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Abstract: Within the general context of homometallic spin-coupled copper(ll) dimers, we define the quantity
AP?(Cu), the difference of copper squared spin populations as calculated for the high-spin (i.e., triplet) and
broken symmetry spin states. In the specific case of an azido-bridged copper(ll) dimer, the antiferromagnetic
part of the exchange coupling constant is then shown, using density functional (DF), valeneebukah
symmetry (VB-BS) techniques, to be proportional to this quantity. This provides a quantifier of the exchange
phenomenon alternative to that usually used, than®,squared of the singly occupied molecular orbital
splitting in the triplet state. Moreover, spin polarization, through the spin population being delocalized from
one copper ion onto the other one, offers the possibility of changing the sigP4€u), thus resulting in a
ferromagneticcontribution, for weak magnetic orbital overlap, here found at the VB ground-state level.
Phenomenologically, this last effect can be formulated in terms of McConnell’'s mechanism | for ferromagnetic
interaction in solid free radicals (McConnell, H. Nl. Chem. Phys1963 39, 1910). We finally show that the
standard copper basis sets commonly used for inorganic chemistry computations may be deficient. This leads
to exaggerated spin delocalization and to bad agreement between DF computed (Mulliken) spin populations
and those recently measured by polarized neutron experiments (Aebersold, M. A. &ttt Chem. Soc.

1998 120, 5238).

1. Introduction

Quite a fewu-azido (Ns~) copper(ll) complexes have been
known for about three decades now. As it turns out, the azide
ion can bridge two copper(ll) ions either in an “end-om’
1,1-Ng) fashiord—2 (cf. Figure 1a), in which case ferromagnetism
is favored, or in an “end-to-end” (i.eu2-1,3-Ns) fashion®®
allowing for a strong antiferromagnetic coupling between the
two metal ions (cf Figure 1b). Other azido copper complexes
are known beside the first two cited, characterized either by an
asymmetric end-to-end bridging mdd or by the coexistence,
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Figure 1. Schematic representation of the end-on (a) and end-end (b)
bridging modes of azido anions. In (a) is also given the axis system
used throughoutz along the coppercopper direction, and defining

between the same two copper ions, of one azido bridge with the magnetic plane.

another bridging uni¥; 1 such as hydroxide ions for example.
There exist moreover mixed gNand other bridging unit)
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therefore a very interesting magnetic coupler.
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of bridging: end-on or end-to-end, respectively. Moé&l& the appearance of a related possible spin polarization effect.
have been developed in the last thirty years to understand the In effect, and to remedy this clear contradiction between naive
magnetic properties of binuclear metal complexes in general theoretical prediction and experiment, spin polarization has been
and copper dimers in particular. Among these, two simple invoked?230 an effect based on the (so far) neglected role of
approaches emerge because of their conceptual simplicity. Thedoubly occupied molecular orbitals. This mechanism has been
first one relies on the use of localized (mutually nonorthogonal) recently corroborated by Tuczek et al. by means of an optical

fragments (the natural magnetic orbitals, or NMOSs) built from
metal and bridge orbitaf;?* and the second one builds
orthogonal (but not strictly localized) magnetic orbitals (the
OMOs) from the two singly occupied molecular orbitéidn
both cases, the singletriplet energy gap is expressed as the
sum of a ferromagnetic contribution (proportional to the self-
repulsion of the overlap density between the magnetic orbital)
and of an antiferromagnetic contribution, usually dominant as

spectroscopic investigation pf1,1-azido copper(ll) dimer&.

It turns out that Kahn’s phenomenological spin polarization
model is there found to be a spin Hamiltonian description of
the charge-transferligand excitation interaction via* orbitals.
This last valence bonéconfiguration interaction (VBCI)
mechanism involves excitations from the bridge orbitals (i.e.,
it goes beyond the “active electron” approxima@@nwhereas
our results are obtained at the valence begiund-state (VB

the magnetic orbital overlap (or, alternatively, as the energetic GS or Heitler-London) leve!® by taking into account metal

gap between the two singly occupied magnetic orbitals, SO-

(d) and bridge (p) orbitals.

MOs), increases. Orthogonality, or accidental degeneracy, of This paper is organized in the following way. After a brief
the two magnetic orbitals would be therefore the common way introduction on how we came to the definition of the quantity
to get ferromagnetism, for example, by varying the-Cu— AP?(Cu) (section 3), we present an analytical expressiokRst

Cu bridging angle (a task more easily achieved computationally (Cu) for two bridged (end-on azido and linear oxo) Cu(ll) dimers
than by way of synthesis, however). The crossover of the reflecting two topological situations (section 4). We then

magnetic orbitals would occur around 2G8r the end-on azide
specieg>26 against 98 for u,-hydroxo specied’ for example.

perform a detailed spin population and exchange coupling
analysis of end-on azido-bridged copper dimers (section 5),

As these theories are applied to the case of the azido-bridgeddefore commenting on spin polarization mechanisms (section
complexes, either end-to-end or end-on, strong antiferromagnetic6) and concluding (section 7).

interaction is expected to occtfrin agreement with experiment

as far as the end-to-end case is concerned, but at odds with th€- Computational Details

ferromagnetic interaction observed for end-on complexes. This

analysis is however performed within the so-called “active
electron approximation”, involving spin delocalization mecha-
nisms; that is, the HOMO of the bridges is implicitly assumed
to be much lower in energy than the d metal orbifédls
condition that might be fulfilled for very electronegative bridges
such as halogeno or hydroxo, but not for azido anions.

One could think that quantum chemistry would help, through
the use of ab initio (density functional) codes. From this
computational point of view, we calculated exchange coupling

2.1. Model ComplexesWe performed our calculations in
Cz, symmetry, with the following axis system: teaxis is set
along the metatmetal direction, thex axis along the azide
azido direction, and thg axis perpendicular to the G{N3);
plane (see Figure 1a). In all cases, the equatorial nitrogesns (N
of the peripheral ligands (pyridine or ammonia) are located in
the xz plane.

Our model complex is the [G(N3),L4]%" cation (L= NH3
or pyridine) with a square planar local environment for the
copper ions, corresponding to the experimental georhetry

constants in the case of (isolated) end-on bridged dimers, with d(Cu—Cu) = 3.042 A,© = Cu—Npgg—Cu = 100.5, d(Cu—

or without counteranions, using at first standard (nonhybrid)

Nbag = 1.977 A andd(Cu—Ney = 2.019 A. We finally

exchange-correlation potentials, and found systematically the removed/added the counterions (G} to the experimental
singlet state to be the most stable (the methodology we usedcompound geometry in order to check its effect on the

will be discussed in section 2). Othéfz? however, obtained
the expected ferromagnetism, but using the B3-LYP (hybrid)

method within the broken symmetry approach (see section 2.2).

magnetism of the copper dimer.
2.2. Quantum Chemistry CodesMost of the calculations
make use of the Amsterdam LCAO density-functional programs

We emphasize in this study the use of spin populations as an(ADF 2.3) developed by Baerends and co-work&rg8 We

“empirical” tool for quantifying the exchange interaction and
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considered there only the potential referred to as “VBP” (Vosko,
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pleted by nonlocal gradient corrections to the exchange by
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We used also the Gaussian-94 packégést to reproduce AP*(Cu,) = P24(Cu,) — P34(Cu,) (5)
Alvarez et al.’s resul® (as we knew them by the time we
completed our investigations) on the planar copper dimer and
then to compare them with ours. They succeétién effect
in reproducing the ferromagnetism of the dimer by using the
hybrid B3-LYP method'* which mixes exact HartregFock
exchange with Becke*$and uses besides the l-eéang—Parr
correlation functionat®

which turns out to be equal @B in this simple example (i.e.,
neglecting metatbridge overlap). Equation 5 being valid for
both Cuy, and Cw (by symmetry), we will speak oAP2(Cu)
from now on.

Equation 5 generalizes somewhat Malrieu et al.’s eq 14,
where they set (in our notationBus(Cu) = 1 (in the valence
bond limit): 12 + u? equals 1 in the absence of ligand
contribution in the abové, and®g (cf. eq 2). Stated otherwise,

3.1. Definition of the Quantity AP?(Cu). The exchange and for weak overlapSug ~ 0), u ~ 0, PyspCu) ~ 1, and
phenomenon is essentially related to the degree of overlap AP2(Cu)~: 0, whereas for strong overlaBag ~ 1), A2 = u2 =
between the magnetic orbitals. There is a pretty way to visualize 1/,, Pys(Cu) ~ 1, Pgs(Cu) ~ 0, andAP?(Cu) ~ 1.
the spatial extension of the atomic basis functions. It consists 3.2. Our Proposal. Within the valence bondbroken sym-
of applying to our problem Bertrand’s analy$if the spin metry (VB—BS) approximation, the antiferromagnetic coupling
populations. This analysis requires as a preliminary the con- is proportional to the squared magnetic orbital oveffai:52
vergence of two spin states, “HS” (high-spin state of maximum

3. Exchange Coupling within Cu Dimers

spin) and “BS” (broken symmetry state, with Ms0), whose B~ U, (6)
full use for magnetic coupling computation purposes had been
initiated by Noodlemari’~49 whereU is the charge-transfer energy, the difference between

For homonuclear copper(ll) dimers, one can write the the covalent A-B and the ionic A—B*/A*—B~ configurations
following relations between the dimer HS (triplet) or BS copper (with H = —JS:-Ss). Let us recall here that, originalff,eq 6
spin populations (i.e.Pussg(Cu)) and those relative to the \as derived as a metaimetal super-exchange term, that is,
monomers “A” or “B” (i.e., Pas(Cu))*® say for Cu of without explicitly taking into account the bridging orbitals (a
monomer A: task done later d). Such a dependency dfr on the squared
overlap of the magnetic orbitals has then been demonstrated
PA(Cuy) = (Pus(Cuy) + Pgg(Cy))/2 1 computationall§52for two different systems, [HHe—H] and
Pa(CUy) = (Pus(CUL) — Pas(CU))/2 (1) [H—F—H]~ by varying the H-bdg distance (bdg He, ).
There, the fourth power of th@H|bdgJoverlap was used, but
(ZgeaPa(q) = 1, i.e., the scattered spin population among the Se ~ [H[bdg3.

atoms “g” of monomer A-metal, bridge, and peripheral Computationally, the tqtal exchange cc_)upling consﬁgr@t:.
ligands—is normalized to unity). Following then Malrieu et &.,  JF t Jar) can be determined from the difference of the high-
if the semilocalized magnetic orbitals are expressed as spin and broken symmetry spin-state enerdigs and Egs
according t6°
®, = d, + //tdB}
_ 2 2(Exc — E J
{(DB = ud, + Ad, (2 3= Ees — Bug) _ Jorr @

1+, 1+,

(das are copper d orbitals) one can see easily that
whereJper is defined ads(Sag=0). Therefore, whedr << |Jar,

Pua(Cuy) = A2+ 12 A2=P,(Cu,) one can expect a good correlation betwdgpr and AP2(Cu)
e Y el ST (3) for weak overlapSag:
Pes(Cly) =47 — u 1" = PA(Cug)
. . Joer ~ Jaf &~ —UAP*(Cu) (8)
Pa(Cua) (respectivelyPg(Cug)) thus stands for the local spin
population on monomer A (respectively B) wherdagCue) From its definition in section 3.1AP?(Cu) is always positive

(respectivelyPs(Cu)) stands for the spin population delocalized  andJa negative. Moreover, the fact that the quantit*(Cu)
from A to B (respectively from B to A). Therefore, for the s not zero originates from the transferred spin population from

overlapSys between the two monomers A and B one copper atom to the other one (fagtor 0 in egs 2 and B
Therefore, it has been arguéthased on previous work on the
Sp = 42%u% = 4P, (Cu,)P,(Cug) = PﬁS(CuA) - broken symmetry methal;*8:52that the different spin popula-
p2 (Cuy) (4) tions calculated for the metallic atoms in the HS and BS states
BS A

are presumably due to the superexchange contribution (but see
section 6, where this point is more fully discussed).

We defined the quantity (used extensively in the following 33 | ink with McConnell's Mechanism. It is instructive

sections) to realize that our proposal presents a close formal analogy to
(43) Gaussian94, Frisch, M. J.; et dhaussian 94 Gaussian, Inc.; McConnell’s approach ofntermolecular ferromagnetism in
Pittsburgh, PA, 1994. solid free radical§3-56
(44) Becke, A. D.J. Chem. Phys1993 98, 5648.
(45) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (51) Hart, J. R.; Rapp&\. K.; Gorun, S. M.; Upton, T. HJ. Phys. Chem.
(46) Bertrand, Plnorg. Chem.1993 32, 741-745. 1992 96, 6255-6263.
(47) Noodleman, LJ. Chem. Physl981 74, 5737-5743. (52) Hart, J. R.; Rappé\. K.; Gorun, S. M.; Upton, T. HJ. Phys. Chem.
(48) Noodleman, L.; Davidson, E. Rhem. Phys1986 109 131-143. 1992 96, 6264-6269.
(49) Noodleman, L.; Case, D. AAdv. Inorg. Chem.1992 38, 423— (53) McConnell, H. M.J. Chem. Phys1963 39, 1910.
470. (54) Molin, Y. N.; Salikhov, K. M.; Zamaraev, K. ISpin Exchange

(50) Caballol, R.; Castell, O; lllas, F.; Moreira, P. R.; Malrieu, JJP. Springer-Verlag: Berlin, 1980; Vol. 8.
Phys. Chem. A997, 101, 7860. (55) Kollmar, C.; Kahn, OAcc. Chem. Red.993 26, 259.
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_ AB o . g ~ AB i
H;= _ZJ” SA'SB ~ =SS ‘]ij PIA PJB 9
j8 j8
in a kind of local spin descripti®8 (i.e., Sy = ZiS'A =3
paSy) of the exchange interaction where the A and B regions
(i.e., monomers), spatially separated, bear spin populations
{p'A} and{pJB} on atomsi € A andj € B, respectively. This Figure 2. d and p atomic orbitals for the metal and bridge, respectively,
model predicts the presence of ferromagnetic interactions whenfor the end-on azido bridged Cu(ll) dimer.
atomsi andj, at short contact, bear spin populatignand pjy

of opposite sign. Implicit in writingH; as McConnell did, is (DA
the assumption that thietramonomer terms are identical for

each state (triplet and singlet) on which the Hamiltonian #tts.

Adapting phenomenologically this proposal to the case of
intramolecularexchange coupling, and considering the HS and
BS spin states of copper(ll) dimers, we have the followiisy:

S= +S5.S for HS and(ByS= —S\S for BS. Moreover, \P
calling Pa(Cus) = Pg(Cug) = P. (“L” for local) and Pa(Cug) 1
= Pg(Cua) = Py (“T” for transmitted), the spin populations on

sites A and B are given byP( + Pr) in HS and+(P. — Py)
in BS. We thus obtain from eq 9 the following energies for HS
and BS: ' '

(I)A

S

{EHS = ~S:&Tg[HPL+ P = .S LI(HPL + 2P Py + P%)}
Bos = ~SiS %[~ (P — Pr)] = +8,8365 (—PL + 2P.Pr — PY)

N

(10)
Figure 3. Schematic representation for an end-on azido-bridged copper
dimer: (top) the two localized NMO®, and ®g; (middle) the two
SOMOs W¥; and W, in the triplet state; (bottom) the two partially

=8J,0P P, = 2J8AP¥Cu) (11)  delocalized OMOsb,' and ®g'.

and the following exchange coupling constant

I A Egs — Eus
DFT ZSASB

6 AB . Therefore, we will consider in what follows two identical

v_vhe_ré Jyg are two-center_exchange integrals (assumed nega-Cu(“) ions (spin doubletSs = S; = 1/y; orbital singlet, L= 0)

tive in McConne.II’s approximation). We TBUS recover.formally located at sites A and B, following Kahn and Brfag*51We

eq 8, although it does not mean thalJy; = U. This last = iy ca)l @, anddg the two (not necessarily orthogonal) NMOs
formal identity only occurs as one expresses the results of ones,. A and B. delocalized toward the surrounding  ligands
theory of molecular magnetism into another one, let us say, from (bridging and peripheral), and solution, each, of the VB spin

’ 3 ’ 8 1
Kahn's VB* into Hoffmann’s MG® theories, as done for (1o ionian for the fragments-AX and X—B, respectively (X
example in ref 249 = azido bridge).

It will be shown analytically in section 4, and computationally
in section 5that, for certain bridge orbital topologies (including
the azido one)AP2(Cu) (or, alternatively, the transmitted spin
population of eqs 10 and 11) can become negative, in contrast
to the simple treatment presented in section 3.1 (there as a resul
of not taking into account the bridge orbitals).

Two topologies are considered, corresponding to end-on azido
and linear oxo bridges, respectively. But our discussion applies
as well to any type of bridge, as long as it involves only one (s
or p) orbital, as its topology ranges it into one of the two classes
freated below in sections 4.1 and 4.2

4.1. First Topological Situation (Azido Bridge).In the case
of the azido-bridged complex, we have (see Figure 2 for a
representation of the individual orbitals involved, and Figure 3

The exchange interaction stands as the extreme case of a verytop) for that of®a g)
weak bond. To study it, it seems therefore more appropriate to
use Heitler-London (HL) wave functions than MO wave ®, =ap+ bd,
functions?32460The exchange interaction can be then interpreted {q) =ap+ bd }
by considering only the VBjround-state configuratioVB— B B
GS) without at first taking into account interactions between
ground- and metat-metal charge-transfer configurations.

4. Analytical Expressions for AP%(Cu)

(12)

with a andb > 0 due to the symmetry of the p orbital, here a
normalized antisymmetric linear combination of the bridging
(56) Deumal, M.; Novoa, J. J.; Bearpark, M. J.; Celani, P.; Olivucci, N,qq and ending hhg nitrogen p orbitals. Of course, the

M.; Robb, M. A.J. Phys. Chem. A998 102 8404. . . . . . .
(57) Bertrand, P.: ,\Xore, c.: Guigligrelli,zB.; Fournel, A.: Bennett, B.: interaction of the azide ion with Cu(ll) involves not only the

Howes, B.J. Am. Chem. Sod994 116 3078-3086. HOMO of the azide anio_n but alsc_) Iower-lying Iigaqd orbitals.
(58) Bertrand, P.; Camensuli, P.; More, C.; GuigliarelliJBAm. Chem. But, as far as the magnetic properties of the azido-bridged copper
Soc.1998 118 1426-1434. dimer are concerned, we will restrict ourselves to these two

(59) Kahn’'s antiferromagnetic term—-@ASag, where A is the singly

occupied molecular orbital gap in the triplet state) is there transformed into Magnetic orbitals as defined in eq 12.

a Hoffmann’s like term (the “true” one varying asA%U) through recourse Calling s = [da|p0= [dg|pCi< 0 (and|s| < 0.1), we have
to NMO one-electron energies and to the Wolfsbdrglmholz approxima-
tion). (61) Kahn, O.; Briat, B.; Galy, JJ. Chem. Sa¢ Dalton Trans1977,

(60) Dance, I. Glnorg. Chim. Actal974 9, 77. 1453-1457.
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[@,|®,[= 1=a’+ b® + 2abs 13
Syg = a°+ 2abs=1— b’ (13)
Notice that Sag is usually positive (because of the sign
convention adopted in writind s and®g). But Sag = 0 (or b?

= 1) actually admits two positive roots for the paramete®

and 2s|; that is,Sag < 0 within the range [0,3]]. Notice finally
that, to take into account peripheral ligands in this explicit
derivation, one would just have to redefing @d ¢ as Cu-
ligand (cty-L) orbitals.

One can now construct two MOs from the localized fragment
orbitals @4 and ®g, thus recovering the symmetric and anti-
symmetric SOMOSV; , = (2(1 + Sup)) Y4 Pa + Pg) of the
HS (triplet) state (see Figure 3 middle). These molecular orbitals
are then recombined in order to obtain monomer orbifg}ss
= (27Y2 (W, + W_), mutually orthogonal but partly delocalized
onto the other metal (Figure 3 bottom). Mulliken atomic spin
populations are then calculated for the HS and BS spin states
The mathematical details are given in Appendix. Finally,

Sl - 25)

APA(C
= sur

_ Syp(Sp — 2abg(1 - 25%)
- (1+ Sip)?

Notice that, in the first line of eq 14\P?(Cu) is of the sign of
Sae and can thus become negative (idg in eq 8 can turn
ferromagnetic!). In the second line of eq 14, the leading
contribution toAP?(Cu) is proportional tdS‘f\B, corrected by a
term which cancels fos = 0.

4.2. Second Topological Situation (Linear Oxo Bridge).
By way of contrast, we illustrate our method by considering
alternatively such a topologas encountered in linearMD-M
dimers for example (see Figure 4 for a representation of the
individual orbitals involved and Figure 5 for schemes of the
NMOs (top), SOMOs (middle), and OMOs (bottom)):

(14)

®, =—ap+hbd,
{@B — ++ap + bd, (15)
(aandb > 0) with
[@,|P,0=1=a’+ b’ + 2abs (16)
Sy =—a’—2abs=b*-1<0

ands = —I[da|pC= [dg|p0> 0. Notice that, hereSsg turns out
to benegative because of our chosen description of the magnetic
orbitals (the sign differences betweén and®g are confined
to the bridging p orbital). Along the same line as that presented
in section 4.1, it could be easily shown that
~Spa(1—25)
(1- SAB)2
Se(Sae + 2aby(1 — 25)
(1- SAB)2

AP*(Cu)=

>0 (17)

As S is strictly negative hereAP2(Cu) will be always positive,
and Jar negative (as it should).

4.3. lllustration from the Literature. We can briefly com-
pare our results with those obtained by Hart ebatZanalyzed
within the MO formalism. In their paper, two three center-, four-
electron systems are considered—Ks—H (s—s—s) and
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Figure 4. d and p atomic orbitals for the metal and bridge, respectively,
for the linear oxo-bridged Cu(ll) dimer.

D, (OR
\Ill \IIZ

o aw o}
o, D

Figure 5. Schematic representation for a linear oxo-bridged copper
dimer: (top) the two localized NMO®, and ®g; (middle) the two
'SOMOs W; and W; in the triplet state; (bottom) the two partially
delocalized OMOsb," and ®g'.

H—X,—H (s—p—s), where X = He and X = F~. Had we apply

the developments of section 4.1, we would obtain fer¥{—H

(for small overlap ®g): Jar ~ —4a%Sag. Sag, formally equal

to that expression given in eq 13, can change its sign (and so
doesJar). This behavior is clearly illustrated by Figure 7 of
Hart et al.’s papet! where a transition from antiferromagnetism
to ferromagnetism is observed for large-H distances (i.e.,

for small mixinga coefficients, called As" in ref 51: compare
their Figure 6). For HX,—H however, all quantities can be
expressed as done in section 4.2; i®g < 0 cannot change

its sign, andlar remains truely antiferromagnetic (compare their
Figure 8) for all mixing coefficients (shown in their Figure 9).
The authors concluded that “the ordering of the symmetric and
antisymmetric orbital energies is reversed for the two cases”
and that “while H-Xp—H contains interactions of the same
type, H-Xs—H contains two competing interactions”.

5. Calculations on [Cu(N3)2L 42"

5.1. Preliminary Remarks. We start our discussion by
presenting our results for copper dimers, with two ligands (L
= NHj3 or Pyr), with or without counteranions (ClO), and
with two copper basis sets (see below). The shapes and energies
of the occupied MOs for a single azide anion have already been
presented and discussed elsewt#éteet us here simply restate
that thelly HOMOs of N~ (mixture of both bridging-Npag—
and terminat-Neng—nitrogen’s p orbitals: see Figure 6a) are
located high in energy, well separated from the next occupied
MO, an equal mixture of both ]Ngs—py orbitals, lower by~6.7
eV according to Charlot et aF¥.

We present in Table 1 the computed Mulliken spin popula-
tions for a series of copper dimers, ordering them according to
the increasing copper spin population for the sake of clarity.
We started our investigations by calculating the spin density
map for the experimental complex with pyridine ligands and
then replaced these peripheral ligands by ammoniac molecules,
only to verify that this replacement yields sufficiently close
results (spin populations, exchange coupling constants) to be
extended to the rest of our calculations (see the first two columns
of Table 1). In both caseSper is found to be antiferromagnetic
and of the same order of magnitude<{1400 and~—1000
cm1, respectively). The change of peripheral ligand is still a
significant one, as stated by othéf$3and both results will be
exploited below.

(62) Romia, P.; Guzma-Miralles, C.; Luque, A.; Beitia, J. |.; Cano, J.;
Lloret, F.; Julve, M.; Alvarez, Slnorg. Chem.1996 35, 3741-3751.
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Figure 6. (a) Linear plot ofJprr as a function ofAP?(Cu) for various
[Cua(N3),L4)?" cations (broken line given by eq 19d). The two open
circles stand for cationcounteranion complexes (not included in the
fit). (b) Linear plot of Jorr as a function of A*2 for various
[Cua(N3),L4]?" cations (broken line given by eq 19c). The two open
circles stand for cationcounteranion complexes (not included in the
fit). (c) Linear plot of AP?(Cu) as a function ofA*2 for various [Cuy-
(N3)2L4]?" cations (broken line given by eq 19a). The two open circles
stand for catior-counteranion complexes (not included in the fit).

Upon adding the counteranions GIQitwo of them, disposed
symmetrically with respect to thgz plane, thus keeping an
overallC,, nuclear symmetry), the exchange coupling improves
quite substantially (becoming more ferromagnetic %70

(63) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano,ldorg. Chem.1997,
36, 3683—-3688.
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cm™1: compare the second and third columns of Table 1). This
illustrates once again the need of introducing explicitly the
counterions for quantitative purposes as their contribution to
the exchange coupling is far from being negligibie.

We systematically found antiferromagnetism between two
coupled copper atoms bridged by end-on azido ions with
exchange potentials and copper basis set IV provided by ADF
(later called "Cu_ADF"). That is the primary reason we decided
to calculate the exchange coupling constants for other dimers
[M2(N3),Lg] bridged by the same azide ions (where M stands
for Mn, Fe, Co, Ni, and Cu). For these dimers, however, we
found ferromagnetism to be the rule, as measured experimentally
for M = Mn — Ni (to be published).

We can already notice the correlation between the copper
spin population and thdper values: the local (respectively
transmitted) spin population keeps increasing (respectively
decreasing) while the latter decreases in magnitude. It is known
that LDA generally tends to produce larger overlaps than BHF.
Therefore, hybrid potentials (such as B3-L*PRend to decrease
the overlap between magnetic orbitals (when compared to those
obtained from LDA), thus increasing (respectively decreasing)
the local (respectively transmitted) metal spin population. As it
then turns out, this yields the expected ferromagnetism (last
column of Table 1, a result already announced by Alvarez et
al28 and recently publishég).

We wondered therefore whether spatially contracting the
copper valence orbitals would not also increase the ferromag-
netic contribution to the exchange coupling, thus leading to a
withdrawal of the spin population from the other metallic site.
In effect, the copper spin populations experimentally measured
for azido compounds~0.78) by polarized neutron diffraction
techniques are much larger than the calculated8ife®.55).

We therefore created copper atoms with the set of exponents
of zinc, of ground electronic configuration [Ar]3@<, to check

the effect on the calculateticonstants, aside from the choice
of exchange correlation potentials (as with B3-12¢F). We

will call these new copper atoms “Cu_Zn".

We did not aim here at optimizing the copper basis set (a
specialty by itself). However, it is still intriguing to notice that
there is a systematic gain in bonding energy upon passing from
the standard ADF copper basis set (Cu_ADF) to the Cu_Zn
one (see Table 1, comparing columns 2 and 4 on one hand,
columns 3 and 5 on the other hand). By remembering that the
spin population on the copper is experimentally found to be
~0.78, it seems urgent to optimize the copper basis set anew
for such (bio)inorganic complexes, especially by taking into
account the degree of delocalization of the valence orbitals, to
predict (or retropredict) the correct ferromagnetic exchange
coupling.

The use of the Cu_Zn basis set notably ameliorates the
calculated] value (prr &~ —162 cnt! without counteranions,
Jort &~ +143 cnr! with them). One can verify therefore that
the choice of the basis set has a dramatic effect on the calculated
spin coupling! Looking now at the copper spin populations, they
further increase upon going from Cu_ADF (0.455) to Cu_Zn
(0.506) without counteranions, and from Cu_ADF (0.476) to
Cu_Zn (0.531) with them, thus getting closer to those obtained
for B3-LYP (0.554) with the Gaussian package (last column of
Table 1).

The spin populations found on the azido anions do not exhibit
any remarkable trend, either on,dy (between 0.13 and 0.16)
or on Neng(between 0.11 and 0.13) atoms. The median nitrogen
Nmed bears almost no spin population in all cases. These spin
populations (apart may be from the small negative spin
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Table 1. Results Obtained for [G(N3).L]?" Cations, Varying the Copper Basis Set (Cu_ADF or Cu_Zn), the Presence or Absence of

Counteranions, and the Peripheral Ligation (Pyridine or Ammaénia)

L =NHs
L =Pyr Cu_ADF and Cu_zn and
Cu_ADF Cu_ADF (ClOy)2 Cu_Zn (ClOy)2 Gaussian B3-LYP
Pus(Cu) 0.417 0.441 0.476 0.506 0.531 0.554
Phs(Nbdg) +0.159 +0.150 +0.159 +0.134 +0.140 +0.136
Phs(Nmed —0.004 —0.010 —0.001 —0.007 +0.002 —0.028
Phs(Nend +0.121 +0.130 +0.125 +0.121 +0.117 +0.116
Pss(Cu) 0.357 0.401 0.451 0.495 0.525 0.559
Pa(L) 0.115 0.135 0.110 0.120 0.103 0.111
Pa(Cua) 0.387 0.421 0.464 0.501 0.528 0.556
Pass(Nbag) b=0.080 b=0.077 b =0.080 b=0.067 b=0.070 b=0.068
Pas(Nmed m= —0.004 m=0.001 m = 0.000 m=0.003 m=0.001 m=0.014
Pag(Nend e=0.061 e=0.061 e=0.063 e=0.061 e=0.058 e=0.058
Ps(Cua) 0.0300 0.0198 0.0126 0.0054 0.0035 —0.0023
Ps(L) 0.012 0.009 0.004 0.003 0.001 0.000
AP?(Cu) 0.0464 0.0333 0.0234 0.0108 0.0074 —0.0051
Eus (eV) —315.033 —109.796 —163.266 —111.937 —165.263 (-104361.524)
Egs (eV) —315.119 —109.861 —163.302 —111.947 —165.254 (104361.508)
Joer(cm™) —1388 —1048 —581 —162 +143 +246
A (eV) 0.571 0.642 0.504 0.521 0.321 0.042
A* (eV) 0.424 0.388 0.286 0.226 0.128 0.003

aGiven in each case is a spin population and an energetic analysis. Nofedbatsponds to occupied (majority spin) magnetic orbital splittings
whereasA* corresponds to empty (minority spin) magnetic orbital splittifjEotal energies in Hartrees.

population on Neg are in keeping with a dominant spin
delocalization mechanisf.

5.2. Fitting Models for Jper. We applied Bertrand’s analysis
of the spin populations calculated for the different Cu dimer
species. The local and transferred spin populations for thg [Cu
(N3)2L4] copper dimers are reported in Table 1. We can see
there that the local copper spin populatiddgCua) (= Pg-
(Cug)) follow the calculated spin populatiorf®:,, but more
interestingly, the transmitted spin populatid®gCua) (= Pa-
(Cug)) keep decreasing steadily until becoming, for the Gaussian
calculation, actually negative! Moreover, there is a very good
correlation between the calculatégkr spin coupling constant
(assuming the weak overlap regime to hold) axl(Cu), as
can be seen on Figure 6a (even by including tegatve
transmitted quantity!).

For the sake of clarity, we will below give fit results that do

contribution (-155/32900~ —0.005), that is, to the ferromag-
netic contribution to the exchange coupling resulting from spin
polarization (cf. section 3.3).

(i) The VB prefactor (2 eV) of the first equation is as
expected (cf. eq 19a).

(iii) The VB—BS prefactor idJ ~ 3.6 eV (eq 19b), close to
that of AP2(Cu) (~S§B), 4.1 eV (eq 19d). These values are to
be compared with 6.5 eV obtained from photoelectron spec-
troscopy for copper chloridésand to 5.9 eV (Anderson’s
estimatéd).

(iv) It would be hard, for the data listed in Table 1, to find
any correlation betweedprr and A, the SOMO gap (as for
Hoffmann’s modéP). Using, however, thempty( spin) copper
orbitals (called the SOMO*s in Table 1), as done by otlférs,
one obtains good fits (the dashed line on Figure 6b). The reason
for that choice lies in the fact that the bridge and coppspin—

not include the data with counteranions (but this does not changeorbitals mix too much to yield suitable SOMO g&iSsSuch is

much the values of the optimized parameters). Moreover, we
want to compare synoptically three approaches=-\@&5 (Kahn:

Jar ~ —2ASs),2 VB—BS (Noodlemandar ~ —USsg),4” and

MO (Hoffmann:—A2/U).18 To estimateSsg, and in the case of
relatively large overlaf®ag (or small ligand-metal overlas),

we can write (from eq 14)
v AP%(Cu)
1— v/ AP%Cu)

rather thanSag ~ APZ(Cu)*2 (this estimation of the overlap
will be useful for Kahn’s and Noodleman’s models). We thus
obtain from the data in Table 1

AB

AP (Cu)~ —28
(1+Sy)’

= S

x

—1632Q\* S, + 270
—2900(5;; + 269 (rms=56) (b)
—A*?7210+ 271 (rms=33) (c) (19)
—3290\PXCu) + 115 (rms=56) (d)
Several points can be noticed:

(i) The first remark deals with the intercept values, 270°&m

for the first three modes, and 115 chfor ours. The difference
(i.e., ~155 cnTl) can be ascribed to a negativeP%(Cu)

(rms=57) (a)

Jopr(em ™) ~

not the case however with thespin—orbitals.

(v) Both fits of Jprr as a function oAP%(Cu) andA*2imply
that there is a linear relationship between these two last
parameters (black circles in Figure 6c):

AP’(Cu)~ 0.272A**> — 4.5x 10
(rms=2.0x 107%) (20a)

or

A*?~ 3.645AP¥Cu)—17.5x 103
(rms=7.4x 1073 (20b)

The effect of adding the counteranions appears very clearly in
Figure 6¢ in the form of a shift from the open circles: either
A* is systematically reduced oAP%(Cu) is systematically
increased (as the result of opening some new exchange,
pathway), or both.

(64) Didziulis, S. V.; Cohen, S. L.; Gewirth, A. A.; Solomon, E.JL.
Am. Chem. Sod 988 110, 250.

(65) Anderson, P. WPhys. Re. 1959 115 2—-13.

(66) Brown, C. A.; Remar, G. J.; Musselman, R. L.; Solomon, Edrg.
Chem.1995 34, 688.
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6. Spin Polarization Mechanisms this BS state, of no physical reality, turns out to be very useful
o e N for computational purposes, though, as it includes in its fabrics
The expression “spin polarization” (as we use it in this paper) iract exchange (ferromagnetic), superexchange (antiferromag-
now has to be explicated (in response to a reviewer). A recentnetic) and ligandmetal spin polarization (LSP). Let us
polarized neutron diffraction experiment realized on an end-on emph:asize, however, that no DSP term is included in the broken

azido-bridged Cu(ll) dimer (triplet state) showed the following gy metry methotf (the most serious omission of this method).
features: large spin populations on the metals (0.78), relatively The LSP effect, rather than superexchange involving only

S”?a” onesl on the bridging nirt]roge%((jtl).07), amiaga;bismall_d metallic orbitals!® is the real “physical” agent transferring
spin population £0.02) on the middle nitrogen of the azido copper spin population from one metallic site onto the other

ion_.30 No such negati\_/e spin population_can be f_oun_d at the one (via the bridge orbitals, where the NMOs overlap). Not
active-electron approximation, through spin delocalization only, taking it into account (as first done in section 3.1) amounts to

as both NMOs bear aa spin. . seta = 0 (throughs = [p|d0= 0) in eq 14. Without direct

Therefore, Kahn first propos&fPthat the two electron spins  meta-metal overlap,Sxs = 0 and AP¥Cu) = 0. More
of the _azido ion orbital might be polarize(_i; i.e., the spin generally, APX(Cu) ~ SE\B (second halves in eq 14) if metal
populations borne on both ends of the anion would be Of naia) gverlap exists, in which case one recovers eq 4. Within
opposite sign. This is then supposed to force ferromagnetic ¢ context, it can be easily shown from eq 1 tRa(Cu) =
alignment of the two metallic spins as a consequence of locally Pas(Cu) + 2P, where, to first order i, Pr ~ a2Sas/4 (azido
applying Hund's rule. This would predict, however, negative .,qe) A key feature of our model lies therefore in the bridge
spin populations on theridging nitrogens of the azido ions, pital topology, allowing for negativ®r in some cases (as
not on thecentral ones. N o _ for the azido topology class), whose effect is here artificially

To go beyond these concepts (limited by the “active electron” exhipited through comparison of the HS and BS states, as we
approximation) requires some configuration interaction to 0ccur ransform NMOSs into OMOs (as implemented in the Appendix).
within the doubly occupied molecular orbitals of the azido  Asto the second point (ii), and in order to illustrate as simply
groups. This has been shown experimentally by Von Seggemas possible the importance of the atomic partitioning scheme
et al. by means of the VBCI modef* implicating ligand  in the final expression adopted by the quanttf2(Cus), we
excnatlc_)ns (LE). From an ab initio Me_CI point of view, now give some hints as to how to calculat(®,) for
calculations have been performed for various copper difiéfs  example, that is, without internal distinction in the NMOs
as a way to remedy the lack in neglecting these doubly occupiedpetween copper and azido atomic orbitals (the LSP effect is
bridge orbitals, especially through double spin polarization pow masked, rather than explicited as in eq 12). Writing eq
(DSP) terms. o A-2 explicitly in terms of the NMOS{®, g}, and along the

It is interesting at this point to add that both the (¥BI) same path as that followed in the Appendix, it can be shown
LE3%3and the (MC-CI) DS terms present a (ligand orbital)  thatP(®) = [1 + (1 — Sie) Y3/2 > 1 andPg(®a) = [1 —
topology dependency. Such a property is already known to occur(; — & )-1/2/2 < 0. ThereforePus(®s) = 1 andPeg(®a) =
in biradicals, where the two concerted single polarizations can ; _ £ )12 > 1 vielding finally. APA®,A) = —<./(1 —
be additive or competitie, depending on the bridging atom ) Y g Y, (Da) Y

topologies, thus favoring either the singlet or the triplet state. based Mulliken partitioning scheme, and Noodleman’s antifer-

Hivmg now set the fﬁ?mew?rktw&thlngvg_lch Spin dpollatrlzatlon romagnetic term—USf\B would have to be approximated by
mechanisms are usually explicited and discussed, let us Come+UAP2(cI>A) (rather than—UAP?(Cun))!

back to our own findings. We speanalogically of a spin
polarization mechanism, when the transmitted spin population
Pt from one copper site onto the other one becomegatve

(cf. section 3.3). Obviously, the total spin population on Cu
(i.e., PL + Py) is, however, always positive. Only Bertrand’s
proceduréf (cf. section 3.1) allows us to distinguish, through
comparison of the HS and BS copper spin populations, between
PL andPr. Therefore, it is important to state that our analytical
expressions foAP?(Cu) are obtained (i) within the context of

S,iB). In that case AP%(®,) is alwaysnegative for a NMO-

Let us finally emphasize that we present our proposal
(explained in eq 8), and thus the quantiyP?(Cu), at a
phenomenologicadkvel only, although a rigorous link can be
established between eq 8 and Kahn'’s valence bond gl
be published). At the present level, the rationalization of our
model is thus based on the following: (i) its formal analogy to
Mc Connell’'s own proposal (also approximate; cf. eq 9); (ii)
the fact that, depending on the bridging orbital topolagip2-
the broken symmetry method and (ii) within the atomic Mulliken (C_u) can effec;ively turn out negative (as it does fpr the azig:io
partitioning scheme of the spin population bridge; cf. section 4); and (iii) the fact that we effectively obtain

) a good linear correlation between computégr exchange

As to the first point (i), let us recall here that the broken coupling constants andP(Cu), as derived from a Mulliken
symmetry state for a Cu(ll) dimer is an artificial state of mixed- spin population analysis, even whaP?(Cu) < 0 (cf. section
spin symmetry and lowered space symmetry, constructed as a). '

linear combination of the singlet and triplet staté¥he use of
7. Conclusions

(67) deLoth, P.; Cassoux, P.; Daudey, J. P.; Malrieu, J. Rm. Chem.
Soc.1981, 103 4007. As a result of our investigations on Cu dimers, we can now

3 lge?gO?gag%ténl\q/l.lgé;zlvzeédggggr, M.; Journaux, Y.; deLoth, P.; Daudey, qray the following conclusions: (1) We showed that the

(69) deLoth, P.; Daudey, J.-P.; Astheimer, H.; Walz, L.; HaaseJW.  quantity AP%(Cu) = Pﬁs(Cu) - PZBS(CU) provides a simple
Chem. Phys1985 82, 5048. means of quantifying the antiferromagnetic contribution to the

(70) Daudey, J.-P.; deLoth, P.; Malrieu, J.-P. Magneto-Structural :
Correlations in Exchange Coupled SysteMméllett, R. D., Gatteschi, D., exchange coupling between two copper(ll) monomers. In the

Kahn, O., Eds.; Nato ASI Series; D. Reidel Publishing Co.: Hingham, MA, Case of end-on azido-bridged copper(ll) dimex®?(Cu) can

1985; p 87. become negative. This has been phenomenologically interpreted
g%g QSEZ,?L’“S“. E;r:fﬁgsleduwﬁ -nglrﬂieshgs-???( fﬁajéﬂi chem. @S the manifestation of a spin polarization effect, reminiscent
Soc.1088 110, 5676. o T o " of McConnell's modéf of ferromagnetism for interacting

(73) Karafiloglou, P.J. Chem. Educ1989 66, 816. radicals (cf. sections 3.3 and 6).
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No such inversion of sign is possible within Noodleman'’s
broken symmetry approadh,in which Jar ~ sﬁB, or within
Hoffmann et al.'s molecular orbital approdéhn which Jag ~
A2 However, it can be shown that, within the context of Kahn's
VB modelZ this effect can be physically related to the fact
that A and Saxg do not cancel for exactly the same set of
structural parametets(to be published).

(2) For [Cu(N3)L 4]+ dimers for whichSag < 1, using two
different Cu basis sets (Cu_ADF and Cu_Zn), different ligands
(Pyr and NH), quantum chemistry codes (ADF and Gaussian),
and exchange correlation functionals (VBP or B3-LYP), all our
computational results could be harmonized by correlating the
exchange couplindprr = —2(Egs — Ens) with AP(Cu).

(3) We conclude further that the disagreement between theory
and experiment in the calculation of the exchange coupling for
azido-bridged Cu dimers most probably originates (at least using
ADF) from a defficiency of the Cu basis set. By relocalizing
the magnetic orbitals (through the replacement of Cu_ADF by
Cu_Zn, as here checked, or by using an appropriate exchang
correlation functional as done by oth&3%), one restitutes the

J. Am. Chem. Soc., Vol. 122, No. 5,

To apply Bertrand’s approattto our problem (cf. section 3.1),
using both HS and BS state spin population analysis, we now
want to recombine these two MOs in order to obtain (mutually
orthogonal) monomer orbitals partly delocalized onto the other
metal:

! 1

D= W, + W,
V2

=1, (L + 1)dA + (L - 1)dB +—2
V(L + Se) VA Sie) VIt Se)
1

D' =—[¥,; — ¥y
V2

=l - 1)+ [ 1) —2

i V(1 +Sg) VAt Sie) VLt Se)

(A-2)

This new set of orbitals are suited for Bertrand’s analysis as

dhey correspond to the two monomer (partially delocalized)

functions after mutual interaction as suited within the broken

expected ferromagnetism, although the computed copper Spinsymmetry method. We then calculate the Mulliken atomic spin

populations are still too small compared to the experimental
ones.

(4) Finally, the quantityAP?(Cu) thus offers the possibility
of an alternative tool for magnetostructural studies to that based
on Hoffmann’s MO approacH currently used at a qualitative
level only, although at the price of two computed states €4S
triplet and BS) instead of one (the triplet).

Acknowledgment. We thank the Commissariat'&nergie
Atomique for the use of the CRAY-94 supercomputer in
Grenoble. C.B.-B. gratefully acknowledges a grant (EURODOC
program) from the Rgion Rhmes-Alpes, favoring students’
mobility to foreign countries. We also thank Prof. D. R. Salahub
(University of Montrel, Canada) with whom C.B.-B. spent one-
third of her Ph.D. work time, and Profs. O. Kahn (Bordeaux,
France) and A. Grand (Grenoble, France) for having suggested
to us to tackle theoretically this interesting subject of azido-
bridged copper dimers. We finally thank Prof. O. Kahn and
Dr. B. Lamotte (Grenoble, France) for critical reading of the
manuscript.

Appendix

Within the framework of the azido topology, as defined in
section 4.1, and from the two localized fragment orbitals
and ®g, one constructs two (symmetric and antisymmetric)
SOMOs, typical for a HS-type calculation:

1 1 p dy +dg
W=t (@, + D =22 A ®
CoJairse) . JaEsgl V2o V2

1 dy,—d
=———————| Py~ Pg| = Af E
V20 Sl 2
(A-1)

(74) VanKalkeren, G.; Schmidt, W. W.; Block, Rhysical979 97B,
315.

populations (for Cyin ®'a, i.e.,Pa(Cua), in @', i.e.,Pg(Cua),
etc):

b

V1+5)
b —_—

V(1 +Sy)

a’+ abs

1+ Sy

b L1 2as

1+ Sw) VA +5y)
b 2as

+
VL +S)

PA(CUL) = Py(Cly) = 1/4(

)5

1 -1
)(«/(1 +Syg)

)

PA(Clly) = Py(Cuy) = 1/4(

Pa(N) = Pg(N) =

(A-3)

Consequently, in terms of the HS (i.84s) and the BS (i.e.,
Pgs) spin populations

1+ abs
1+ S
1+ abs
Prs(Cle) = PalClg) + Po(Cl) = 77¢ -

2
_ _a +abs
Pus(N) = Pa(N) + Py(N) = 2777 =

Pus(Cuy) = PA(Cu,) + Pg(Cu,) =

(A-4)

and

Pes(CUy) = Pa(Cuy) — Pg(Cu,) = +

Pas(Cug) = Pg(Clg) — PA(Clg) = —
Pes(N) = PA(N) — Pg(N) =0
An analytical expression fokP2(Cu) is then straightforwardly

derived. The same procedure can be applied to the linear oxo-
bridged Cu(ll) dimer.

JA990241A



