is only —13.2 cm™'. Even though the difference is
small in terms of energy, its importance regarding the order
of magnitude of the calculated coupling requires an explana-
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tion. Since the exchange-correlation functional and the spin-
projection procedure are the same in both calculations, and
the atomic basis sets display similar quality, the difference in
the calculated J,5 value should be assigned to the molecular
geometry, taken from the crystal structure in the work of Ki-
tagawa et al.,l' and optimized in the present study. The
slight, but systematic overestimation of the calculated Ni—Ni
distances, combined with the presence of a coupling linking
the terminal nickel atoms along the metal chains gives
credit to this assumption. Note that the J,z values calculated
by a similar procedure for Ni chain complexes with three
and four atoms displaying a similar coupling between high-
spin terminal atoms are also underestimated by a factor of
~2.B%l This is at variance with Cu chain complexes, which
do not exhibit an exchange coupling through the metal
chain.!

With all nickel atoms in the oxidation state II, complex 2
is assumed to display the same type of coupling as S. This is
confirmed by the DFT calculations, which assign in the HS
state a spin population of 1.63e to the terminal nickel
atoms (Figure 2), completed to a2 e by the spin population
of the chlorine (0.09 ¢) and of the surrounding nitrogen li-
gands (0.24 e altogether). In spite of this similarity, the fit of
the magnetic susceptibility curve suggests a coupling intensi-
ty much reduced with respect to 5 (J=—-15.86cm™). Ac-
counting for the computational bias discussed above, this de-
crease of the coupling intensity is reproduced and even am-
plified by the calculations, which yield a J value of
—2.3 cm™! only. This strong decrease of —J should be corre-
lated with the drop of the spin population on Ni(2) from
+0.059 e in 5 to +0.022 e in 2 (Figure 2).

The electron distribution and the magnetism in the re-
duced complex 1 should be interpreted with much caution.
The formal, fully localized scheme of the reduction process,
derived from the electronic structure of 2, assumes the two
incoming electrons to be accommodated in the x*—y* orbital
of the Ni(2) atoms, which are coordinated to the inner part
of the naphthyridyl ligands (Scheme 4, middle). These metal
atoms are therefore assigned the formal oxidation state I.
This localized interpretation of mixed valency is, however,
challenged by the experimental and theoretical analysis of
complexes [Niy(napy),(X;)]* (X=Cl, Br, I), which assess a
fast mobility of the unpaired electron resulting in an assign-
ment of these complexes to class III Robin-Day materi-
als.>'¥ It should be noted first that the spin distribution of
the unpaired electron in [Niy(napy),(X,)]" calculated by
means of the time-independent Schrodinger equation is fully
delocalized between the magnetic centres due to molecular
symmetry,*¥ which represents a necessary though nonsuffi-
cient condition for an assignment to class III. The spin distri-
bution deduced from the present calculations shows that
this condition is not fulfilled anymore in the naphthyridyl
fragments of 1. The spin distribution is 1.445 e on the termi-
nal Ni(1) centres (1.71 e including the ligand environment)
versus 1.167 e (1.37 €) on Ni(2) (Figure 2). This distribution
is practically half-way between the localized distribution
proposed in Scheme 4 (top and middle: two unpaired elec-

Chem. Eur. J. 2007, 13, 8667 -8677

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

trons on Ni(1) and one on Ni(2), including the contribution
from the coordination sphere), and a fully delocalized distri-
bution (1.5 unpaired electrons on each magnetic centre). It
appears from a more detailed analysis (Table 2) that this

Table 2. Detail of the gross atomic spin orbital populations (o spin—f
spin, electrons; Mulliken analysis) calculated for the high-spin states of
complexes 1 and 2 with BSI.

[Nis(bna),(CD,J** (1)

[Nis(bna),(CI),]** (2)

of?l ol others of?l ol others
Ni(1)l! 0.60 0.83 0.015 0.72 0.80 0.11
Ni(2) 0.35 0.82 —0.01 0.07 0.02 —0.06
Ni(3) 0.06 0.01 -0.12 0.02 0.002 —0.006

[a] d,> spin population. [b] d,._,-+d,, spin population. [c] Ni(1): terminal
position; Ni(2) : intermediate position; Ni(3): central position (Figure 1
and Scheme 4, bottom).

partial delocalization occurs along the metal axis through a
transfer of the o electron density from Ni(2) to Ni(1) in 1,
which corresponds to a shift of the spin density in the oppo-
site direction (Table 2, Scheme 4, bottom). On the one hand,
this delocalization, even partial, tends to create a three-elec-
tron two-centre Ni—Ni o bond across each naphthyridyl frag-
ment.'¥ This is at variance with the fully localized scheme
that prevails in complex 2 and in other [Nis]'°* systems, and
explains the remarkable contraction of the Ni(1)—Ni(2) dis-
tances, making it shorter than Ni(2)—Ni(3). On the other
hand, the delocalization is not complete over the naphthyr-
idyl fragments, because of their unsymmetrical environment
along the chain axis, and even assuming a certain mobility
of the unpaired electron, the {Ni,(napy),} moieties inserted
in 1 cannot therefore be assimilated to their free, symmetri-
cal counterpart. The question of the magnetic behaviour
inside each {Ni,(napy),} fragment therefore requires to be
re-examined in the environment of the [Nis]** metal chain.
To our knowledge, this represents the first molecular system
in which a magnetic interaction is postulated between two
mixed-valence fragments that should be themselves inter-
preted within the double-exchange framework.”! A compre-
hensive treatment of this problem is far beyond the possibil-
ities of Noodleman’s broken-symmetry approach® and
therefore exceeds the scope of the present work. As was
done for the interpretation and fit of the temperature-de-
pendent magnetic susceptibility curve, we have assumed
complex 1 to be composed of two single magnetic centres
with §=3/2 corresponding each to a fully delocalized [Ni,]**
moiety. The broken-symmetry singlet state is found to be
15.1 cm ! lower than the high-spin septet state, which corre-
sponds after spin projection to a coupling constant J,g of
—3.35cm ™! between the two [Niy]** magnetic centres, un-
derestimated by an order of magnitude with respect to the
value deduced from the susceptibility curve (/=
—34.03 cm™!). Calculated spin-density distribution suggests
that the magnetic exchange coupling is quenched by the
lack of 3d density at the central nickel: the overall spin den-
sity at Ni(3) is even negative (—0.051 ¢) due to the contribu-
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tion of the s and p functions. However, the lack of consisten-
cy between the experimental and the calculated results fur-
ther questions the validity of the spin delocalization hypoth-
esis within the fragments. A deeper investigation of the
magnetism in 1, or in an appropriate model of 1, is clearly
needed.

Single molecular conductance of [Nis(bna),(NCS),][NCS],
(3) and [Nis(tpda),(NCS),] (4): To study the single molecu-
lar conductance of this new mixed-valence pentanickel com-
plex, the axial isothiocyanate-substituted derivative com-
pound 3 (Figure 7) was synthesized and isolated successfully.

e @3 Ci34) S(2)

S2A)  CI34A) N(12A} N(12)

Figure 7. Molecular structure of complex 3. Ellipsoids are drawn at 30 %
probability level. Hydrogen atoms and interstitial solvents have been
omitted for clarity.

The physical properties of compound 3 are very similar to
those of compound 1 (see Experimental Section and Sup-
porting Information). It might therefore be assumed that un-
paired electrons are partly delocalized in the {Ni(napy),}
moieties of 3 as they are in 1. Measuring single molecular
conductance by the STM break-junction method requires
the molecules to have an anchoring group that can adsorb
on the electrodes at which a bias voltage (E.;,,) is applied
and the conducting current is monitored. Because of the
reasonable affinity between gold and isothiocyanate,”” com-
pound 3 and its (Nis)'°* homologue 4, were axially coordi-
nated with isothiocyanate, and the measurements were car-
ried out with a gold surface and a gold STM tip as electro-
des. DFT/UB3LYP studies carried out on [Nis(tpda),Cl,]
(5), the prototype of pentanickel EMACs, by Kitagawa
et al.'” and in the present work agree to conclude that the
sole interaction occurring along the metal string is the weak
antiferromagnetic interaction connecting the terminal nickel
atoms. A previous extended Hiickel study carried out on
compound 4 also shows a zero-bond order between the
nickel atoms.™ Therefore, the difference in the conductance
between 3 and 4 will be employed to gauge how the two-
electron reduction of the pentanickel string affects the
metal-metal interactions. Crystallization of [Nis(bna),-
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(NCS),][NCS], was unsuccessful and, thus, no attempt could
be made to measure the conductance of this oxidized form.

The left-hand panels of Figure 8 display a few typical con-
ductance traces for compounds 3 and 4. The vertical axes

Conductance
(104G,)
Counts

0 74 148 222 296
Conductance (104G,)

R=244+20M0Q

Counts

Conductance
(104G,)
°
(o]

Tip stretching (nm) 0 5.3 106 159
Conductance (104G,)

Figure 8. Conductance of a single molecule of [Nis(bna),(NCS),][NCS],
(upper panels) and [Nis(tpda),(NCS),] measured by STM break-junction
method. The curves are typical current-distance traces acquired upon
stretching the molecular junctions. The traces are presented with arbitra-
ry x axis offsets. The vertical axes represent conductance, calculated from
the measured currents divided by the corresponding G, and E,;,, which
are 30 and 50 mV for these traces, respectively, for compounds 3 and 4.
The conductance histograms have been obtained from more than 1000
measurements.

are plotted against G, (=2¢*h, ~(12.9 kQ)™), which is the
conductance quantum measured when the cross-section of a
metallic contact is only that of a single gold atom.?*=°% The
conductance values are converted from the electric current
occurring while the STM tip is pulled away from the sub-
strate. The traces are obtained by holding E,;, at 30 and
50 mV for compounds 3 (upper panel) and 4, respectively.
The sharp decrease associated with the tip stretching sug-
gests a loss of molecules from the tip—substrate junction.
The current values at the step are scaled with Ey;,,. Control-
led experiments in blank toluene yield exponential tunnel-
ling decay,”®*! confirming that the staircase waveforms
arise from compounds 3 and 4.

The histograms at the right-hand panels are summarized
from thousands of measurements and are plotted against G,,.
The local maxima of occurrences are distributed as integer
multiples of the fundamental ones, suggesting that the
number of molecules in the junctions is one, two, and so
forth.” The conductance and resistance for single mole-
cules of compound 3 are 7.4+0.7 G, and 17.6+1.9 MQ, re-
spectively, compared to 5.3+0.4 G, and 24.4+2.0 MQ for
compound 4. The conductivity of 3 therefore appears higher
by ~40% than that of 4, which is characterized in the first
approximation by a zero-bond order between successive Ni''
atoms. This result supports the scheme of some electron de-
localization along both Ni"-Ni' pairs.
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Conclusions

The availability of binaphthyridylamide (bna) as a penta-
dentate ligand has led to the synthesis and characterization
of a series of novel linear chain complexes of nickel contain-
ing five metal atoms. These complexes are closely related to
the already large family of nickel polypyridylamides with
which they share the helical shape of the ligand coating and
a marked propensity to attach axial ligands at both ends of
the metal chain. As far as the electronic structure is con-
cerned, complex 2 exhibits the [Nis]'®* metal core typical of
[Nis(tpda),Cl,] (5) and related pentanickel chain complexes.
As in other nickel chains, the new complex exhibits an anti-
ferromagnetic interaction connecting the Ni"" atoms located
at both ends of the chain, which are promoted to high spin
because of their square-pyramidal coordination environ-
ment. At variance with the polypyridylamide complexes,
which are usually neutral, complex 2 supports a charge of
4+ in relation with the monoanionic character of the bna
ligand. The magnetic coupling in 2 is found significantly
weaker than in 5. An important characteristic of this family
of complexes is the accessibility of a stable, reduced form
corresponding to a [Nis]** metal core, still unprecedented in
the collection of pentametallic chain complexes. In the re-
duced complex 1, as in the other [Nis]** complex 3 charac-
terized in the present work, the extra pair is shared between
the {Niy(napy),}] moieties, but the unsymmetrical environ-
ment of these fragments in the complex prevents a full de-
localization of the mobile electron, as in [Niy(napy),X,]*.
Near-IR spectroscopy and DFT calculations agree to suggest
that both {Ni,(napy),} fragments in 1 could be considered as
mixed-valent bimetallics and assigned to Robin-Day class 11
materials. Electrochemical measurements and the N-IR
spectra can be interpreted in favour of a strong magnetic
coupling between these fragments. A fit of the magnetic sus-
ceptibility curve by means of the usual Heisenberg Hamilto-
nian assuming a coupling between two fully delocalized
magnetic centres yields a relatively strong exchange con-
stant J=—34 cm '. However, DFT calculations based upon
similar assumptions failed to confirm such a large order of
magnitude, and the lack of an appropriate model describing
the coupling between two fragments subject to double-ex-
change leaves the question open to further investigation. Fi-
nally, one of the ultimate goals of the current interest to-
wards nanowires, namely nanoelectronics, has been ap-
proached in a practical way by means of measurements of
the single-molecular conductance of [Nis(bna)(NCS),]-
[NCS], (3) and [Nis(tpda),(NCS),] (4) by the STM break-
junction method. The reduced, [Nis]** complex 3 was found
more conductive by about 40% than the standard [Nis]""*
compound 4, which provides the first evidence that nickel-
chain complexes could possibly approach the high conduc-
tance values previously reported for cobalt or chromium
wires."!
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Experimental Section

Materials: All reagents and solvents were purchased from commercial
sources and were used as received unless otherwise noted. The precur-
sors, 2-amino-1,8-naphthyridine and 2-chloro-1,8-naphthyridine were pre-
pared according to the literature procedures.”!!

Binaphthyridylamine ~ (Hbna):  2-Amino-1,8-naphthyridine  (1.45 g,
10 mmol), 2-chloro-1,8-naphthyridine (1.64 g, 10 mmol), BuOK (1.12 ¢
10 mmol), [Pd,(dba);] (0.91 mg 0.1 mmol) and dppp (82 mg, 0.2 mmol)
were placed in a flame-dried flask under argon. The mixture was stirred
and refluxed in THF (100 mL) for 72 h. The solvent was removed under
reduced pressure. The mixture was washed by water and the precipitate
was extracted by CH,Cl, to obtain light yellow product. Yield: 1.97 g,
72%; '"HNMR (400 MHz; [D]DMSO): 6=11.00 (s, 1H), 891 (dd, J=
5.97, 228 Hz, 2H), 8.34 (m, 6H), 7.43 ppm (dd, J=12.23, 3.56 Hz, 2H);
MS(FAB): m/z: 274 [M+H]*.

[Nis(bna)4(Cl),][PF], (1): A mixture of Hbna (273 mg, 1 mmol), naph-
thalene (50 g), and NiCl, (161 mg, 1.25 mmol) was placed in an Erlen-
meyer flask. The mixture was heated (about 200°C) for 15 h. A solution
of tBuOK (112 mg, 1 mmol) in n-butanol (10 mL) was added dropwise.
The solution then turned to dark green. The mixture was heated for an-
other 10 h, cooled to about 70°C, and treated with hexane to precipitate
the metal complexes. The precipitate was washed with hexane to remove
the residual naphthalene. The metal complex was extracted with CH,Cl,
(500 mL), and treated with KPF4 (92 mg, 0.5 mmol) in CH,Cl, (50 mL).
The resulting solution was stirred for a week and dried under vacuum.
The solid was extracted with CH,Cl, and layered with hexane. After one
week, deep green crystals were obtained. Yield: 261 mg, 60%; 'H NMR
(400 MHz; CD;CN): 6=23.69 (4H), 28.92 (4H), 32.54 (4H), 61.96 (4H),
ca. 110ppm (very broad peak); MS(MALDI): m/z: 1454 [Nis-
(bna),(Cl),+H]*; UV/Vis (CH;CN): A,.,(e)=316 (4.72), 395 (9.01),
686 nm (1.03 10*m'em ™).

[Nis(bna)4(Cl),1[PF]; (2): [FeCp,][PF,] (130 mg, 0.396 mmol) was added
to a solution of compound 1 (174 mg, 0.099 mmol) in CH,Cl, (500 mL)
under argon atmosphere. The red powder came out after the solution
was stirred overnight. The mixture then was filtered. The remaining solid
was dissolved in CH;CN. Red crystals were obtained by slow diffusion of
diethyl ether into this solution. Yield: 125 mg 63 %; 'H NMR (400 MHz;
CD;CN): 0=7.60 (4H), 9.08 (4H), 23.5 (4H), 26.2 (4H), ca. 90 (very
broad peak); MS(MALDI): m/z: 1454 [Nis(bna),(Cl),+H]*; UV/Vis
(CH5CN): Apa(€) =265 (7.76), 384 (17.34), 526 nm (1.19 10*m'em™).
[Nis(bna),(NCS),][NCS], (3): NaNCS (32 mg, 0.396 mmol) was added to
a solution of compound 1 (174 mg, 0.099 mmol) in CH,Cl, (500 mL)
under argon atmosphere. The resulting solution was stirred for a week
and dried at vacuum. The solid was extracted with CH,Cl, (500 mL) and
layered with hexane. After one week, deep green crystals were obtained.
Yield: 134 mg, 84 %; 'H NMR (400 MHz, CD;CN): §=23.23 (4H), 29.19
(4H), 32.95 (4H), 62.12 (4H), ca. 110 (very broad peak); MS(MALDI):
miz: 1499 [Nis(bna),(NCS),+H]*; UV/Vis (CH;CN): A, (¢): 314 (4.52),
394 (9.66), 674 nm (0.96 10*m 'cm ™).

[Nis(tpda),(SCN),] (4): Compound 4 was synthesized according to our
previous report!"® and used in STM studies.

Physical measurements: Magnetic susceptibility data were collected on a
Quantum external magnetic field 3000G instrument. FAB mass spectra
were taken on a JEOL HX-110 HF double-focusing spectrometer operat-
ing in the positive ion detection mode. The MALDI spectra were per-
formed on a MALDI-TOF mass spectrometer Voyager DE-STR.
"H NMR spectra for organic and inorganic complexes were recorded in
DMSO and CD;CN with a Bruker AMX 400 MHz spectrometer. Elec-
tronic spectra of 1, 2, and 3 in CH;CN were measured in a range of 250—
2500 nm on a Perkin-Elmer Lambda 900 UV-Vis-NIR Spectrometer.
Electrochemistry was carried out on a CH instrument (Model 750 A),
using CH,Cl, solvent with 0.1 TBAP and 1 mm analytes. Cyclic voltam-
metry was recorded with a home-made three-electrode cell equipped
with a BAS glassy carbon (0.07 cm?) disk as the working electrode, a plat-
inum wire as the auxiliary electrode, and a home-made Ag/AgCl (satu-
rated) reference electrode. The reference electrode was separated from
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the bulk solution by a double junction filled with electrolyte solution. Po-
tentials are reported versus Ag/AgCl (saturated) and referenced to the
ferrocene—ferrocenium ([Cp,Fe]/[Cp,Fe]*) couple which occurs at E,,=
+0.54 V versus Ag/AgCl(saturated). The working electrode was polished
with 0.03 um alumina on Buehler felt pads and was subjected to ultra-
sound for 1 min prior to each experiment. The reproducibility of individ-
ual potential values was within =5 mV.

X-ray structure determinations: Crystallographic data were collected at
150(1 K on a NONIUS Kappa CCD diffractometer with graphite-mono-
chromatized Moy, radiation (1=0.71073 A). Cell parameters were re-
trieved and refined with DENZO-SMN software on all observed reflec-
tions. Data reduction was performed with the DENZO-SMN software.*
An empirical absorption was based on the symmetry-equivalent reflec-
tion and absorption corrections were applied with the SORTAV pro-
gram.® All the structures were solved and refined with the SHELX-97
programs.’¥ The hydrogen atoms were included in calculated positions
and refined with a riding mode.

STM measurement: The experimental procedures and data treatment for
STM (scanning tunnelling microscopy) break-junction method were
documented in detail by the groups of Tao and Lindsay.’>*¢! Briefly, the
experiments were carried with a NanoScope IIla controller (Veeco,
Santa Barbara, CA). A gold STM tip was brought into and out of contact
with a gold substrate in toluene (TEDIA) containing 1 mM compound 3
or 4 and housed in a dry N,(g)-filled chamber. Upon the repeated forma-
tion of the tip—substrate gap, the isothiocyanate headgroups at the termi-
ni of the EMACs bind to the gold electrodes and complete a molecular
junction. The current-to-tip stretching profiles were recorded by a Nano-
Scope built-in program and exported as ASCII files, which subsequently
were used to plot the frequency histograms of the molecular conductance
by Origin (version 6.0, Microcal Software).

Substrates for STM experiments were 100 nm-thick gold films thermally
evaporated onto glass slides pre-deposited with a 5 nm Cr adhesive layer
(99.99 %, Super Conductor Materials, Suffern, NY). The vacuum pressure
was nominally 2 x 10~° Torr. Prior to placing the glass slide in the bell-jar
evaporator (Auto 306, Edwards High Vacuum International, West
Sussex, UK), the glass slides were cleaned with piranha solution, rinsed
thorough with copious deionised water, and oven-dried in 1 hr. The pira-
nha solution is a 1:3 (v/v) mixture of 30% H,O, and concentrated H,SO,,
which reacts violently with organics and should be handled with great
care.

DFT calculations: Calculations and geometry optimizations on 1, 2 and 5§
were carried out by using the density functional theory (DFT) formalism
with the spin unrestricted option, as implemented in the Gaussian03 soft-
ware,”” with the B3LYP and with the BP86 exchange-correlation func-
tionals. Two sets of atomic basis sets, referred to as BSI and BSII, were
used. In BSI, all-electron valence double-{ basis sets (D95 V) were used
to describe C, N, and H atoms. Then, Los Alamos core potentials were
used to model the neon cores of Cl and Ni, whereas the valence shell of
these atoms was described at the double- level (LanL2DZ basis). In
BSII, all atoms were described with all-electron 6-31G basis sets. For Ni
and Cl, the standard 6-31G basis was supplemented with diffuse func-
tions (exponents for Ni: 0.128529 and 0.045195 for the s and p shells; 0.2
for the d shell; Cl: 0.142657 and 0.0483 for both the s and the p shells)
and one d-type (exponent 0.75 for Cl) or f-type (exponent 0.8 for Ni) po-
larization functions. BSI was used for all geometry optimizations and for
the Mulliken spin populations. The exchange coupling constant J,5 was
then determined by means of single-point calculations carried out with
BSII on the high-spin (HS) and broken-symmetry (BS) states of all three
systems, as explained below, by using the geometry optimized with BST
for the HS state.

The antiferromagnetic low-spin state of 1 and 2 was characterized and its
geometry optimized by using the broken symmetry (BS) approach first
proposed by Ginsberg,*® and then developed by Noodleman. The ex-
change parameter 2J,5 between two magnetic centres A and B is defined
by the Heisenberg-Dirac-van Vleck (HDVV) Hamiltonian [Eq. (2)]

I:IHDVV = _JABSA 'SB (2)
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Complexes 1, 2, and 5 were assumed to behave as complexes with two
magnetic centres. In 2 and 5, the magnetic centres were located on the
terminal metals and extend toward the four equatorial nitrogen ligands.
They were assigned each a total spin of 1. In complex 1, the whole {Ni,-
(napy),} moieties were considered each as a unique magnetic centre, de-
localized over the two metal atoms, and partly over the nitrogen ligands.
Each delocalized magnetic centre was assigned a total spin of 3/2. Since
the broken-symmetry solutions are not proper eigenvalues of $2, but a
weighted average of the energies of the pure spin multiplets, an approxi-
mate projection technique was employed, as proposed and used by Ya-
maguchi et al. [Eq. (3)] within the ab initio or the DFT frameworks:*" in
which "5(5?) and ®$(S?) denote the total spin angular momentum calculat-
ed in the high-spin and in the broken-symmetry solutions, respectively.

]AB — 2(BSE_IISE)/(US<SZ>_BS<S2)) (3)
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