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Exchange coupling constants for wiexo-bridged copper(ll) dimers with varying €&©—Cu bond angles

have been calculated by means of density functional, broken symmetry (BS) techniques. The surprinsingly
large ferromagnetism recently computed by Ruiz et@hdm. Commurl998 2767] for such model complexes

has been rationalized within the framework of Kahn'’s valence bond model of molecular magnetism, although
with a new twist. In effect, by defining and using the quantti?(dy,), the difference of squared copper
triplet and BS spin populations, we show that Kahn's (supposedly) antiferromagnetic term can turn out
ferromagnetic, as exemplified in a spectacular way for the title compound.

I. Introduction Within the Hay-Thibeault-Hoffmann molecular orbital
_ (HTH-MO) model?® the exchange coupling constahbf an

One way currently explored to obtain novel permanent a_x_—g dimer (A and B are the metallic sites, and X the
magnets is to chemically generate discrete complexes exhibitingbridging unit) is decomposed into ferromagnetid)(and
interesting magnetic properties, especially ferromagnetism. ThisantiferromagnetiQIAF) contributions. More preciselya varies
is the reason a large variety of molecules have been studied ings —A2/y, whereA stands as the singly occupied molecular
the last three decadéss ferromagnetically compounds belong  pitals (SOMOs) gap in the triplet state adds the covalent
to the minority case. In that respect, and by focusing on a_pgjionic A*—B- gap. In this context, the di-oxo-bridged Cu-
transition metal dimers bridged by organic atoms or ligands, (1) dimer was found by Ruiz et ato present a near degeneracy
the azidé* (when bridging in the “end-on” fashion) or hy-  of the two SOMOs. This reduces (or even cancels) the
droxd"® anions are known as being among the most efficient antiferromagnetic contribution to the total exchange coupling
mediators of ferromagnetism. constant. More cannot be said as the study of ferromagnetic

An alternative way of research relies on theoretical (molecular systems (wheréJar| < Jr) cannot be undertaken within this
magnetism modeling) and computational (ab initio quantum) MO formalism. In effectJr is usually assumed to be constant
chemistry. Quite recentl§,in a systematic search for new for a given family of compounds, and the variationJof Jg +
ferromagnetic compounds, Ruiz et al. showed computationally Jar is thus generally ascribed thg through that ofA.
(based on a broken symmetry (BS) apprdaithat the dix- Upon reconducting part of the above-mentioned computations
oxo-bridged Cu(ll) dimer, with a CaO—Cu bond anglé of by Ruiz et al., we came across some slightly differing quantita-
107°, exhibits an exceptionally strong ferromagnetic coupling tjve results, especially concerning the case of the planas-[Cu
constant J = +989 cnt?l), using the Heisenberg Hamiltonian (u-O)(NH3)4]° cation (cf. Scheme 1). But we obtained strong
H = —J5-$; and the B3-LYP method as implemented in the ferromagnetism as well. Please notice thatSgs> < 0.1 in
GAUSSIAN packaggand by taking the energy of the broken-  our computations (whei®g is the overlap beween the localized
symmetry solution as an approximation to that of the singlet magnetic orbitals of monomers A and B), we did not equate
state (as proposed in ref 3). This lasydoxo-bridged Cu(ll)  proken symmetry and singlet state energies. This amounts to
dimer thus becomes a potentially very interesting candidate in gptainingJ values twice as large as those computed by Ruiz et
the run for ferromagnetically coupled compounds. al$ (in anticipation to section 111.2, we thus computed fbr=

Unfortunately, there are no oxo-bridged Cu(ll) dimers 101°, J = 1604 cnt?, which is 802 cm?! in Ruiz et al's
described in the literature. With alternative copper and/or bridge controversial conventidf). Other reasons for the differences
oxidation states, there are, however, Cu@ddioxygen-, Cu(ll) may lie in the fact that we used different exchange-correlation
u-peroxo-, or Cu(lll) dix-oxo-bridged dimers, all three being potentials, as proposed in the ADF quantum chemical ¥dde
electronic isomers studied within the general context of dioxygen (cf. section Ill.1) We also slightly modified the original ADF
activation by copper sites in biological and catalytic (oxidases) triple ¢ copper basis set, spatially contracting it, in relation with
system& 12 (and references therein). Interconversion can occur other studies of our¥.
between these last isoelectronic forms, but they have all been These last points are not, however, the main subject of this

shown to exhibit strong antiferromagnetism. article. Our own computations gave us rather an opportunity to
There are, however, a few published studies on homometallic elaborate some new theoretical insights and results, reflecting

(non-copper) djz-oxo dimers, both experimentalwith Fe(lll) on some of the sources of ferromagnetism not considered

and theoreticaf with Mn(llI/lll), Mn(111/IV), and Mn(IV/IV). guantitatively so far. This may serve in turn as a guide to

But these are measured or predicted to be antiferromagnetic.interpret Ruiz et al.’s very interesting resufits.
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SCHEME 1: Schematic Representation of the Studied SCHEME 2: Schematic Representation of (Top) the
Planar Oxo-Bridged Copper Dimer? Two Localized Natural Magnetic Orbitals (NMOs) @4
X and ®g, (Middle) the Two Singly Occupied Molecular
Orbitals (SOMOs) W, and W— in the Triplet State, and
(Bottom) the Two Partially Delocalized Orthogonal
NH Magnetic Orbitals (OMOs) ®,' and ®g’
312
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aThe chosen axes are also indicated.
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Il. Valence Bond Description of Molecular Magnetism

II.1. Kahn and Briat's Model. Kahn and Briat's valence
bond (KB-VB) approach:2! of molecular magnetism, the
alternative to that of HTH(-MO), goes back to Heittdrondon’s
view of the chemical bond, expressing the exchange term in
term of localized (valence-bond) orbitals. Within the “active
electron” approximatiod,Kahn and Briat defined the (nonor-
thogonal) magnetic orbital®, anddg as the highest occupied
molecular orbitals (HOMOSs) of the localized-A< and X—B
fragments (with the overlaBag = [@a|®gl), therefore called ! (I)
natural molecular orbitals (NMOs). They then derived the A B
following simple expressions for the exchange coupling con-
stant: Starting from a simplified description of the NMOs in the case
of a di--oxo-bridged Cu(ll) dimer (see Scheme 2, top):

as

Ry
N

J=Jr+ Jar 1)
. d, =ap,+ bp, + cd,
th 5
w {q>,3=apz—bpx+cdB ®)
— ofi _ 2
=20 l(ASgB) with a, b, ¢ > 0 and dg = dy, (cf. Scheme 1), we obtain
Jpe & _p TTAB 2 (neglecting direct copper-edd overlap):
14 Sg°
~ (32 — h2 _
A is (as in the MO formalism) the energy gap between the two { (@[ PglI= Sg ~ Z(a 2b ) ;L 2c(as, — bs) (6)
A—X—B SOMOs built from the interacting NMOs in the (VB/ [@p|P =1~ (@ + b™+ ¢) + 2c(as, + bs)

MO) triplet state. The ferromagnetjccontribution stands as )
the self-repulsion of the overlap densitys = ®a®g whereas  With s = [da|p0= —[dg|pJand s = [da|p,0= [ds|p,L(both

k is a Coulombic integral involvingaa = ®a2 negative). From eq 6, we expect @& = 90°, for symmetry
From a computational point of view, and within the valence- reasonsa = b, s, = s; that is, S = 0.
bond, broken-symmetry approaththe exchange coupling If needed, the terminal ligation L can be formally introduced
(=Jr + Jar) can be alternatively written as by redefining the metallic 4k orbitals as monomer orbitalsaa
= dag — L. Moreover, as the contribution of the bridge s
. __Eus— Ess orbitals is usually not negligible, as already shown by HPH,
=+ Jpe ™ _ZTSABZ ®3) our simplified eq 5 could be easily generalized into

whereEys andEgs refer to the high-spin (HSS= 1, identified
as the triplet) and broken-symmetry (Bs = 0) spin states,
respectively. In the following, we will use the quantifger,

defined as—2(Ens — Egs) (i.e., forSxg? < 1, as verified below).

®, =aP+ bS+cD,
®, = aP — bS+ cD, (7)

where P and S now stand for (s, p) bridge orbital combinations
sfanged according to symmetry (i.e., as they would appear
separately in the two SOMOs, i.e., Pd + &g, S in dp —

®g). Thus, for the dix-oxo-bridged Cu(ll) dimer, P would be
made out of p;} (s, becomess= [D|P) and S would be made

out of {s, p} (sx = ss = ID|SD. In particular,Sxg = a2 — b?

+ 2c(asp — bss) no longer cancel for exactl§ = 90°. All our
subsequent results could be then easily given in terms of these
generalized metal/bridge orbitals, without affecting the form of
the analytical expressions derived below. Notice, finally, that
the set of eq 7 can be directly used to analyze magneto-structural
correlations for any bridged Cu(ll) dimers (especially for

of an analytical model attempting to explain the strong ferro-
magnetism obtained by Ruiz et al. for the planar {@uO),-
(NHz3)4]° model cation within the framework of Kahn and Briat’s
valence bond approach to molecular magnetism. Equation 2
above will be then used as a tool to rationalize our computational
results derived from eq 3, in a manner described in the following
section.

11.2. Valence Bond Model Revisited.A more explicit VB
formulation of Jar, without explicit appearance oA (i.e.,
moving a step backward in Kahn and Briat’s derivation) is given

by20 hydroxo-bridged complexes without modification, or for azido-
bridged Cu(ll) dimers by settings = 0, as done by us
45 Pag(F1) — SapPan(r elsewher®).
g = — A 4f nelf) ; o'y dv, (4) Coming back to eq 5, the insertion of the analytical ex-
1-5g Bl pressions of the NMOs intdar yields the following VB
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expression $up? < 1): that is, qualitatively (at the same level of eq 12 2¢2Sug-
) (Op0— 0. Thus,A is linear inS\g as expected.
P, (ry) I1.3. Definiti i 2 i
~ _ 201 z w2 .3. Definition of the Quantity AP4(dy,). We now aim at
Jar 45| 21 SAB)] Mgy dv, = (L + quantifying the VB exchange coupling constant through the use

D 2(r1) d Z(rl) of HS and BS spin populations. This ide.a relies on the more
SAB)IX— dv, — CZSABIA— do, + O(s,,) (8) general goal of being able to relate directly the magnetic
I's1 I'e1 ' properties of a given (triplet) dimer to (for example) its polarized
neutron diffraction map measuring the spatial spin density
distribution. Spin populations seem to be good intermediates
for such a goal. As a clue to the path we followed (the actual

whereO(s;,) stands for all contributing terms involvingjol,)
products, whose integrals are of the order,gf By restricting
thereforelar to the F-bridge’? and d-metal orbitals, the main

contributors toJag, one obtains scheme has been de_tailed elsewHgreve very briefly mention
two different theoretical results:
Inr A Jpag T Imet ) i. The first ingredient we use has been obtained by Noodleman

within his BS-VB approacf.He implicitly showed thatlar ~
—USsg? (whereU is, again, the covalent AB/ionic AT™—B~
gap, of the order of 5 eV) for weak overl&g? < 1. This

(10) expression has been computationally verified by Hart 8¢ al
Notice already that, as a consequence of both egs 12 and 13,
eq 9 becomesyr ~ —4c¥@pd— OpDSag? reminiscent of

where

Jpag= —4Sss{ a’(1 - S b*(1 + Sw)lp}
Inet= —4Saa{ —C’Syl o}

and Noodleman’s result (more on this below).
p 2 ii. The second ingredient has been derived by Caballol.et al
IPXZZ frx'z dv, for metal-only magnetic orbitals, linking qualitativeag to
' B1 ) (11) copper HS and BS spin populatidhgtheir eq.14, i.e.Sap2 ~
da s 1 — Pgs? wherePuys? = 1). More generally, it was natural to
IDXZ - f lag dv, consider (even when taking into account the bridge) a correlation

betweenJar and Sag? ~ Pus? — Pes? (cf. eq 17 of ref 16).
Notice here that, during the peer reviewing of this paper, such
a spin population-based estimation®&2 based on botlPys

and Pgs has been independently published by Ruiz ef“al.,
revisiting Caballol et al.’s previous work.

As a consequence of both ingredients above, we therefore
propose to correlaté\r with the quantityAP%(dy,) = Pys?(dyy)
— Pgs¥(dxp), that is, Jap & —UAP?(dy,). Such a correlation
between DFT-computed quantities can be also arrived at by the
following analytical reasoning, although with a twist, as we will

One first notices that the twoyxpand p orbitals formally
contribute separately tdyqg (although both contribute t8ag,

of course). If we WriteJoag = Juq + Jngg With Jg, = —4a2Sne-

(1— Swe)lp, andJ,fdg = +4b°Sha(1 + Sae)lp, ONe can see that
both contributions tdygg are formally identical, although being

of opposite sign, withl,(0c) = J{0c) = 0. Both ferromag-
netic and antiferromagnetic contributions are therefore of the
same magnitude, and the fact that one will dominate over the
other one is a matter of subtle considerations, not easily grasped
In effect, and for symmetry reasons,(6c + 36) = lp(6c F

86). Hence ford < fc, a2 > b, Ip(0c — 660) < Ip(Oc — 66), sh02W thatdpag Only (and nQUAF) is effec_ti\_/ely propqrtionnal to
andSas > 0; that is, there are partial compensations within the AP?(dy,) when bridge orbitals are explicitly taken into account.
productsa®(1 — Sag) andb?(1 + Sug). For 6 > Oc, a2 < b2, Let us first construct the symmetrical and antisymmetrical

Ip(Oc + 06) > 1p(6c + 06), andSag < O. SOMOs of the high-spin (HS), triplet stat¥/, = [2(1 &+

As far as the order of magnitude is concerned, equating Sas)] Y4(®a + ®g) (see Scheme 2, middle). These orbitals are
roughly Ip, ~ Ip, ~ p0(averaging over) andSsg ~ a2 — b?, then recombined in order to obtain partially delocalized, but
one derives a very approximate expressionJgy (intended mutually orthogonal, monomer orbitals suited for an analysis
for qualitative purposes only): within the broken symmetry (BS) method as proposed by

Noodlemar’ @', g = 2~ YW, + W_) (see Scheme 2, bottom).
Jpag ~ _4C25ABZD]PD (12) We then calculate Mulliken spin populations for the copper ions

. . . . in the HS and BS stateBus(dk,) andPss(dxy). A guideline of
that is, Joag roughly varies quadratically witBg (as expected  {hege analytical MO manipulations is proposed in the Appendix
from both HTH and KB sinc@ ~ Sug). There is, thus, ilbag (the actual calculation is rather tedious). We then get the
a partial compensation of the twiu; and Jy,g and contribu-  following quantity:
tions linear inSag, andJme;, Originating from metal d orbitals,

is not negligible in comparison, as
g1 P Apz(dxz) = PHSZ(dxz) - PBSZ(dZZ)

Jnet ¥ +4C7S, 67,0 (13) 2s
AB 2 2
=———A{a(1—Sg)1—25°) —
This second contribution is found to be always ferromagnetic (1- SABZ) ( a)( s)
for the diu-oxo-bridged copper(ll) dimer, being negligibly small 2 2
arounddc but significant (througtBag?) asé departs from it. b1 + Se)(1 — 25)}
Finally, equatinglar & Jodg + JmetWith —2ASag (Sas? < 1) 2 20 2
would yield (With A = Apgg + Ame): ~ CSef{a(l — Syp) — b(1+ S} (15)
Apgg™ +2A (1~ Sp)lp — P(1+ Syp)lp} asSe? sé 2 < 1. The similarity between the expressions of

(14) Jbdg (€9 10) andAP?(dy,) (eq 15) allows us to expect them to

~ _9A2
Amet™ —2C°Slp,, be proportional, through
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Here is the twist alluded to above: the quantity?(dy,)/c? (and

not AP2(dy,) in this particular case) provides us with a mean of
quantifying Joag (@nd notJar as first expected) within the KB-
VB approach. The appearance of the faatdin Jyqg results
from the fact of havingwo orthogonal p orbitals mediating the
exchange phenomenon. Only in the conditions in which
Noodleman’s VB-BS formalism strictly applies, thatasb <

1 (i.e., c? ~ 1), would AP%(dy,) equateS\g2. Then, and only
then,Jar ~ Joag+ Imet~ —4 (@~ DpDJSae? This last equation
would be the transcription, within our approach, of Noodleman’s
result! with, formally, U = 4(0s0— pD). It is therefore

important to stress that Noodleman obtained his expression for

Jar at the (metal only) superexchange level (see ref 25 for the
inclusion of metal-bridge contributions), although it should still
hold as long as the weight of the bridging orbitals in the
magnetic orbitals is small (i.e., fulfilling the “active electron”
approximatios).

[ll. Density Functional Study

I1I.1. Quantum Chemistry Codes. Our calculations make
use of the Amsterdam LCAO density-functional program (ADF
2.3) developed by Baerends and co-workérs:262° We used
the exchange-correlation “VBP” potential (Vosko, Wilk, and
Nusair's exchange and correlation enéfg completed by
nonlocal gradient corrections to the exchange by B&cks
well as to the correlation by Perdé: We used, moreover,
triple-¢ (plus polarization) basis sets for all atoms. As already
hinted at above, we slightly modified the original ADF trigje-
copper basis set, spatially contracting it, as fully discussed and
justified elsewheré?

I11.2. Results. We considered the case of the planar'[&u
(u-0?7)2(NH3)4]° cation, as done by Ruiz et &lcf. Scheme
1). Some calculated quantities relevant for our discussion are
reported in Table 1. The overldfg (as it appears in Table 1)
has been computed froey b, ¢, s, and s values as they appear
in the BS state: the singly occupied MO for each spin represents
well the NMO (coefficients reported in Table S-1, Supporting
Information).

We show in Figure 1 (filled circle®) the plot of Jper as a
function of & comprised between 7Gand 110 (including the
two angles 96 and 102 used in ref 6).Jprr iS mostly
ferromagnetic, moreover increasing in magnitude over most of

the angle range. This odd result, whose discussion is shifted to

section IV, is in contrast, as to the sign of the slopdg(0),
but not as to the sign dber itself, with Figure 1 of Ruiz et &.
They specifically considered in their Figure 1 an octahedral

Blanchet-Boiteux and Mouesca
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Figure 1. Plot of Jorr (in cm™) as a function of the CuO—Cu bond
angled. The thin continuous line stands fayg ~ —kAP?(dy;)/c? (with
k =~ 16 000 cn?; see main text). The dashed line stands-f@AS\g
(see main text).
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Figure 2. Plot of A (as calculated by DFT) as a function®f (given
in Table 1).

TABLE 1: Jper (in cm~1), SOMO Gap A (in eV), Estimated
Sag, Pusies(dxz), and APper?(dy,) as a Function of the
Cu—O—Cu Bond Angle 6

9, deg JoET (Cmfl) A (eV) S PHS(dxz) Pgs(dxz) APDFTZ(dXZ)
70 —934 +0.395 +0.209 0.4690 0.4279 +0.037
75 —729 +0.379 +0.180 0.4757 0.4396 +0.033
80 —248 +0.318 +0.129 0.4759 0.4535 +0.021
85 +300 +0.230 +0.063 0.4701 0.4627 +0.007
90 +776 +0.130 —0.014 0.4582 0.4630 —0.004
96 +1246 +0.002 —0.117 0.4347 0.4487 —0.012

101 +1604 —0.113 —0.205 0.4075 0.4247 —-0.014
105 +1964 —0.193 —0.268 0.3796 0.3975 —0.014
110 +2598 —0.267 —0.320 0.3392 0.3565 —0.012

ligand coordination on the copper sites, against a planar one inthat the antiferromagnetic contribution is increasing proportion-

our case. We find, however, the same large ferromagnetism.
We notice also in our Figure 1 thdger presents two inflections,
one around ~ 75°, and a second one near E(&nore on this
below).

Next, it can be easily shown thdper(6) here obtained is
not compatible with a constadg term and a varyindar term

ally to —A?/U.

The same kind of remark could be addressed to the VB model,
as developed initially by Kahn and Brigt2! Assuming again
a constantl, it remains to quantify the differential antiferro-
magnetic contribution as-2AS\g (cf. eq 2). If this model
explains well our results foé < Oc (see the dashed line on

in the MO sense. In effect, the two SOMOs become degenerateFigure 1), it does not fof > 6¢ (A andSag being of the same

for 6c =~ 96° (not 9%, because of the actual involvement of s
bridge orbitals, as discussed by HPH For smaller and larger
angles A keeps increasing in magnitude @sleparts fromfc

(A changes its sign dlc, as already noticed by Ruiz et &l.
But, for larger angles, the total exchange coupling congksit

sign: cf. Table 1 and Figure 2, where one verifies the linear
relationship between both quantities). We explicitly verified that
A andS,g are most often of the same sign (except just around
fc asA ~ 0 for 8 ~ 96° whereasSyg ~ 0 for 6 ~ 90°; cf.
Figure 2). Incidentally, thah andSyg do not necessarily cancel

is still increasingly ferromagnetic, and one cannot argue there for exactly the same set of structural parameters has already
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Figure 3. Plot of APorr2(dy) (filled circles, ®) and APana?(dy,) (open APppr(dy,)/c” & A
circles,O) as a function of the CaO—Cu bond angl&. Figure 4. Plots ofJorr as a function of 18Pper?(dx,) (filled circles,

®) or A? (open circlesQ).
been noticed by othe&.Interestingly, therefore, fo in the
range 96-96°, this provides for a small ferromagnetic contribu-
tion as—2ASsg (supposedly antiferromagnetic) becomes actu-
ally ferromagnetic.

Either way, we see that there must be some variable (and
important) ferromagnetic contribution tiyer for 6 > ¢ as
the conventional HTH-MO or KB-VB molecular magnetism
models cannot rationalize our computational results.

Turning now to our alternative formulation (cf. eq 16) of
Kahn and Briat's VB approacH,there are two ways to proceed 0,05
further, depending on how one comput®B?(dy,)’s.

On one hand, one can comput®?(dy,) analytically (cf. eq
15) from thea, b, ¢, s, and § parameters listed in Table S-1

0,15

4CZSiB

(results given under the headiddana?(dy;) in Table S-1). It 0 e
can be easily seen thadsg ~ —40p[APana%(dxy)/c? (or, for that 70 80 90 100 110
matter, Joag + Jme) Will assume a variation similar to that of 0

—A?%U, —2AS\g or —USag? (see open circles)) in Figure 3). Figure 5. Plot of Jne (through that of the quantitycdS\s?) as a function
Notice in particular that\Pana?(dk;) = 0, canceling only around  of the Cu-O—Cu bond anglé.

Oc. This serves only to illustrate the consistency of our spin
population-based approach as we started our derivation from

Jar ~ —2ASag. This shows also thatPava(dy) cannot serve  €ffect is therefore enhenced for= 0c.
to rationalizeJorr(6) as computed by us. To obtain simultaneously reliable estimations of bidthiand

On the other hand, the DFT-computeg HS and BS spin D]PD we tenta_tively fitteqlJD,:T(_O) (in the least-squares sense)
populations yield an alternative estimation &P2(dy,), now with the functionJopr defined in eq 17, wherd:, L) andIpU

called APprt3(0yo), plotted as filled circles@®) in Figure 3. As 2
can be seen ther@APprr(dyy)| > |APana?(0xz)| With APper?- I e — Al APper(dy)
(dy) canceling around $0Most importantly, howeverAPpgr?- OPT = F P 2
(dy,) becomesegatie for 6 > 6¢ (i.e., Pys(dha) < Pas(dyy): Cf.
Table 1). A tentative reason will be given below in section IV. are treated as parameters (averaged &ydp be optimized,
Consequently,ygg & —4pAPper?(dy)/c?, and thereforelar although neither of the three is strictly constant. We found for
~ Jpdg T Jmet @ctually turn out ferromagnetic! the wholef rangeJr ~ 500 cnT?, M~ 5200 cnt?, anddpO

We thus plottedlprr as a function ofAPper?(dyy)/c? (filled ~ 8100 cnT! (Jprr is plotted againstlopt in Figure S-1,
circles @) in Figure 4). Forf < 6c, the plot is about linear,  Supporting Information). Limiting the same fit tb< 90° yields
with a slope of~10 600 cn! (2 eV). A roughly constandr ratherJs ~ 600 cnT?, D[~ 4600 cnt?, andp R 2400 cnl,
value will not affect much the estimation of the slope. We also This would set up an upper limit td= Jr + Jar of 500-600
plotted in Figure 4 (open circle)) Jorr as a function ofA?, cmd, if Jar would remain negative according to classical
only to verify that both quantities are indeed linearly related molecular magnetism models. No valueldttan be estimated
for 0 < 6c. We then extrapolated this linear behavior observed from these parameters (hele= 4(p00— Op) < 0 when the
for small angles to large angles, reporting a plotigf(cm™?) whole range is used!). Let us restate here that we do not satisfy
~ —16 000APpeT3(0y)/c? (thin continuous line) in Figure 1.  Noodleman’s approximations (here translated icte~ 1) to
The remaining difference betweedbrr and Jygg could be obtain reliableU values (cf. end of section 11.3). Stated
explained, ford =< ¢, by a roughly constant “true” ferromag-  otherwise, it is not possible to fit our computésk(0) values
netic term Jr ~ 700 cnT?). But the key point to understand  with a function of the formJr — USs\g? for the whole6 range
the difference betweedber andJe + Jugg for large angles now  (although, forf < 6¢, Jar ~ —USag? would yield U between
lies in the additional ferromagnetic terdne: mentionned in 4 and 5 eV, in relative good agreement with 6.5 eV obtained
section 11.1. The quantity &#Sag?, proportional toJme iS from photoelectron spectroscopy for copper chloridles 5.9
reported in Figure 5. As one can see thekg(Oc + 66) = eV, Anderson’s estimat®).

2Jme(Oc — 00) (wheredf = 0): this additional ferromagnetic

+ 40,6°Ss°  (17)
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IV. Discussion and Conclusion

For6 < 6c, our DFT results on the [Gu-O),(NH3)4]° cation
can be rationalized by the classical molecular magnetism models
currently available. This is not the case tbe 6c: this system
seems to be exceptional because of its large remanent and in-
creasing ferromagnetism beyofig. But, as noted by a referee,
this result is in contradiction with the classical magneto-struc-
tural correlation reported early by Crawford et al. for the ana-
logous (cf. section 11.2) hydroxo-bridged Cu(ll) complekes
exhibiting an increase of the antiferromagnetic contribution
beyond6c.

On one hand, this surprising behavior can still be understood 03 —_—
on the basis of our modified VB approach, using, however, 70 80 90 100 110
APper?(dy;) rather thanAPana?(dy) values. This amounts to 0

saying that the supposedly VB antiferromagnetic tem ~

Jbdg + Jmet then turns out to be ferromagnetic, mainly because
of negatve APprr?(dyy)’s for large angles. This therefore
manifests a certain level of consistency between DFT-computed
Jorr and APper3(dy,) quantities.

On the other hand, by identifying the VB NMOs as the singly
occupiedo andf broken symmetry MOs, we obtained a set of
parameters yieldingositive APana?(dy,) values (cf. Figure 3
and Table S-1). These last values behave for the whole angle
range as expected on the basis of classical HTH-MO, KB-VB,
or BS-VB models but cannot explain our computational results
for large angles.

Where is the trick ?

To help solve this puzzle, we calculatd®l;s and Pgs 03 —
(analytical expressions given in eq A-3 of the Appendix) using 70 80 90 100 110
the BSa, b, ¢, s and s, andc parameters listed in Table S-1 0

and compare them with DFT-based values (given in Table 1). F_igure 6. Plots of DFT-based (filled circle®) _a\nd analytical (open

If DFT Pys values are rather well predicted (except arodnd ~ Circles.O) Pus(di) (@) andPes(d.) (b) as a function of the CtO—Cu

~ 70°%; cf. Figure 6a), such is not the case for #g; quantities bond angle.

(cf. Figure 6b). of the O spin population (& — O~; not shown) in the triplet
As one performs a Mulliken spin population analysis on the (HS) state. In the BS state, however, the magnetic orbitals turn

DFT-computed triplet state, the two SOMOE_( andW_) turn out to be more localized on each left anf right fragments and

out to be the only source é#,s (we mean that there is no net  APpg%(dy,) actually becomes negative as a consequence.

spin population arising from the doubly occupied spambitals). Of course, this change from €3{0%7), to Cu,(07), is but

In other words, the “active electron” approximatiois there atrend. In Cti,(O7), (not Cu(l) though)d(O—0) ~ 1.4 A (see

valid. In the BS state, however;30% of the spin population  for example ref 11), whereas fér= 11, d(O—0) ~ 2.3 A

actually originates from the doubly occupied (polarized) spin  in our model dimer. We are thus far from a typical peroxe@

orbitals, below the two BS-NMOs, over the whaferange. distance. Upon actually reaching the'€0™), configuration

Therefore, the culprit at the heart of the puzzle mentionned (for § ~ 140°, corresponding tal(O—0) ~ 1.4 A), one would

above seems to be the DFT-computed BS copper spin popula-expectJ to revert toward diamagnetism (Cu(l) ang?Obeing

tions Pgs (and therefore the BS spin state itself). The behavior both diamagnetic). Computationally, however, we did not verify

of APper?(dy) and APanaZ(yy) for 6 = 6c are thus mutually  that point.

inconsistent, being both of opposite signs. The remarkable point  As a conclusion, we developed in section Il a spin population-

is still that the computedprr values behave consistently with  based model linking analyticallybgg, the main contributor to

APper(dyy) (as a consequence of eq 16), although the predicted Jar, to the quantityAPana2(dyy) (cf. eq 16). At this level, our

strong ferromagnetism is most probably artifactual. theoretical formulation of molecular magnetism is fully compat-
Furthermore, both oxygen atoms start to interact through the ible with other classical models. Computationally, howedgy
px orbital used in the NMOs (cf. eq 5). This (antibonding)}p (as well aslar) becomes ferromagnetic fér > 6c because of

px" orbitals actually stands as a normalized bridge orbital, (i.e., negative APprr3(dyp) Vvalues. It is then remarkable thdper
Pt = (2 + 20) Ypddtpd), where “t” and “b” refer to the two actually follows such a prediction. The DFT computations are

oxygen atoms, and = [|peL0< 0). Foré < 6, the bonding- thus internally consistent, as is the analytical model, although
antibonding p'/px~ gap is about constant and smaH{.5 eV) both differ radically as far as the resulting magnetism of the
so that the electronegative bridge orbital lies below that of the dimer is concerned.

metal. As6 increases abovéc, this gap increases up te2.5 We therefore wonder if the exchange coupling constant of

eV for 6 = 110, the  orbital raising higher than the Cyd the [Cwp(u-0)2(NH3)4]° cation, predicted to be strongly ferro-
orbitals. The corresponding SOM®_ in the triplet state thus  magnetic by us and othefsorresponds to the reality of actual
becomes mainly oxygen in character; that is, one goes formally di-x-oxo-bridged copper dimers. Without dividing= Jr +
from the CUl,(0?"), configuration (ford < 6c) to the Cilp(O), Jar by 2, Ruiz et al. would find a ferromagnetic exchange
configuration (for@ > 6c), resulting in both the lowering of  coupling constant of almost 2000 cf whereas our own work
Pus(dsz) (Cu(ll) — Cu(l); cf. Figure 6a) and the parallel increase sets up an upper limit of about 56800 cn! (if one accepts
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the value ofJr obtained from eq 17 as being correct, apart from (partially delocalized) functions after mutual interaction, as
the unexpected behavior Gr). In our view, this surprising suited within the broken symmetry method. We then calculate

result is most probably linked (fully or partially) to a compu-

tational artifact at the BS state level. In effect, the required con-

the Mulliken copper spin population®4(da) for Cua in @'
andPg(da) for Cua in @'g). Consequently, we finally compute

ditions for a proper use of the BS techniques in this particular the HS (i.e.,Pys) and the BS (i.e.Pgs) spin populations as

case are not satisfied (cf. end of sections I.3 and 111.2). Although
the magnetic orbital overlaBg is small Gag? < 1), this is not
because theveightof the bridging orbital{ py, p;} in ®a and
dpis small (i.e.a, b<1ineq5 or 7, thus fulfilling the “active
electron” approximation), but because there is pactahpensa-
tion between both yip, contributions inSxg ~ a2 — b? (cf. eq
6), hence the occurrence of additiomafactors in eqs 1213
and 15-17.

However, the quantityAPprr3(dy;) remains a remarkably
simple tool for the estimation of DFT-computed exchange

[ PLe(da) = Pa(ds) + Pa(dy) =

c® + acs(1 — Sug) + bes(1 + Sip)
1-S5°

¢®+ acs, + bcs,

i Vl_SABZ

An analytical expression fokP?(dy,) is then straightforwardly

(A-3)

Pgs(da) = Pa(ds) — Pg(dy) =

coupling constants, as demonstrated in sections Il and IIl (seederived, given in the main text (eq 15).

also ref 19 for further details). This provides an alternative
semiquantitative way, to that of HTH, of rationalizing the

exchange phenomenon, although it requires the convergence o

two (HS and BS) instead of one (HS only) spin states.
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Appendix

Within the framework of the oxo-bridged dimer defined in
section 11.2, and from the two localized fragment orbitdlg
and ®g, one constructs two (symmetric and antisymmetric)
SOMOs, typical for a HS-type calculation:

|

1
W=l 0, + Dy =
J2(+ Sp)
' d, + dg]
S S PR
Ja+sel v2 o v2

1 (A1)

Yo=——= [, —
v 2(1- SAB) "
1

[P, dy — dg

= oty 2

V(1 — Sl V2 V2

WJ now want to recombine these two MOs in order to obtain
(mutually orthogonal) monomer orbitals partly delocalized onto
the other metal:

Y

=W+ W]
1 2ap, 2bp, 1
= E + C +
J1+Se) J1-Sg) WL+ Se)
1 1

X
S

1
—=|d,+c -
= SAB>) Po\Vatse Ja-

1
O = _2[111+ - ¥ ]

%
1| 2ap, 2bp, N 1
= — —_ C —_—
AJ1+5e) J1-Se) Wa+Se
1 1 1
——=—\d, +¢ dg| (A-2)
- SAB)) P WVatse Vi-se)

This new set of orbitals correspond to the two monomer

Supporting Information Available: Plot of Jorr against
flopT and table of coefficients for the singly occupied MO. This
nformation is available free of charge via the Internet at http://
pubs.acs.org.
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