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Abstract: Density functional calculations for full structures of dimers of Cu(ll) complexes linked via O—H---O
hydrogen bonds provide exchange-coupling constants that are in excellent agreement with experimentally
reported values. Magneto-structural correlations between the exchange-coupling constant and the O-:-O
distance or the separation between the coordination planes of the two monomers are analyzed. The
calculations support the orbital models usually employed in qualitative interpretations of magneto-structural
correlations, showing excellent correlations between the calculated coupling constants and the square of
the orbital gap or of the overlap between the two magnetic orbitals. The orbital gap responsible for the
antiferromagnetic coupling is seen to result from direct through-space overlap between the oxygen atoms
of the two monomers, whereas the hydrogen bonds play an essentially structural role by holding these
oxygen atoms in close proximity.

Despite the wealth of theoretical studies and magneto- Table 1. Experimental Exchange-Coupling Constants and
structural correlations reported in recent years to account for gfgﬂgﬁ;%?’gggnDésofgﬁas for Dimeric Cu(ll) Complexes Linked
the magnetic exchange coupling between transition-metal ions
in dinuclear complexes, these have always referred to systems

cmpd 0---0(A) J(cm™Y) refcode h (A2 ref

in which the metal atoms are linked through covalent bonds to A 234 234 —94 HEAICU10 045,022 2
bridaing liaand<. that is. the local Spi led th h B 245 243 -56 AETCUA 143,147 3
ridging ligands, that is, the local spins are coupled throug C 9252 252 -70 AETCUB 163 182 3
superexchangmteraction. Intermolecular exchange interaction D 248 242 —49 FAXGOA 0.64,1.66 4
through hydrogen bonds, on the other hand, has been well E 249 245 27 FAXGUG 1.69,1.97 4
documented from the experimental point of view in several (F; g'gg 216 :gf SAGLAC é'gg 179 75'6
cases, including very weak to moderately strong antiferromag- n > 46 —a1 PITTAN 182 8
netic interactions. For the case of Cu(ll) complexes (Table 1), 1 2.44 +0.06 BOYPIO 9
the formation of hydrogen bonds by equatorial ligands of square JK g-gg 2.50 "‘;"eak" CUJLEY 0.95,1.20 ., 10

. . . . . - C
pyramids, JahnTeller distorted square bipyramids, or square |©  5'gqg +0.3 BEYRAYO1 11

planar complexes results in antiferromagnetic coupling of
varying strengths (Table 1, compoundls-G), whereas hydro- 2h is calculated as the distance of the oxygen atom of one monomer
gen bonding connecting an equatorial ligand of one monomer "élative to the CueN, plane of the other monomer, given only for

B - . complexes with coplanar basal plane3he basal planes of the two
with an axial ligand of another one seems to give a rather weak monomers are twisted with respect to each othéme hydrogen bond

ferromagnetic coupling (Table 1, compounds and L). between basal ligands and two between axial and equatorial ligands.
Although in the present contribution we focus on Cu(ll) (11,28 Fe(111),22 Ni(ll), 2° and for a Co(ll)/Cr(lll) mixed-metal

complexes only, it is worth mentioning that exchange coupling gystenpt with weak antiferromagnetic interactions in all cases.
through hydrogen bonding has also been reported for complexes

of other transition-metal complexes, notably Cr(#)}” Fe- 9) Té%léwsp)gfrt, G.; Verschoor, G. C.; ReedijkJJChem. Soc., Dalton Trans.
10) Masi, D.; Mealli, C.; Sabat, M.; Sabatini, A.; Vacca, A.; ZanobiniHElv.
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gi.ub.es. (11) Klein, C. L.; Majeste, R. J.; Trefonas, L. M.; O’Connor, Clnbrg. Chem.
(1) Ruiz, E.; Alvarez, S.; Rotyuez-Fortea, A.; Alemany, P.; Pouillon, Y.; 1982 21, 1891.
Massobrio, C. IrMagnetism: Molecules to MaterialMiller, J. S., Drillon, (12) Goodson, P. A.; Glerup, J.; Hodgson, D. J.; Michelsen, K.; Rychlewska,
M., Eds.; Wiley-VCH: New York, 2001; Vol. 2, pp 227279. U. Inorg. Chem.1994 33, 359.
(2) Bertrand, J. A.; Black, T. D.; Eller, P. G.; Helm, F. T.; Mahmood|rrg. (13) Bossek, U.; Wieghardt, K.; Nuber, B.; Weiss Ahgew. Chem., Int. Ed.
Chem.1976 15, 2965. Engl. 199Q 29, 1055.
(3) Bertrand, J. A.; Fujita, E.; Vanderveer, D. IBorg. Chem198Q 19, 2022. (14) Bossek, U.; Haselhorst, G.; Ross, S.; Wieghardt, K.; Nubed, Bhem.
(4) Muhonen, HiInorg. Chem.1986 25, 4692. Soc., Dalton Trans1994 2043.
(5) Estes, W. E.; Hatfield, W. Bnorg. Chem.1978 17, 3226. (15) Goodson, P. A.; Glerup, J.; Hodgson, D. J.; Jensen, N. B.; Michelsen, K.
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1969 25, 328. (16) Ardon, M.; Bino, A.; Michelsen, K.; Pedersen,.EAmM. Chem. Sod987,
(7) Plass, W.; Pohimann, A.; RautengartenAdgew. Chem., Int. EQ001, 109, 5855.
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Since hydrogen bonding is presently one of the best known the exchange-coupling constant with the energy gap between
strategies to build supramolecular arrays in a controlled way, a the partially occupied molecular orbitals or with the overlap

large effort has been devoted to the understanding of the between the magnetic orbitals. Finally, we will discuss the

structural aspects of hydrogen bonding in transition-metal calculated spin population distribution both in the monomer and
chemistry in regard with the assembly of supramolecular in the dimer ofA.

arrays?>-2% put little systematic work has been aimed at

understanding how the magnetic properties can be controlled N 0-H---0 N
through hydrogen bonding. Hence, it is of the utmost importance Ccu cu
to understand the mechanism of the magnetic exchange interac- N OneeH-0 N

tions mediated by hydrogen bonding, as well as the factors that
determine their strength.

The only theoretical study on the exchange coupling through
hydrogen bonds published thus¥aused ab initio calculations
with the perturbational methodology proposed by de Loth et ~ The computational strategy adopted in previous theoretical studies
al27In that study, the effect of the intermolecular-€D distance N exchange-coupled dinuclear complékdsas been used. For the
between two model Cu(ll) monomers on the exchange-coupling e"a'“at"_’”dOf etaCh cofuph;g Cr?_”f]tarlt' two Sf‘:aratedDFTt%a'C”'éQ'of”S
constant was analyzed. The availability of modern density &€ ¢aMed out, one for e nignest spin state and anomer one for a
functionals combined with the broken-symmetry approach has broken-symmetry singlet state. The hybrid BSLYP mefirs been

b led ful . | hni btai used in all calculations as implemented in Gaussia®98ixing the
een revealed as a powerful computational technique to obtaing, ¢t Hartree Fock exchange with Becke’s expression for the ex-

good estimates of the exchange-coupling constant in di- and changé? and using the LeeYang-Parr correlation functionaf. We
polynuclear transition-metal complexes with a variety of bridg- have previously found that, among the most common functionals, the
ing ligands!-28 It thus seems adequate to explore the capability B3LYP method combined with the broken-symmétry® treatment

of such a technique to evaluate the exchange coupling throughprovides the best results for calculating coupling const&rfer the
hydrogen bonding and to search for magneto-structural correla-Cu atoms a basis set of triplequality®® was used for the valence
tions in this field as well as for simple explanations of the orbitals supplemented .with two p orbitals (“polarization functions”),
coupling mechanism. The use of density functional calculations Whereas a doublg-basis sef was used for C, H, N, and O atoms,
should allow us to perform a much wider computational study supplemented for the atoms involved in hydrogen bonding with a

than the ab initi . | ited. includi lculati polarization function (H) and a polarization and a diffuse functions
an the ab INitio one previously reported, Including calculations (0). For the estimation of the interaction energy between two
for full unmodeled structures.

monomers, the basis set superposition error was corrected by means
As a first step in the study of hydrogen-bonded complexes of the counterpoise methdd.

we choose the family of Cu(ll) compounds with the general  We evaluate the coupling constarfrom the calculated energies of

topology represented i, which is found in complexeA—G the high-spin (triplet) and broken-symmetry states according to the

(Table 1) with an additional axial ligand on each Cu atom, and following expression:

in complexH with the same square planar coordination sphere

represented inl. In other molecular topologies found, a

hydrogen bond may link equatorial and axial positions (com-

poundsK andL), or two equatorial planes are oriented nearly

perpendicular to each other rather than being coplanar (com-whereSis the total spin for the high-spin state agk andEns are the

poundl). We report first calculations of the exchange-coupling calculated energies for the broken-symmetry and high-spin states,

constant for the unmodeled structures and compare the resultgespectively. Such a formula is not spin-projected and assumes that

with the experimental data. We will then analyze the effect of the energy of the singlet state is adequately simulated by that of the

Computational Methodology

_ 2(Egs — Eno

 gS+1) @

three structural factors on the exchange coupling in the prototype
compoundA: (a) the G--O distance, (b) the symmetric or
asymmetric position of the hydrogen between the two oxygen
atoms, and (c) the distance between the two {yNoordina-

tion planes at constant -©0 distance. Molecular orbital
explanations will be sought after, discussing the relationship of

(18) Garge, P.; Chikate, R.; Padhye, S.; Savariault, J.-M.; de Loth, P.; Tuchagues,
J.-P.Inorg. Chem.199Q 29, 3315.

(19) De Munno, G.; Ventura, W.; Viau, G.; Lloret, F.; Faus, J.; Julvelridrg.
Chem.1998§ 37, 1458.

(20) Figgis, B. N.; Kennedy, B. J.; Murray, K. S.; Reynolds, P. A.; Wright, S.
Austr. J. Chem1982 35, 1807.

(21) Figgis, B. N.; Kucharski, E. S.; Vrtis, M. Am. Chem. S0d.993 114,
176.

(22) Desiraju, G. RJ. Chem. Soc., Dalton Tran200Q 3745.

(23) Desiraju, G. R.; Steiner, TThe Weak Hydrogen Bond in Structural
Chemistry and BiologyOxford University Press: Oxford, 1999.

(24) Moulton, B.; Zaworotko, M. JChem. Re. 2001, 101, 1629.

(25) Beatty, A. M.CrystEngComn2001, 51.

(26) Nepveu, F.; Gehring, S.; Walz, Chem. Phys. Lett1986 128 300.

(27) de Loth, P.; Cassoux, P.; Daudey, J. P.; Malrieu, J. ARm. Chem. Soc.
1981 103 4007.

(28) Ruiz, E.; Rodguez-Fortea, A.; Alemany, P.; Alvarez, Bolyhedron2001,

323.
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Table 2. Calculated and Experimental Exchange-Coupling
Constants (cm~1) for Cu(ll) Complexes Connected through H J
Hydrogen Bonds 0 = -
cmpd Jeale Jexp topology ref [ ] u
A —87 —94 eg-eq 2 < 50 m
B —-38 —56 eg-eq 3 £ .
C —24 -70 eg-eq 3 £ .
D —42 —49 eg-eq 4 2 n
E -32 —27 eg-eq 4 -100
F —13 —4.4 eg-eq 5
Ga —-17 —21 eqg-eq 7
Ka —6 -7 ax-eqt eg-eq 7 150 . — —
L —0.02 +0.33 ax-eq 11 23 25 27 29
aB3LYP calculated values foB andK from Plass et al. 00 (A)

Figure 1. Calculated exchange-coupling constdras a function of the
broken-symmetry state from density functional calculations, in contrast O+-O distance for the model compourid(open circles) in a coplanar
to the criterion adopted by other authors. For a discussion of the @angement, together with the values calculated by Nepveu #t al.
relationship betweekgs and the energy of the singlet state, the reader %9 ptﬁ n tlrlangles) and experimental coupling constants (solid squares) from
' able 1.
is referred to recent papers by us and other auttidfs.

bonding seems unlikely according to the results of Figure 1,

we are currently reinvestigating such compound from both the
The calculated coupling constants for the unmodeled struc- theoretical and experimental sids.

tures are presented in Table 2. It can be seen that there is a

very good agreement between calculated and experimentalStrUCturaI Effects

values ofJ, except for compoun@, for which the calculated The effect of the hydrogen-bond distance has been studied
antiferromagnetic coupling is consistent with the experimental py artificially changing the intermolecular distance of compound
behavior, although the magnitude is not well reproduced. We A and the results are presented in Figure 1 (open circles) where
defer a discussion of the factors that make the coupling constanty parabolic dependence afon the G--O distance is evident.
vary from one compound to another to a subsequent section,Sych a dependence is consistent with the variation of the overlap
after analyzing the effect of structural parameters on the petween the SOMOs of the monomers with the intermolecular
exchange interaction of the same compound. It is worthy of distance, as will be discussed in a later section. The ab initio
note that both experiment and Computations agree that all CU'resu|ts reported by Nepveu et #lalso shown in Figure 1 (open

(1) compounds that are connected by hydrogen bonding throughtriangles), present the same trend but more negative values. The
coplanar equatorial ligands have negafiwalues characteristic  experimental coupling constants for compountis| as a

of antiferromagnetic coupling. In contrast, in compoun@n function of the G--O distance are plotted alongside the
equatorial ligand is hydrogen-bonded to an axial ligand, and calculated curve (Figure 1, filled squares). These points roughly
the compound has been found to be practically uncoupled, with reproduce the theoretical trend, with thealue becoming less
Jvalues 0f+0.3 and—0.02 cni* from experiment and theory,  negative as the @O distance increases, although the match is
respectively. A discussion of the orbital explanation for the not very good, reflecting differences in molecular structures and

Results for Full Structures

antiferromagnetic coupling found in compouAdwill be given the fact that the monomers are not coplanar as assumed in our
in a later section. model calculations, a matter that will be addressed below. In
Comparison of the calculated energy for dinfewith the particular, we note that the strong deviation of compothd

energies of the corresponding monomers gives an interactionfrom the expected behavior is not because it is the only
energy of 54.5 kcal/mol, which amounts to some 27 kcal/mol tetracoordinated complex but because it is associated with the
per hydrogen bond, a quite large value that probably includes large interplanar distance (1.8 A) between the monomers.
some electrostatic contribution in addition to the hydrogen bond  Another structural parameter that we have investigated is the
and is only comparable to that calculated for thgoH-Hz0" position of the hydrogen between the two oxygen atoms. In
interaction (32.9 kcal/mofy! this point, a theoretical evaluation is of great interest since in
The strongest antiferromagnetic coupling between two copper many cases the position of the hydrogen atom is not well
(1) ions attributed to hydrogen bonding has been reported for established from the X-ray diffraction structure. If the hydrogen
the chain compound [G(u-bpm)(H302)(H20),]%" (bpm is atoms in compound\ are displaced from their position in the
bipyrimidine and HO,~ is the bihydroxide anion formed by  crystal structure to the center of the-€D vectors, the calculated
hydrogen-bonded OHand HO), which was reported to be  coupling constant is not significantly affected (it decreases by
diamagnetic at room temperature (iks —600 cnT1).> Since only 2 cnm?), a result that will be better understood after the
such a strong antiferromagnetic coupling through hydrogen discussion of the orbital analysis below.
Finally, we have analyzed the effect of a vertical separation
(42) Caballol, R.; Castell, O.; lllas, F.; Moreira, I. d. P. R.; Malrieu, JJP. of the two monomerdh(in 2) on the exchange-coupling constant.
43) R e varas . Alemany, 2 Comput, ChemLeeg 20, This has been done in two different ways, keeping in both cases
1 the O--O distances constant (@D = 2.307 A, O-H =

(44) Tumé, C.; Boese, A. D.; Handy, N. €hys. Chem. Chem. Phyk999 1,
3939

(45) De M'unno, G.; Viterbo, D.; Caneschi, A.; Lloret, F.; Julve,INbrg. Chem. (46) Desplanches, C.; Ruiz, E.; Lloret, F.; Julve, M.; De Munno, G.; Alvarez,
1994 33, 1585. S. Manuscript to be submitted.
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antiferromagnetic contribution to the coupling constant depends
on the square of the orbital gap according to eq 2, wikgge

Jaa andJap are the exchange and Coulombic integrals involving
orthogonal localized orbitala and b, ande; and ¢, are the

e energies of the singly occupied, delocalized molecular orbitals
£ (SOMOs) in the triplet state. Another model proposed by Kahn
g and co-worker$-54 results in an expression dfdependent on
the overlap between nonorthogonal localimedgneticorbitals
(eq 3).
00 05 10 15 20 (1~ )’
. . . . : Es— Er=J=2K, — 2)
h (A) Jaa =™ Jab
Figure 2. Calculated exchange-coupling constdras a function of the J=J+de ~ 2Kab+ 4(61 _ fz)sab 3)

distance between the coordination planes of the two monomers in the model
dimer1, keeping the hydrogen atoms in the molecular plane (open circles)
and aligning them with the ©O vector (open squares). Experimental

coupling constants (solid squares) also shown for comparison. Although such expressions have been deduced within the

framework of the restricted Hartre€-ock theory, it has been

1.067 A), either keeping each hydrogen atom in the plane of shown that the unrestricted Kofi$ham orbitals obtained from
the monomer to which it is bonded (Figure 2, open circles) as density functional calculations are physically sound and suitable
schematically depicted i2a, or placing the hydrogen atom along  for qualitative molecular orbital theofy:>6 Therefore, we adopt
the O-0 direction (Figure 2, open squares) a2m It is found an empirical criterion and look for the possible existence of
that for all interplanar distances, the most stable geometry is relationships analogous to those in egs 2 and 3 among the results
that in which each H is aligned with the hydrogen-bonded of our DFT calculations. However, before so doing, it is
oxygen atoms (by up to 50 kcal/mol at an interplanar separation convenient to clarify the differences expected in orbital com-
of 2.0 A). The calculated coupling constant is made less negativeposition for the different computational approaches used:
as the distance between the coordination planes of the tworestricted, unrestricted, and unrestricted broken symmetry. In
monomers increases. It can also be seen that for a givenrestricted calculations, the same orbital is used for a spin-up
interplanar distance the coupling is always more antiferromag- and a spin-down electron, so that only two molecular orbitals
netic if the hydrogen is aligned with the two oxygen atoms. are required for a dimer of a Cu(ll) complex, tsiegly occupied
The experimental data are also plotted in Figure 2 (filled molecular orbitalsin a triplet state, referred to as the SOMOs
squares), where two points are seen to deviate from theof the dimer (Figure 3, upper panel). In an unrestricted
theoretically expected behavior. One of them can be explainedca|culation for a triplet state, in contrast, the molecular orbitals
because the @O distance (2.76 A, compourfg) is much larger  for the o and 3 electrons are allowed to be different, and the
than in our calculations (2.31 A). The other outlier is compound differences in localization throughout the molecule (usually
C, for which the experimental coupling constant seems 10 be referred to aspin polarizatio found in those calculations are
too antiferromagnetic for the interplanar distance corresponding gssociated with the maximization of the exchange interaction
to such a structure, and we recall that the experimental value iS3nq the minimization of the Coulombic interelectronic repul-
also in disagreement with that calculated for its full structure gions. In particular, in the present case, therbitals are less
(Table 2), which is nevertheless consistent with the theoretical |54jized at the metal atoms than the restricted SOMOs, whereas
magneto-structural correlation of Figure 2. Finally, we note that o ¢orresponding orbitals are more localized than the SOMOs
compoundH, which did not show the expected relationship  (gjgyre 3. middle panel). To differentiate the unrestricted from
between the ©-O distance and the experimenfalpresents & = yho" rostricted orbitals, we term the formeragnetic spin-
coupllng_ constar_n t_hat IS 1N e>_<ce||ent agreement with the orbitals, since the qualifiemagneticapplied to orbitals has a
expectations for its interplanar distance. wide acceptance as meaning the orbitals that describe the

meeeeeeee e unpaired electrons which determine the magnetic behavior of

Ni/N\c\o/o’H P Nﬁ/N\c‘o/‘iH the molecule. Hence, for the triplet state of a dinuclear Cu(ll)
. B . S VA S ,»"‘-\H [ compound we have twamccupied magnetic spirorbitals
1 hooWsoT W ’\O‘QCKN//N (OMSOs) corresponding toa electrons and twainoccupied
"""""" i el magnetic spir-orbitals (UMSOs) withj spin (Figure 3, middle
2a 2b panel). Correspondingly, in the singlet state the two OMSOs

correspond to one and one3 electron and in a similar fashion
for the two UMSOs.

Since these compounds can be described as two independent
monomers interacting weakly through hydrogen bonds, they (48) Girerd, J. J.; Journaux, Y.; Kahn, Ghem. Phys. Lett1981, 82, 534.
provide a good case study for an evaluation of the currently E‘S‘g ﬁgm 8MC°:$§r‘fc'ftlr Magggﬁ"gvgﬂlm“fggg 3f"5'617?93-
applied orbital models of the exchange interaction. One of them, (51) Kollman, C.; Kahn, OAcc. Chem. Re<.993 26, 259.

)
3
proposed by Hay Thibeault-Hoffmann’ predicts that the (523 Kahn, O.Angew. Chem., Int. Ed. Endl985 24, 834.
)
)
)

Orbital Analysis of the Exchange Interaction

(53) Kahn, O.; Briat, BJ. Chem. Soc., Faraday Trans.1®76 72, 1441.

(54) Kahn, O.; Briat, BJ. Chem. Soc., Faraday Trans.1®76 72, 268.

(47) Hay, P. J.; Thibeault, J. C.; Hoffmann, R. Am. Chem. Sod. 975 97, (55) Baerends, E. J.; Gritsenko, O. ¥.Phys. Chem. A997, 101, 5383.
4884. (56) Stowasser, R.; Hoffmann, B. Am. Chem. Sod.999 121, 3414.
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Figure 3. Schematic representation of the singly occupied molecular orbitals (restricted calculations, upper panel), magnetioitsgn(unrestricted
calculations, middle panel), and broken-symmetry magnetic-spinitals (lower panel) of a dimer of a Cu(ll) complex.

The UMSOs of the triplet in compourd actually found in
H- our calculations (schematically shown in Figure 3, middle panel)
present only a minute contribution at the hydrogen atoms that
form hydrogen bonds, and a similar situation is found in the
i SOMOs of the independent monomers. Despite the almost
+ negligible contribution of the hydrogen atoms to the SOMOs,

these ¢-_2-type molecular orbitals of the two monomers
+ interact, forming bonding and antibonding combinations (sche-
matically shown in3, where the simpler restricted approach is
H assumed for simplicity, showing identical orbitals for theand

B electrons) separated by a substantial gap (ca. 3000 cm

+ between the OMSOs of the triplet state), apparently due to
through-space ©-O interaction. The localization of the SOMOs
in the xy plane also explains why a hydrogen bond involving
H-= an axial ligand (compoundl, Tables 1 and 2) results in a

practically uncoupled dimer.

If we now allow for symmetry-breaking to have a good
estimate of the energy of the singlet state, the -spiritals
3 can mix, producing localized (broken-symmetry) versions

J. AM. CHEM. SOC. = VOL. 124, NO. 18, 2002 5201



ARTICLES Desplanches et al.

O —
a

-20 1
<40 A

E °
= -60
-80 1

'100 v T v T v 1 v T
0 2 4 6 8 10
Sab
07 X
1 b
-20 1
Figure 4. One of the broken-symmetry occupied magnetic spirbital . 40_-
(BS-OMSOs) of compound in a coplanar arrangement, represented with - ]
two different contours to show the basic shape and localization at one E 60
monomer (above) and the small remnant contributions at the other monomer ey el
(below). .80 -
referred to as BS-OMSOs and BS-UMSOs (schematically -100 -
represented in Figure 3, lower pannel). The corresponding 1
-120 T L R |

orbitals obtained in our calculations (one of the BS-OMSOs is
represented in Figure 4) are strongly localized at one monomer
(Figure 4, above), but a small contribution is left at the other Fioure 5. D g ¢ the calculated exch ’ —

. . . . . . gure 5. ependence O e calculated exchange-coupling co
monomer. An intriguing .result is that such a small contribution compoundA on the overlap integrab{100) between (a) occupied magnetic
has metatligand bonding character rather than the usual orbitals (solid symbols) of the monomers (circles), BS-OMSOs of the dimer
antibonding one found in all other cases. This is seen to be duein 2a (trlanglt)GS)I, O(r BS-OI\/ISSSI I)ﬁbf(iquareS), and ((b) bletV;Ieen empty

o f i ; ; ; magnetic orbitals (open symbols) of the monomers (circles), BS-UMSOs
to mixing Wlt.h the low-lying bonding orbital, as_schematlcally of the dimer in2a (triangles), or BS-UMSOs i (squares)
represented id, probably as a means of decreasing the Coulomb
repulsion with the doubly occupied d orbitals.

0 2 4 [ 8 10
Sab

empty UMSO orbitals is considered, a fact that is associated
with a better correlation between the corresponding overlap
X'X N X'X XX integrals and the interplanar separatiohn particular, we note
= that the same dependence bbn S;(BS-UMSOs) is found,
" - a regardless of the position of the hydrogen atoms relative to the
o N oxygen donors and acceptors, in good agreement with the
negligible contribution of these hydrogen atoms to the magnetic
orbitals. The ill behavior of the overlap between occupied
To evaluate the existence of a relationship analogous to thatgrpitals has been found to be due to their mixing with other
of eq 3 among the results of our DFT calculations, we have a gccupieda orbitals. These observations are of practical impor-
choice of possiblenagnetic orbitalsto calculate the overlap  tance, since in many instances the occupied BS-OMSOs are
integral Sy The obvious choice is to use the singly occupied extensively mixed with low-lying orbitals of the same symmetry,
(o) orbitals of the two monomers. However, in the case of making the active electron approximation unpractical. The fact
dinuclear complexes with bridging ligands we cannot split the that the overlap between the two BS-UMSOs is larger than that
molecule into two independent, chemically meaningful mono- hetween the BS-OMSOs is due to a lesser localization of the
mers, and the use of the broken-symmetry orbitals of the whole former, thus leaving a residual contribution at one of the
dinuclear entity seems to be a more general approach. Furthermonomers; even if its participation is very small, the self-overlap
more, it is frequently found in unrestricted DFT calculations integral between the,d 2 orbital at a given Cu atom in the
that the BS-OMSOs are not very well localized at the metal two BS-UMSOs §,, = 1) is much larger than, for example,
atoms due to mixing with low-lying orbitals. Hence, we present the overlap between the oxygen atoms in two different
in Figure 5 the values of in both geometries2a and 2b, monomers, and its contribution to the overall overlap becomes
calculated at different interplanar separations as a function of significant despite the small coefficient. We also stress that
the overlap integral between the SOMOs of the monomer and extrapolation of the different curves in Figure 5 to zero overlap
between the broken-symmetry orbitals of the dimer (Table 3). predict that only weak ferromagnetic coupling can be expected
It can be seen that in all cases a stronger antiferromagneticfor these complexes (6f30 cnt! at most). In summary, the
coupling is expected as the overlap between the magneticBS-UMSOs provide an excellent computational version of the
orbitals increases. Another important feature shown in Figure magnetic orbitalof Kahn—Briat's model (eq 3), as previously
5 is that the relationship between overlap and coupling constantnoted by Blanchet-Boiteux and Moue&tand by us$® for other
seems to follow a clearer trend when the overlap between theCu(ll) systems (Table 3).

BS-OMSO
4
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Table 3. Calculated Coupling Constant (cm~1) for Compound A at
Different Interplanar Separations (h in A), Together with the
Overlap Integrals (Sap x 100, Absolute Value) between the
BS-OMSOs (shown in Figure 4) and BS-UMSOs of the Dimer,
Together with the Energy Gap (e1 — €2, cm~1) between the
OMSOs or UMSOs of the Triplet State

Sab

€17€

h geom. Jeale BS-OMSO BS-UMSO OMSO UMSO
0.00 2a —87.6 6.765 8.144 3024 2258
2b —103.4 8.561 8.678 3024 2482
1.00 2a —65.8 3.159 7.210 3193 1940
2b —80.0 4.304 7.716 3193 2153
1.25 2a —48.6 1.653 6.342 2910 1699
2b —60.0 3.520 6.820 2849 1896
1.50 2a —30.2 0.860 5.238 2506 1395
2b —39.5 2.538 5.674 2405 1576
1.75 2a —-12.4 5.732 3.800 2236 1023
2.00 2a —-1.3 16.400 2.270 1909 665
2b —7.7 1.544 2.857 1361 836

a Anomalously high overlap integral because of mixingretf/pe orbitals
into the BS-OMSOs.

We have stated above that the orbital gap show i3
apparently due to a direct through-space interaction of the
oxygen atoms, without significant participation of the hydrogen
bridges and have later shown in Figure 5b that the calculated

does not seem to depend on the relative position of the H atoms

but on the overlap between the broken-symmetry UMSOs. Such
a conclusion is also confirmed by the analysis of the atomic
contributions to the overlap between the BS-OMSOs or the BS-
UMSOs, since the hydrogen atoms contribute less than 1% of
the total overlap. We can thus conclude that the role of the
hydrogen bonds in such dimers is essentially structural, that is,
they provide theylueto hold the two oxygen atoms at a distance
in which their atomic orbitals overlap enough to provide an
efficient pathway for the exchange interaction.

A nice confirmation of the usually applied qualitative ideas
comes from the excellent correlation found between the orbital
gapei1 — ez in the triplet state and the overlap integral (eq 4 for
caseaand2b), as assumed by Kahn and co-workers for their
generic definition ofmagneticorbitals. Subsitution of such an
expression in eq 3 would lead to a quadratic dependende of
on the overlap, an alternative form of the KatBriat model.

€, = 0.462+ 2767.5S,(BS-UMSOs)
(incm™Y r?=0.994) (4)

€ —

TheJ values obtained for compourdat different interplanar
distances in geometriéza and2b are plotted as a function of
the square of the energy gap between the two OMSOs or
between the two UMSOs of the triplet state (Figure 6), and
excellent linear fits can be obtained. The point that deviates
from the linear behavior in Figure 6 corresponds to the two
coplanar monomers, a case in which there is significant mixing
of the OMSO with other occupied orbitals, making the active

electron approximation inadequate and has therefore been

disregarded for the least-squares fitting. A remarkable result is
that the points corresponding to the UMSOs of the two
hydrogen-bond geometries explor&h@nd2b) present practi-
cally the same trend (eq 5). From the linear fittings in Figure 6

O -
-20
.40

-60

J{em™)

-80 4

-100 - o

-120

T

100 120

L LA B |
20 40 60
244 05 -2
(€1 -€)°M0° (em™)
Figure 6. Calculated exchange-coupling constant in the model dimer 1 at
different interplanar distances with the H atoms located in the planes of
the monomers 24a, triangles) or along the @O vector @b, circles)
represented as a function of the square of the energy gap between the two

UMSOs (open symbols; regression coefficieht= 0.998 for 11 points) or
between the two OMSOs (solid symbols) of the triplet state.

0 80

Kaband Jaa— Jan) by comparison with eq 2. The estimateg,
values,+5.3, + 36.4, and+ 9.2 cnt! from UMSOs (of both
2aand2b), OMSOs of2aand OMSOs ofb, respectively, are
rather small compared to those found for, for example, end-on
azido, hydroxo, or alkoxo bridgest@100, +824, and+599
cm~1, respectively3®>® and suggest that hydrogen bonding
between Cu(ll) complexes should not be expected to provide
significant ferromagnetic coupling, at least in the presently
analyzed molecular topology. The estimated valueslgf €

Jap), on the other hand (5.5% 104, 1.00 x 1C°, and 1.16x

10° cm™Y), are similar to those found for other Cu(ll) dinuclear
complexes with hydroxo, alkox®, oxalato® oxamidaté® or
1,3-azidé® bridges (between 6.k 10* and 1.8x 10° cm™)

(61 - E2)2

551x 10°

m Y
(from UMSOs; r?=0.998) (5)

(c

Given the good correlations found betwekand €; — )2,
and betweenef — ¢,) andS,p, it comes as no surprise that an
excellent linear correlation is found betwedandS,y(e; — ¢€),
as suggested by the proposed relationship in p8petween
JandS? (egs 6 and 7). If we take the BS-UMSOs to calculate
S the term inS,2 becomes important for small values of the
overlap, contrary to what has been frequently assuthed,
whereas the dependenceXén the overlap integral becomes
practically linear for large overlap values. It is remarkable that
extrapolation of eqs-57 (or of the curves in Figure 6) to zero
overlap and zero orbital gap consistently gives sni&lh
estimates (betweei2 and+30 cnt?).

J=6.27— 0.51¢; — €,)S,(BS-UMSOs)

(incm™ Y r?=0.999 for 11 points) (6)
J=7.07— (1.47 x 10%S,(BS-UMSOs)
(incm % r?=0.997 for 11 points) (7)

we can obtain estimates for the values of the two-electron terms(59) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, > Am. Chem. Sod998 120

(57) Blanchet-Boiteux, C.; Mouesca, J. Mheor. Chem. Ac200Q 104, 257.
(58) Fabrizi de Biani, F.; Ruiz, E.; Cano, J.; Novoa, J. J.; Alvarean8rg.
Chem.200Q 39, 3221.

(60) Cano, J.; Alemany, P.; Alvarez, S.; Ruiz, E.; VerdaguerCklem. Eur. J.
1998 4, 476.

(61) Cano, J.; Ruiz, E.; Alemany, P.; Lloret, F.; AlvarezJSChem. Soc., Dalton
Trans.1999 1669.
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Table 4. NBO Atomic Spin Populations Calculated for Compound

the spin population of the two inequivalent oxygen atoms and,
A and for the Two Isolated Monomers

consequently, the spin populations of the two N atoms are also

atom monomer 1 monomer 2 dimer much closer to each other. A remarkable effect appears at the
Cu 0.5501 0.5862 hydrogen atoms, which present now a small negative spin
o 0.0370 0.5506 g-ggij population. Such a behavior can be attributed to the combined
' 0.0371 0.0647 spi_n polarization of the ©H bonding electrons and the !one_
¢} 0.1562 0.0864 pair of the hydrogen-bonded alkoxo oxygen. Those polarization
y 0.0025 0.1566 7006%81624 effects outweigh the very small delocalization of the positive
: 0.0024 00012 spin _of Fhe OMSO toward the hydrogen atom, in contrast Wit_h
Ny 0.1511 0.1313 the findings for the monomer, in which only one electron pair
0.1504 0.1306 affects the spin polarization at the hydrogen atom. With a small
Ne 0.0897 0.0899 8'3}2 enough delocalization of the unpaired electrons toward the

hydrogen atoms, spin polarization predominates, and a negative

spin population results. Upon asymmetrization of the hydrogen
It can thus be concluded that the qualitative models which bonds, some contribution may appear, but it is perforce small,

propose a roughly constant ferromagnetic contribution and an compared to that in the lowest SOMO or in the monomers,

antiferromagnetic contribution dependent on the overlap betweenwhere there is no nodal plane close to the hydrogen atoms.

two localized magnetic orbitals (or on the associated orbital gap)

are consistent with the results of the present DFT calculations, Conclusions

and rather small ferromagnetic contributions (of less th&0

cmY) are predicted, regardless of the model used.

The present theoretical studies confirm that hydrogen bonding
provides an efficient mechanism for the antiferromagnetic
Spin Density Distribution exchange coupling between Cu(ll) complexes, provided the

Since there is a general belief that the spin density at the Nydrogen bonds occur in the plane having the strongest cepper
bridging atoms in binuclear complexes should be related to the igand bonds. Such a coupling is due to the through-space
sign and magnitude of the exchange-coupling constant, we areoverlap of the SOMOs of the two monomers produced by a
systematically exploring the spin density distribution in the high- ¢lose contact between the oxygen atoms involved in hydrogen
spin state of binuclear complex&The most relevant atomic ~ bonding. The exchange-coupling constant is seen to depend on
spin populations obtained from our calculations on the triplet the intermolecular distance or on the interplanar distance, in

state of the molecules studied here are presented in Table 4. agreement with orbital overlap criteria, further confirmed by
the correlation between the orbital energy gap and the calculated

J, as predicted by the HayT hibeault-Hoffmann orbital model
of exchange interactions. Furthermore, it is seen that the

N~ OH-- N
Cu/ \Cu/ \ coupling constant depends on the square of the overlap integral
\ VRN / N between the two BS-UMSOs in a linear way, as predicted by

the Kahn-Briat model for magnetic orbitals defined in a
different way. The different qualitative approaches analyzed are
coincident in predicting a small ferromagnetic contribution to

The spin populations in the two monomers are very similar, the exchange interaction, hence a maximum expettesiue
in keeping with the small differences in their geometries. Of at most+30 cnr* for equatorially connected hydrogen-
Although the largest part of the spin density is located at the bonded dimers of Cu(ll) with topology. Furthermore, our
copper atom, there is an important delocalization of the unpaired orbital analysis unequivocally confirms that the superexchange
electron, mostly to the four donor atoms as found in many interaction in the hydrogen-bonded Cu(ll) dimers studied is due
transition-metal complexé3.A significant asymmetry in the  to direct through-space interaction between the oxygen atoms
unpaired electron delocalization can also be detected, with theof the two monomers, whereas the hydrogen bridges play
protonated oxygen much less involved than the unprotonatedessentially an indirect structural role by holding those oxygen
one. The different involvement of the two oxygen atoms in atoms in close proximity.
bonding with Cu is also reflected in the different spin popula- A finding that bears some relevance for future theoretical
tions at the two N atoms, the one trans to the OH group having studies is that the empty spiorbitals of the ferromagnetic case
a significantly larger spin density than the cis one. The minute (UMSOs in the present nomenclature) provide a reasonable
participation of the hydrogen atom in the SOMO of the representation of the corresponding occupied -spiitals
monomer discussed above is appreciated in its rather small(OMSOs) in terms of orbital energy gap. Similarly, the
positive spin population, which can only be attributed to spin ynoccupied spirorbitals of the broken-symmetry state (BS-
delocalization. UMSOs) provide a fair representation of the overlap between

Upon formation of the hydrogen-bonded dimer some interest- the two OMSOs of the same state. Since in many instances the
ing changes in the spin populations (calculated for the triplet Bs-ymSOs present less mixing with lower-lying orbitals and
state) can be appreciated. Despite the asymmetric nature of theyre therefore better localized at the metal d orbitals, the overlap
hydrogen bond, its formation largely reduces the asymmetry in jntegral between these orbitals provide better correlation with

(62) Cano, J.; Ruiz, E.; Alvarez, S.; Verdaguer, ®omments Inorg. Chem.
199§ 20, 27.
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the calculated exchange-coupling constant than the occupied
BS-OMSOs.
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