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Abstract: A spin density functional (SDFT) study of carboxylate-bridged and diazenido-bridged dinuclear
gadolinium compounds is presented. Calculated magnetic coupling constants for the carboxylate-bridged
structures are in good agreement with experimental data, confirming the ability of the broken symmetry
approach used in this work to predict magnetic behavior in such compounds. The systematic trend wherein
symmetrically bridged complexes are antiferromagnetically coupled and asymmetrically bridged are
ferromagnetically coupled is reproduced by the SDFT calculations. The mechanism underlying magnetic
coupling in closed- and open-shell dinuclear complexes is described using a perturbative molecular orbital
model that focuses the influence of the 4f7-5d exchange interaction on molecular orbitals with significant
5d-orbital character for the complex [{[(MesSi).N].(thf)Gd} 2(N2)]. Open-shell electronic configurations facilitate
strong ferromagnetic coupling, whereas in closed-shell systems antiferromagnetic coupling is usually
preferred.

Introduction In recent years, an increasing number of chemists have turned
their attention to molecules and hybrid organinorganic
materials (e.g., coordination network solids) that incorporate
magnetic lanthanide iorf8:32 For the most part, these efforts
have proceeded in an empirical fashion because coordination
]chemists have not been guided by theoretical criteria for
‘building in” magnetic coupling between paramagnetic lan-
thanide ions. Indeed, it is unclear whether it is possible to make
coordination networks to manifest appreciable coupling.

In this contribution, we subject dinuclear gadolinium com-
plexes with bridging carboxylate, phenoxide, and diazenido
bridging ligands to theoretical scrutiny with the purpose of
learning how intervening ligands in these complexes influence
the magnetic coupling between the gadoliniufii £S) ion

Theoretically derived rules for interpreting and designing
magnetic molecules and materials that incorporate organic
radicals and/or transition metal ions have been conceived and
refined over many years and serve an important guide for
experimentalists who synthesize and measure the properties o
magnetic materials:14 The synthesis of an expanded class of
Prussian blues and interpretation of their magnetic properties
by the groups of Girolami, Long, and Verdaguer, for example,
were clearly guided by an understanding of the orbital interac-
tions responsible for ferro- and antiferromagnetic coupling in
these network solid¥$-28
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elemental metals and in intermetallic compounds, especially formalism and the expectation value(s) for broken symmetry solution-
those with the “magnetic” transition metals (Fe, Co, and (s)is(are) used in calculating the energy of the low-spin stat&(®).

Ni).33-39 Indeed, the general characteristics of these systemsThe coupling constant of dinuclear complex is evaluated using the
provide some initial hints as to what molecular systems might €nergy difference between the high-spin state and the computed

offer particular promise.

To a much greater extent than tldeorbitals on transition
metal atoms, the f4orbitals on lanthanide atoms are highly
contracted, and their direct participation in magnetic superex-
change coupling (mediated bf+dverlap with intervening ligand
orbitals) is effectively precludett’® In rare-earth intermetallic
compounds, however, an indirect pathway involving the local-

expectation value (energy) of the low-spin, broken symmetry deter-
minant. For the case in whicB = §, the coupling constant may be
obtained by use of eq Z;
Ens — ELs= —2J8(§ + 112 2
whereEys is the energy that corresponds to the state with the highest
total spin,E s corresponds to the state with the lowest total sgin~(

ized 4 electrons and the conduction electrons is reSpOﬂSible 0, for a homodinuclear complex), aidis the total spin on each metal

for magnetic ordering'~*4 Elemental gadolinium, for example,

atom. Experience has shown that estimating the energy of the low-

is a metallic ferromagnet that orders near ambient temperature.spin state by making use of the computed “energy” for the broken

The 47 moments are coupled through an indirect mechanism,
in which the % conduction electrons mediatef—44f cou-
pling.#>-47 When the conduction electrons are spin-polarized,

as in Fe-rich or Co-rich intermetallic compounds that contain t

lanthanides (e.g., N#e 4B and SmCg), the exchange coupling
to the conduction electrons can be even strongéth the
lanthanide moment alignment remaining “fixed” by the sur-
rounding polarized spin densify:84°

Computational Methods for Lanthanide Complexes

Broken Symmetry Approach. The exchange interaction between

symmetry solution for transition metal complexes without per-
forming any spin projection, leads to good agreement with experimental
data for a large variety of compounds with exchange coupled elec-
rons7,8,11,14,5?63

In applying the symmetry-broken approach to a molecule with two
Gd centers, spin density functional theory (SDFT) is first used to
calculate the energy of;,t;Cand|t;,1,[#* The former spin eigenfunction
represents a state with all seven of fhelectrons on both Gd atoms
spin up and the latter expressidh,i;[]represents a determinant where
all sevenf-electrons on one Gd atom are spin up and all seven on the
other Gd atom are spin down, which is a combination of pure spin
determinants wittf§= 0, 1, ..., 7 andMs = 0. The energy of the high

two paramagnetic centers is phenomenologically described using thespin state can be identified with the energy obtained with the HDVV

Heisenberg -Dirac—Van Vleck (HDVV) spin Hamiltoniart®52

H=-J35§ (1)

whereJ; is the magnetic coupling constant describing the spin exchange

between different spin states aﬁdandS are the total spin operators
for atomsi andj. The effective Hamiltonian is defined such that the
sign of the magnetic coupling constady, is positive for ferromagnetic
coupling and negative for an antiferromagnetic interaction.

The spin eigenfunction of the high-spin state f8Mgis a single
Slater determinant (whef@is the total spin andlsis its z-component).

Any lower-spin state eigenfunction is expressed as linear combinations

Hamiltonian @ = —J5-%):E|t;1/= —49/4 J. Overlaps betweer
orbitals on neighboring atoms are very small, el,};|t7};0~ 0, so
|t24;0can be expressed as a combination of pure states using the
Clebsch-Gordan coefficients without overlap corrections, and its energy
can be obtained using the same coefficients:

3 7 7 49
E\Tyhﬂ_ ﬁEo + ﬁEl + ﬁEz + 2_64E3 +
7 7 1 1
8™ " 312 T 2640 T 34357 @

The HDVV Hamiltonian yields an energy expression in terms of

of Slater determinants and therefore is not amenable to direct calculationth® Set of pure state energiess = (J/4)(S(St+1)):

in the usual implementation of density functional theory. Noodleman

et al. have proposed an alternative approach, in which unrestricted, or

spin-polarized, functions are evaluated within the density functional
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An identical value foiEy, 1,nis obtained from the expectation value,
O,4-0A 17,470) directly and this is how one can correlate computed
SDFT energies with coupling parametergpractice the point of these
comments being a demonstration of the equivalence of this procedure
with the broken-symmetry approach.
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To qualitatively assess whether any particular system will exhibit
ferro- or antiferromagnetic coupling, it is useful to examine the
characteristics of the broken-symmetry solutignj-[) even though it
does not actually represent any (single) spin eigenfunction. Whatever
factors one can identify that tend to (de)stabilizd-Cversus|t;,t0(a
true spin eigenfunction) will proportionately affect the (de)stabilization
of the true low-spin eigenfunction. In the discussion below, we shall
discuss certain characteristics of broken symmetry determinant(s), such
as spin polarization of Gdstand & electrons induced by the“core
electrons, to gain insight into the origin of magnetic coupling in
dinuclear complexes. It should be borne in mind that the correct
symmetrized low-spin wave functions do not exhibit any net spin
polarization because they contain, among other terms, equal contribu-
tions from|t7,{;0and [¥7,1;[F-and the spin polarization in each is offset
by the other.

Computational Details. The GGA/BLYP density functional has
been used in all Gd calculations as implemented in BMathin the
Cerius2 suite of progrants:6” This uses Becke's expression for the
exchange function&f and the Lee-Yang—Parr correlation function&?.

The double numerical (DND) basis includidgpolarization functions
was employed in DM@l calculations for all atoms. A small frozen-
core (52s2p3s3p3d) effective potential was used for Gd. All calcula-
tions included scalar relativistic effects and open-shell configurations.
The convergence criterion for the energy was set af Hy. In all
calculations, we have employed 302 radial points, generated with a
harmonic function withl = 29 (called a “fine grid” in DMof). To
check the influence of the grid on the accuracy of the results, we
performed some test calculations increasing the size Up-td1. The
difference in the 2 values computed with the two grids wa€.002
cm1, and thus the use of the fine grid was deemed to be acceptable.

Since modest changes with respect to the experimental structure Cany -~ nd lowest excitedD Gd-atomic states {A5d6s? configuration)

sometimes result in S|gn|f|ce_1nt changes in the computed coupling using the BLYP functional and the double numeric basis sets discussed
constant, we used the experimental molecular structures, rather than

. : . o i % of th r ically m r 7 \/
optimized structures, when available. Geometries were optimized at above, is about 89% of the spectroscopically measured gap (0.793 eV),

the DFT/BLYP level with TZ2P small core basis sets using relativistic aft(_er_accguntmg for spin contamination an(.j averaging over spibit
- . splitting in both state& A well-known artifact of DFT should be
scalar zero-order-regular approximation (ZORA) method in the Am- 5 . .
. - 3 . - acknowledged?® although both states are orbitally degenerate, their
sterdam density functional (ADF) packagié!! The Dirac utility was energies, computed with all current functionals, depend slightly on
used to generate relativistic frozen core potentials for the scalar ZORA gies, P » aep gntly

. . . - which d orbital is actually occupied. In our calculations, we examined
calculations. The integration parameé&rcintand the energy conver- 4 9 . . )
o ; the E('D) — E(°D) difference by occupying one of the four spatially
gence criterion were set at 6 and"2@u, respectively. Symmetry was . « L ) .
’ : g, equivalent “cloverleaf’ orbitals (i.e., nal?) in both states, and the
lifted in all calculations’

. . . . energy difference given reflects this choice.

Geometries used in calculations of phenoxide- and carboxylate-
bridged dinuclear compounds were based on structures of related comBenchmark Systems: Alkoxo-Bridged Gd(lll) Dinuclear
pounds determined by X-ray crystallography. When necessary, experi-COmp|exeS
mental structures were slightly idealized to achieve inversion symmetry.
Partial geometry optimizations were performed on the two models  [GA(OAC)3(H20)z]2. [{ GA(OACK(H20)}2]-4H:0 (1) has a
mimicking the heptadentate amino phenoxide Gd complex:bis(is- structure wherein two of the six carboxylate units bridge each
(((2-Hydroxybenzyl)amino)ethyl)amine)gadolinium), ((Gd(AmBJ)in gadolinium to form a planar four-membered riffgin the
which the models contain either one bridging phenoxide group=Ph  bridging acetate ligands, the oxygen atoms not involved in the
3 and Ph= 1, or a bridging enolate group, Rh 0 (refer to Figure 3 central GdO, parallelogram bind to one Gd center, as shown
for notation). In both cases, the Gd distances and angles were kept iy Figure 1. Two additional acetate ions and water molecules
at experimentally determined values, and only the ligands were complete the coordination environment around eachGzh.
Optslmlzsdﬁo diazenido-bridged dinuclear gadolinium complexes have The distance between the gadolinium ions within the dinuclear
been reported, its structureg was obtainedgfrom a yttrium 2nalogue byumt is 4.206 A, and the angles at the oxygen bridgeheads are

' 115.48. [{ GA(OAC)K(H20),} 2] exhibits ferromagnetic coupling;

Figure 1. Structure of [Gd(OAc(H20).]. and detail of the G&D, core.

multiplying observed Y-L distances by a scale factor of 1.028he

ratio of the two metals’ 8-coordinate crystal radio obtain Ga-L
distanceg® Geometries of the yttrium diazenido complexes were also
optimized at the DFT/BLYP level. Partial geometry optimizations for
the one-electron oxidized product were performed using both experi-
mental and optimized geometries, keeping constant the distances and
angles of the bis(silyl)amide and solvent ligands. Both yielded the same
geometry. In discussions referring to van der Waals (v-d-W) radii,
standard radii were taken for C (1.70 A), Si (2.10 A), and N (1.55
A).7 For yttrium, the v-d-W radius (2.42 A) was obtained using the
relationRygw = Reov + 0.80 A withRyoy = 1.62 A. A standard Mulliken
population analysis was carried out to obtain total atomic populations
and charges.

In magnetic-coupling calculations of lanthanide complexes and
solids, the simplest nontrivial element to treat is gadolinium, where
f—f spin—orbit coupling effects are absent in first order (for t&
state of the # core) and can therefore be safely neglected. As we
have discussed in previous work, the calculated gap between the ground

(65) Delley, B.J. Chem. Phys199Q 92, 508. the effective moment (per Gd) reaches Qu@7at 1.74 K, and
Eg% Be”ey, E-é CheT-'\l/Thg/QOSOQZ%%)% 35?-22 the susceptibility data is fit witd = 0.03 cnr .77
elley, B.Comput. Mater. Sci f . . .

(68) Becke, A. D.Phys. Re. A At. Mol. Opt. Phys1988 38, 3098. [Gd(AmPh)]>. [Gd(AmPh)E-2CHCE (2) is a homodinuclear
(69) Lee, C.; vang, W.; Parr, R. ®hys. Re. B: Condens. Mattet 988 37, complex containing two 8-coordinate Gd ions, each of which
(70) Te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra, C.;

Van Gisbergen, S. J. A;; Snijders, J. G.; Ziegler) TComput. Chen2001, (73) Ganguly, PJ. Am. Chem. S0d.993 115, 9287.

22, 931. (74) Bondi, A.J. Phys. Chem1964 68, 441.
(71) ADF2003.01. SCM, Theoretical Chemistyrije Universiteit: Amsterdam, (75) Koch, W.; Holthausen, M. CA Chemist's Guide to Density Functional

The Netherlands (see Supporting Information for the complete reference). Theory 2nd ed.; Wiley-VCH: New York, 2000; p 294.
(72) Users of the ADF program using Symmetry option should be certain that (76) Hatscher, S. T.; Urland, WAngew. Chem., Int. EQ003 42, 2862.

the parameter ALFIT is set high enough (for example, 10 A) to avoid errors (77) Itis worth emphasizing, here and subsequently, that this corresponds to an

that this method can otherwise introduce. energy difference betwegfy,t;0and |1;,};00f ~0.75 cn! (see eq 3).
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Ph =1 Ph=0

Figure 3. Model structures for [Gd(AmPh)]Ph = 3 refers to a ligand
with three phenoxide groups, Ph1 refers to a Ggbridging ligand with
one phenoxide group, and Ph 0 refers to a bridging ligand with no

Figure 2. Structure of [Gd(AmPh)]and detail of the GgD, core. phenoxide moieties.

;ab/él- Oli)xch(elsnge%OEUP"ng %erf\stants 2fJ (ffT_;)t Catlculate? t?]S pling. Similarly, when replacing the bridging phenoxide group
e(S=0)—-(S= nergy Difference for the Structures of the . . .

Oxo-Bridged Gd(lll) Dinuclear Complexes and Related Model with a model u?'ng enolate bridges, one observes a larger

Structures calculated coupling constant-0.121 cnt?l) than that for the

experimental model; however, it correctly predicts weak anti-

complex Jeaed Jexpu . ' .
ferromagnetic coupling of comparable magnitude as the other

=CH;, [Gd(OZCH)Zwogéch)(HZO)Z]Z 0.039 calculated coupling constants.
R=CFR 0.046 The important distinction between these two classes of
R=H 0.040 complexes is in the geometries of the ,0a carboxylate
[Gd(AmPh)k (phenolate) bridges. The central A3y cores of the phenolate-
Eﬂz :i :8&12 —0.045 bridged complexe<, show neaD,, symmetry: all the Lr-O
Ph=0 0121 bond distances are nearly equal, and the-Oa-C(ring) angles

are all within 2 of their mean values. In contrast, the 03
cores of the carboxylate-bridged moleculedave approximate
is coordinated by (tris(((2-hydroxybenzyl)amino)ethyl)amine Cj, symmetry: the Lr-O lengths show significant alternation
(AmPh), a triply deprotonated heptadentate Schiff base ligand within the Ln,O, ring, and the lines containing thexcO—C
(Figure 2)’® One phenolate arm on each ligand acts as a bridge do not radiate outward from the center of the ring (see Figures
between the two metal centers, which are separated by 3.9841 and 2). The differences computed in all of our calculations
A; the angle at the oxygen bridgeheads is 113.TRe molecule seem to correlate with the donor ability of the ligand and the
is centrosymmetric, and the @o, parallelogram is nearly  break in symmetry. In addition to a large in-plane displacement,
rhombic (the two Ge&-O distances are 2.391(2) and 2.384(2) the oxygen bridgehead angles are also important for assessing
A). The complex exhibits antiferromagnetic coupling with a the coupling exhibited by the Gd centedd.(Small increases
decrease in the magnetic moment with temperature such thatin Gd—O—Gd anglef), appear to favor ferromagnetic exchange.
the moment (per Gd) falls to 7.3@; at 4.2 K (derived coupling  Also, as the in-plane anglg;, tends toward 120 the system
constantJ = —0.045 cnt?). exhibits antiferromagnetic character. These small changes,
The experimental and calculated exchange coupling constantshowever, are not as substantial as the ligand effect on lowering
for complexesl and2 and related models are shown in Table the symmetry.
1. Although they lack quantitative accuracy, our calculations
successfully predict the qualitative nature of the coupling (i.e.,
the sign ofJ) and give good agreement for the magnitude of
the coupling in every case, which is always very small. To check
the applicability of our computational models to correctly eval-
uate coupling constants in real compounds, we calculhfed
different model structures using the experimentally determined
structural data for both compounds. Results for other carboxylate
derivatives based ahindicate that electron-withdrawing groups
exert little influence on the strength of exchange; all of the cases
computed are predicted to have coupling constants very similar
to that found for acetate bridgés.
For the models of compleX (see Figure 3), simplifying only ~ Magnetostructural Correlations in Alkoxo-Bridged
the terminal phenoxide groups of the heptadentate ligand andGd(lll) Dinuclear Complexes

maintaining the phenolate bridge yields a computed constant Gd—0 distances for other alkoxo-bridged Gd(lll) dinuclear
of —0.116 cm* [that is larger than experimentally observed complexes range between 2.940 and 2.324 A. To investigate
(—0.045 cn?)] but correctly predicts antiferromagnetic cou- the correlation between the @ distance and magnetic
coupling, we calculated the coupling constant for several model
(78) Liu, S.; Gelmini, L.; Rettig, S. J.; Thompson, R. C.; Orvig JCAm. Chem. ; in 76,78,86-83

S0¢.1892 114 6081, structures with a G&D; ring. The calculated values of
(79) Urland and authors published the single-crystal structures and magnetic

behavior of GAd(HECCOO}(H,0),:2H,0 and Gd(HCCOO}(H,0),:2H,0, (80) Hernandez-Molina, M.; Ruiz-Perez, C.; Lopez, T.; Lloret, F.; Julve, M.

showing antiferromagnetic coupling for the former and ferromagnetic Inorg. Chem.2003 42, 5456.

coupling for the latter. This structure type is different from the one in this  (81) Costes, J.-P.; Clemente Juan, J.-M.; Dahan, F.; NicoderdeCRem. Soc.,

study. Rohde, A.; et all. Alloys Compd2004 374, 137. Dalton Trans.2003 1272.
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Table 2. Exchange Coupling Constants 2J (cm~1) Calculated from the (S = 0) — (S = 7) Energy Difference for Various Oxo-Bridged Gd(lIl)
Dinuclear Complexes

compound 6Oldeg @ldeg Gd-++Gd (A) Gd-0 (A) Jexp Jeate ref
[Gda(mal)(H20)e] 116.71 92.59 4277 2.426/2.597 0.048 0.057 80
[Gdz(acetylsal)]« 114.3 94.0 4.187 2.439/2.545 0.037 0.075 81
[{Gd(OACK(H20)2} 2] 115.48 92.88 4.206 2.403/2.570 0.03 0.039 76
[Ga(O2FC(OzFC(MeOH)] 112.44 83.39 4.409 2.349/2.941 0.006 0003 82
[Gd(AmPh)} 113.12 124.41 3.984 2.383/2.392 —0.045 —0.116 78
[{ Gd(Hsabhea)(N§)} 2] 107.61 121.01 3.764 2.324/2.341  —0.198 -0.482 83

aWithin our accuracy limitation, this is not significantly different from zero.

2J in Table 2 show that, as the G distances become more
unequal, antiferromagnetic coupling is replaced by ferromagnetic
coupling. The sign of the coupling constants in these complexes
are correctly reproduced in all four cases, and they are all
predicted to have small magnitudes. Further analysis of all the
experimental structures reveals magneto-structural correlations
in the Gd dinuclear complexes. Both the theoretical results and
experimental data show the correlation between the rhombus
for the GO, ring and the sign and magnitude of magnetic
coupling.

While it is reassuring that we obtain generally good agreement
between computed coupli.ng constants expgrimental data for thesynthesis of some of these compounds involved divalent
complexes thus far considered, the magnitudes of these coujgnthanide reagents (in the case of thulium, dysprosium, and

plings are quite small. With net couplings of such small magni- neqdymium)all the lanthanide centers in this set of molecules
tude, it is difficult to extract any qualitative chain of reasoning gnou1d be regarded as trivalent witf fn_, = 0, nce = 1, etc.)

that “explains” the results discussed so far. Furthermore, it seems; ¢ configurations and bearing & Xore charge. The same
likely that, as long as we remain focused on hard, saturatedjence description applies to a second class of diazenido-
pxygen-baseq donors as bridging Ilg_ands., strategies for Increasyyigged complexes wherein twert-butoxide ligands and two

ing the magnitude of the GelGd coupling will remain obscured.  THE molecules are bound to each lanthanide center: [(2,6-
We therefore turn our attention to dinuclear lanthanide com- Bu,CeH30)(thf)oLn]o((-725%Ny) with Ln'" = Tm, Dy, Nd.
plexes synthesized in Evans’ group: those containing diazenido \ost |anthanide compounds are 8- or 9-coordinate; the Ln

bridges and lower Gt coordination numbers. centers in both classes of complex are 5- and 6-coordinate. These
Dinitrogen Complexes relatively low Ln coordination numbers are important in

. stabilizing the diazenido ligand in these complexes (Figure 4,
Evans and co-workers have synthesized a class of moleculesonly half of the dinuclear complex is shown)

in which Ln centers are coordinated by two bis(trimethylsilyl)-
amide ligands and a single THF moleculd(Me3Si),N](thf)-

Ln}2(No); (Ln" = Gd, Th, Er, Ho, Y, Lu, Tm, Dy, Nd) as shown
in 2.84*86

Figure 4. {[(MesSi)aN]2(thf)Ln} 2(N); the thf ligand is omitted.

Importantly, this relative coordinative unsaturation is com-
pensated by the-donation of amide and by back-donation from
the diazenido ligand. Thus, the ligand bulk, low coordination
numbers, and bridging diazenido ligands are interrelated. As

we shall see, these circumstances conspire to enhance the
magnetic coupling of Gd centers through the bridge.
Yttrium Geometry Optimization. A geometry optimization
on the yttrium complexes revealed only minor differences
between optimized and experimental structures. All relevant
bond distances and angles are shown in Table 3. The computed
dinitrogen distance (1.256 A) is about 1% shorter than observed
experimentally (1.268(3) A), and the computee M distances
(2.340 and 2.369 A) are about 2% longer than those observed
experimentally (2.296(2) A and 2.317(2) A). All other metal
2. Ln=Gd, Tb, Er, Ho, Y, Lu, Tm, Dy, Nd ligand distances are slightly longer (0.03 A) than experiment,
) ) o ~and the largest discrepancy in bond angles-8. There are
These molecules have a structure in which dinitrogen bonds in precedents in the literature to which we can draw compari-
au-nn*N; fashion where the NN distances are 1.2581.305 sons for yttrium complex geometry optimizations using BLYP
A, indicating that the bridging dinitrogen is most appropriately  fnctional, but bond distances for tris(bis-dimethylsilyl)amido
described as a diazenido ligand;?N Despite the fact that the  gamarium using the hybrid B3LYP functional are also slightly

longer than experiment for lanthanide systeé#83 All angles

(82) Hou, H.; Li, G.; Li, L.; Zhu, Y.; Meng, X.; Fan, Ylnorg. Chem.2003

42, 428.
(83) Plass, W.; Fries, &Z. Anorg. Allg. Chem1997, 623 1205. (87) A more complete table is included in the Supporting Information.
(84) Evans, W. J.; Zucchi, G.; Ziller, J. W. Am. Chem. So2003 125, 10. (88) Maron, L.; Eisenstein, Ql. Phys. Chem. £00Q 104, 7140.
(85) Evans, W. J.; Lee, D. S;; Ziller, J. W. Am. Chem. So@004 126, 454. (89) Maron, L.; Eisenstein, ONew J. Chem2001, 25, 255.
(86) Evans, W. J.; Lee, D. S.; Rego, D. B.; Perotti, J. M.; Kozimor, S. A.; Moore, (90) Clark, D. L.; Gordon, J. C.; Hay, P. J.; Martin, R. L.; Poli, Brgano-
E. K.; Ziller, J. W.J. Am. Chem. So2004 126, 14574. metallics2002 21, 5000.
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Table 3. Selected Experimental and DFT Optimized Bond
Distances (A) and Angles (deg) for {[(HzSi)2N]2(s0lv)Y} 2(N2)0+1 87

experimental geometry l-e”
geometry optimization oxidation
Bond Distances (A)
Y—N3 (diazenido) 2.2958(7) 2.340 2.502
Y—N4 2.3170(16) 2.369 2.537
N4—N3 1.268(3) 1.256 1.182
Y-O
thf 2.3898(14) 2.487 2.368
OMe? 2.465 2.487 2411
H,0O2 2.504 2.470 2.430
Bond Angles (deg)
N3—Y —N4 (diazenido) 31.90(8) 30.94 27.12

a Experimental LA-OMe; and Ln—H,0 distances were determined from
partial geometry optimizations varying only the £8olv distance.

Table 4. Comparison of Overall Mulliken Charges and
Populations, and Percent SFO Populations of Various Atomic
Orbitals for Experimental and DFT Geometry-Optimized Structures
for {[(H3Si)2N]2(thf)Y} 2(N2)

geometries
experimental optimized
Y —N (Diazenido) Distance (A)

Y—N3 2.2958(17) 2.340
Y—N4 2.3170(16) 2.369
Mulliken Charges
Y 1.7763 1.8014
N —0.4710 —0.5038
Orbital Populations
Y 4d 1.0661 1.0021
N 2s 1.7583 1.7547
N 2p 3.6418 3.6776
SFO Gross Population (%)

HOMO (eV) —4.121 —3.931
N—p 67.33 68.28
Y—d 21.88 23.38
LUMO (eV) —2.698 —2.525
N—p 86.61 86.38
Y—d 8.13 8.10

aSFO= Symmetry adapted combination of fragment orbitals.

and bond lengths in the disilylamide ligands are normal; there
are no indications that would suggest thatl€ bonds are
donating significantly to the Y centers. We therefore replaced
the Si(Me} groups with simpler Siglgroups in our calculations.

Table 5. Calculated Exchange Coupling Constant (Jcm~1) and
Gd Mulliken Populations of the Complexes
{[(R3Si)2N]2(Solv)Gd}2(N2)" (R = Me, H) (n = 0, +1), with Various
Solvent Ligands

s—d Mulliken populations

PBSb PHSC
compound Jem™Y) Aft 4f7} aft
Experimental
[{[(MesSi)2N](thf)Gd} 2(N2)] -0.112 0.142 0.142 0.132
[{ [(HsSi}2N]2(Solv)Ga o(N2)]*
OMe, —0.042 0.151 0.151 0.141
thf —0.048 0.151 0.151 0.144
H>0 —0.055 0.152 0.152 0.143
Geometry Optimization
[{[(Me3Si)aN]2(thf)Gd} 2(N2)] -0.129 0.143 0.143 0.133
[{[(HsSi)2N]2(Solv)Gd o(N2)]
OMey —0.188 0.153 0.153 0.142
thf —0.203 0.154 0.154 0.142
H>0 —-0.207 0.155 0.155 0.143
1-Electron-Oxidized Species
[{[(HsSi)N]2(Solv)Gdb 2(N2)] 7+
OMey 2.74 0.196 0.054 0.197
thf 2.64 0.201 0.056 0.197
H>0 2.95 0.200 0.060 0.197

aUses an experimental distance for$i = 1.350 A. G&-OMe; and
Gd—H,0 distances were determined from partial geometry optimizations
varying only the Ge-Solv distance®? Pss: Summed 6 and %l spin
populations for the broken symmetry calculatioh,l;[] ¢ Pys: Summed
6s and 5l spin populations for the high spin calculatigty,t;0]

(Solv)Ga »(N,) with different solvent ligands are presented in
Table 5. For both geometries, calculations predict antiferro-
magnetic couplings that, while weak, are significantly stronger
than those for the oxygen-bridged complexes. Caution is
advisable in drawing quantitative conclusions since we see
significant variations in computetivalues when the geometric
details of the structures are also varied. In addition, changes in
the oxygen donors (30, O(Me), and THF) exert little effect

on the computed) coupling constant. We are particularly
interested in whether ligands with unpaired delocalized electrons
might effectively couple lanthanide magnetic moments. With
this in mind, we performed calculations for a 1-electron-oxidized
complex, {[(MesSi)}N]2(thf)Y}2(N2) ™. There is, as yet, no
experimental evidence for the existence of such species; as a
result, we performed a geometry optimization on the NggiH

To better assess the effect that the experimental and calculatedlerivative complex, then varied the solvent ligand, keeping the

metal-diazenido distances have on bonding in theNuncore,

core structure fixed. Not surprisingly, upon oxidation the Nl

relevant Mulliken charges and populations are shown in Table distance shortened to 1.182 A ,and the'N distances was
4. First, it appears that there is a modestly greater chargelengthened to 2.602 and 2.560 A. The computed distances in

separation for the optimized geometry than for the experimental the latter are probably too long since they were too long in the

geometry. Population analysis shows greater overdhelectron
density at the experimental structure, indicating a potential
underestimation of back-bonding from the diazenido bridge to
the yttrium in the optimized structufé.

Calculated Gd Exchange Coupling.The calculated values
of J for {[(Me3Si),N](thf)Gd} 2(N2) and modelq [(H3Si),N]2-

(91) Eisenstein, O.; Hitchcock, P. B.; Khvostov, A. V.; Lappert, M. F.; Maron,
L.; Perrin, L.; Protchenko, A. VJ. Am. Chem. SoQ003 125, 10790.

(92) Perrin, L.; Maron, L.; Eisenstein, O.; Lappert, M.Nfeew J. Chem2003
27, 121.

(93) Brady, E. D.; Clark, D. L.; Gordon, J. C.; Hay, P. J.; Keogh, D. W.; Poli,
R.; Scott, B. L.; Watkin, J. Glnorg. Chem.2003 42, 6682.

(94) A geometry optimization on a model for [(2Bt,CeH30),(thf)2Y]2(N2)
produces similar results: NN and Y—N computed distances were 1.255
Aand 2.346 A/2.361 A, respectively. The yttrium analogue of the aryloxide

neutral parent molecule. Replacing Y with Gd, the calculdted
values for the different model structures are shown in Table 5.
The results show that the compounds favor ferromagnetic
exchange with much stronger coupling than for the neutral
molecule. Again, changing solvent ligands yielded only slight
changes in the magnitude of computed coupling constant.
Previous researchers have correlated changes in exchange
coupling constants with the basicity of nitrogen-containing
terminal ligands in hydroxo-bridged copper (II) binuclear
complexes, but from among the computational variations we
have investigated, we find no obvious correlations between the
pK, of the solvent molecules and magnetic couplig¥98

complex has not been synthesized; therefore, no comparison can be made(95) Arnett, E. M.; Wu, C. Y.J. Am. Chem. Sod.96Q 82, 4999.

and our discussion will focus on the disilylamide complex.

(96) Arnett, E. M.; Wu, C. Y.J. Am. Chem. S0d.962 84, 1684.
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Interpretation of the Results v ] xi::>* “H— b,
e

The 47-exchange field can be viewed, to a good approxima-
tion, as a kind ofcontact interaction—exerting its direct
influence only on orbitals centered on the Gd atom. The valence B T
5d and & electrons penetrate to some extent into the atomic !
core, where they experience the effect of this exchange field. '.<>|' A bs,
The more contracteddbelectrons penetrate to a greater extent
than the 6 electrons and, consequently, experience greater
exchange interaction with the 4core. This local character of
the 47-exchange field suggests that a simple perturbative _
molecular orbital (PMO) model can be used to model the
perturbation that thef4 cores exert on electrons that reside in _
molecular orbitals with 8 and 6-character-and thereby - 9
controls magnetic exchange couplings in polynuclear Gd _|

compounds. In previous papers, we've described our perturbative
model. which is outlined as followa:2° Figure 6. Molecular orbital diagram for the GN, moiety. Also shown
' are the pertinent unoccupied orbitals.

»
§

turn on

50 ——pm— Y. 25{exp 6394 cm-! | x:::x — by
i Assrass I DFT: 5693 cm- _ bZUxf’\/x

Q

First, consider an “unperturbed” system: a Gd atom with a
4f75d6s? configuration andn the presence of an “@eraged” s=7 {[Me;Si),N1,(thf)Ln},(N,) S=0
4f—5d exchange interactiofFigure 5). In this hypothetical
situation, the 8 electron experiences an average exchange field ,N ? NS
effect from the 47 half-shell and has no preferred spin
orientation. Upon applying the exchange field}-alectron spin m
aligned with (against) thef4 spins is stabilized (destabilized) by =
by an energy). For a Gd atom, @is just the difference between 0 4 4 o
the °D and the first excited statéD, computed to be 0.706 eV
in our calculations (see above). In essence, the PMO model
assumes that this exchange perturbation is exerted On @ny-=================feomnom e m o e o mmmmn s mmnmn e s
valence MO via the & electron contribution to that MO for a 2nd Order
given molecule (or solid). Thus, the “unperturbed” MOs are | Perturbation
identical for spin-up and spin-down electrons, and the arrange- \\\1 m 0
ment (spin pattern) of Gd moments perturbs these MOs, : b‘ ¥ - —
(de)stabilizing them when theirdsspin density spreads over 7 19 b1
Gd centers with like (different) f4spin density. The net + -1 Cov [5_2]
(de)stabilization conferred on the delocalized electrons by Stabilization and Stabilization and AE
competing 4 spin patterns determines the energetic ordering Splitting of o and Splitting of o and
of the spin patterns. B orbitals B orbitals

d-Electron-Mediated Exchange We can treat the Gd Figure 7. Treatment of the exchange interactior{ [(H3Si),N]2(thf)Gd} »-
diazenido dimer model in the same spirit just described and (N,) as a second-order perturbation to the system.
adopt a simpled-metal-p-ligand bonding scheme to account
for the frontier molecular orbitals of this bonding system. Shown Gd:N; orbitals.AE represents the gap between the HOMO and
in Figure 6 is a molecular orbital diagram for the{8id moiety. the higher-lying antibonding orbitals. Orbital plots shown in
Only the Gd-N bonds are drawn; the MOs are givé, Figure 8 clearly demonstrate that appreciallielectronic
representation labels, although that symmetry is only ap- character in the HOM&underlining the plausibility of this
proximate. Figure 7 shows a perturbative analysis using thesetreatment.

In the all-spin-aligne = 7 case, the #moments induce a

AE AE

88 gﬁ‘;&g’%_?ﬂgu‘c’;ﬁqg- N ?]ngéghq;TfSt?;geGdzr0?14’Lle?t§%65 2320 first-order splitting in thea- and 3-spin molecular orbitals.
(99) Roy, L. E.; Hughbanks, Mater. Res. Soc. Symp. Pra&2002 755, 25. Because the symmetry of the exchange potential felt by the Gd
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_ _ densities on both the bridging atoms and the metal. It is
S=0 S=7 instructive to examine the spin density distribution for the
disilylamide Gd dimer complex (i.e. the local differencestin

andg-spin populations). The most relevant atomic spin densities
HOMO o obtained from our calculations are presented in Table 5. For
both spin patterns, thedsand & Gd spin polarizations mirror

the spin orientations off4 core. We have given the magnitudes
in Table 5. We have combined%opulations with 6 popu-
lations because they track with each other; teg@arization

is consistently about 2.3 times smaller than that for the tatal 5
LUMO populations. The data in Table 5 confirm our perturbation-

theoretic interpretation. For the closed-shell system, the sym-

metry-breaking antiferromagnetic pattern induces a much greater

spin polarization than is seen in the ferromagnetic case. In the

Figure 8. HOMO and LUMO orbital plots for{ [(MesSi}N]2(thf)Gd} 2- one-electron case, the spin density shows that the unpaired spin
(N2) S= 0 andS = 7 (disilylamide and THF ligands omitted for clarity). . . Lo . . .
is polarized to its like-spin gadolinium neighbor.

S=1/2 S =15/2 Conclusion

We have pioneered the use of the broken symmetry approach
for the analysis of the magnetic coupling in rare-earth com-

. poundst42° The method complements experimental studies in
Occupied elucidating the compositional and structural origins of magnetic
ordering in rare-earth magnetic materials. Computed magnetic

coupling constants are in good agreement with the reported
values for the oxygen-bridged @compounds, supporting the

° reliability of this treatment. Moreover, we have applied a
Vacant perturbative-theoretic technique using the diazenido-bridged
®
Gd" complexes, which underline the plausibility of this
treatment.
Figure 9. HOMO and LUMO orbital plots for {[(MesSi);N]a(thf)Gdl} o- In the dlazen_|d9 system, the ferromagne_tm exchange_ field is
(N2)]** S= Y, andS = %, (Gd and N atoms only shown for clarity). totally symmetric inD,, sSymmetry; in the antiferromagnetically

coupled molecule, the exchange field lowers the spin-dependent
5d and & electrons is unchanged, no second-order mixing occurs symmetry experienced by the delocalized electronsCin
among orbitals of different symmetry. When thEmMoments However, because this perturbation does not couple the HOMO
are oppositely oriented, the exchange potential felt by the 5 and LUMO, dramatically larger GGd exchange coupling is
and & electrons has a reduced (néas) symmetry. Mixing precluded. The perturbative analysis suggests that the best
between the HOMO and frontier MOs is thereby induced, strategy for obtaining strongly coupled lanthanide magnetic

yielding a second-order stabilization of bothand 8 spins molecules (solids) consists of finding ligands that effectively
(manifest in polarization of each electron toward its like-spin minimize the energy gap between the frontier and adjacent
4f7 center). orbitals and that mix in some significant Li Sharacter to the
The default expectation for a closedtshell system is same to yield strongly (ferro- or antiferromagnetically) coupled
antiferromagnetic coupling because antiferromagnétiespin systems. Complexes with open valence shealligh appreciable
patterns inherenthpreak orbital symmetry for each spand unpaired spin density delocalized into Ln 5d acceptor orbitals

will mix unoccupied orbitals into the occupied orbitals of like should exhibit even stronger coupling. We are currently examin-
spin, allowing for stabilization via spin polarization. Indeed, in ing model systems where such coupling can occur.

any otherwise-closed-shell systeii, spin ordering that is Acknowledgment. We thank Dr. Lisa Perez and Prof.
effective at inducing &6s spin polarization will tend to have  ichael Hall for valuable help and discussions. We thank the
lower energy because such spin polarization always reflects therppert A. Welch Foundation for its support through Grant
fact that the delocalized electrons spend more time in the vicinity A-1132 and the Texas Advanced Research Program through
of like-spin f-electrons. Grant 010366-0188-2001. We also thank the Supercomputing

The one-electron oxidized case is clear-cut: the unpaired pacility at Texas A&M and the Laboratory for Molecular
delocalized electron is stabilized in first order with its spin  sjmylation for computing time and other support.

aligned with both # moments, and the magnitude of the
stabilization is much greater than that seen for the second-ordelrI
effects. The effects of polarization can be seen in the orbital
plots in Figure 9 for theS = 19, spin state vs th& = 1/, spin
pattern.

Spin Density Distribution. The preceding analysis reveals
a direct correlation between the sign and magnitude of the
exchange coupling constant when examining the Mulliken spin JA055035J

Supporting Information Available: Complete ref 71, calcu-
ated charges and net spin densities for models of [Gd(AmPh)]
and [ Gd(G,CR)(H20)2} 2], and selected experimental, DFT-
optimized, and 1-e-oxidized bond distances (&) and angles (deg)
for {[(MesSi)N]2(thf)Y}2(N2). This material is available free
of charge via the Internet at http://pubs.acs.org.
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