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Abstract: The magnetic susceptibilities of hexanuclear gadolinium clusters in the compounds Gd(Gd6ZI12)
(Z ) Co, Fe, or Mn) and CsGd(Gd6CoI12)2 are reported and subjected to theoretical analysis with the help
of density functional theory (DFT) computations. The single-crystal structure of Gd(Gd6CoI12) is reported
here as well. We find that the compound with a closed shell of cluster bonding electrons, Gd(Gd6CoI12),
exhibits the effects of antiferromagnetic coupling over the entire range of temperatures measured (4-300
K). Clusters with unpaired, delocalized cluster bonding electrons (CBEs) exhibit enhanced susceptibilities
consistent with strong ferromagnetic coupling, except at lower temperatures (less than 30 K) where
intercluster antiferromagnetic coupling suppresses the susceptibilities. The presence of two unpaired CBEs,
as in [Gd6MnI12]3-, yields stronger coupling than when just one unpaired CBE is present, as in [Gd6FeI12]3-

or [Gd6CoI12]2-. DFT calculations on model molecular systems, [Gd6CoI12](OPH3)6 and [Gd6CoI12]2(OPH3)10,
indicate that the delocalized cluster bonding electrons are highly effective at mediating intracluster
ferromagnetic exchange coupling between the Gd atom 4f7 moments and that intercluster coupling is
expected to be antiferromagnetic. The DFT calculations were used to calculate the relative energies of
various 4f7 spin patterns and form the basis for construction of a simple spin Hamiltonian describing the
coupling within the [Gd6CoI12] cluster.

Introduction

High-spin molecules, especially those which behave as single
molecule magnets (SMMs), continue to be of intense interest.1-9

It was not until recently that research describing single molecule
magnets containing lanthanides was published. Ishikawa et al.
have shown that lanthanide-based molecules can exhibit marked
SMM behavior, the origin of which is different from that of
transition metal based molecules.10 SMM behavior has also been
observed in 4f-3d heterometallic [TbIII 2CuII

2]11 and [DyIII
2-

CuII]12 complexes. Lanthanide-containing molecules are promis-
ing because they have the potential to yield a large number of

unpaired electrons and, for those with orbitally degenerate spin-
orbit states, are often split by the crystal field to give ground
states with substantial magnetic anisotropy.10,13,14Most of the
work in this field has been on single lanthanide atom molecules
and/or compounds containing lanthanides in their 3+ oxidation
state.15

The sizable intraatomic exchange energy involving electrons
in the valence 5d/6s and corelike 4f orbitals in Ln atoms
provides a mechanism for coupling the 4f orbitals moments on
two or more lanthanide atomssvia electrons in the bonding
orbitals. Since the 4f orbitals are highly contracted, their direct
involvement in Ln-ligand bonding is very limited, and magnetic
coupling via Ln-ligand-Ln superexchange is very small.
However, if there are unpaired electrons with significant 5d/6s
character delocalized over lanthanide centers, electrons localized
in the 4f orbitals can couple strongly. This interaction is
therefore maximized when the lanthanides are reduced below
the typical 3+ oxidation state.

In this paper, we investigate the series of compounds Gd-
(Gd6ZI12) (Z ) Co, Fe, or Mn)16 and CsGd(Gd6CoI12)2, which
are comprised of reduced gadolinium clusters that are cross-
linked by iodide bridges. These compounds provide a series of
systems in which the Z-centered hexanuclear gadolinium clusters
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exhibit varying electron counts and allow us to investigate the
effect that unpaired delocalized electrons have on magnetic
coupling within the clusters. In the temperature-dependent
magnetic susceptibility measurements and theoretical calcula-
tions reported here, we propose an exchange mechanism that
explains the magnetic properties of compounds that contain Gd6-
ZI12 clusters.

Experimental Section

Materials and Methods. All compounds were manipulated in a
nitrogen atmosphere glovebox or on high-vacuum lines. Reactions were
carried out in Nb tubes, which were welded closed under a partial
pressure of Ar and sealed in evacuated silica jackets. GdI3 was
synthesized by reaction of Gd metal turnings with HgI2, as described
in the literature, and sublimed at least three times.17,18 The transition
metal iodides were synthesized from the elements and sublimedsFeI2
under dynamic vacuum and MnI2 and CoI2 under static vacuum. CsI
(Aesar 99%) was sublimed under dynamic vacuum and stored in
ampules until use. Gadolinium metal ingots were acquired from Stanford
Materials (99.95% REM) and the Ames Laboratory (99.999%, including
nonmetals). Turnings of these metals were obtained by drilling the
ingots (in a glovebox) using a tungsten carbide drill bit and then
collected and stored in evacuated ampules until their use.

Synthesis.Gd[Gd6ZI12] (Z ) Mn, Fe, or Co) were prepared in
reactions loaded with stoichiometric proportions of GdI3, ZI2 (Z ) Mn,
Fe, Co), and Gd metal turnings and heated in Nb tubes to 850°C for
16 days, as described previously.16 CsGd[Gd6CoI12]2 was synthesized
by mixing CsI, GdI3, CoI2, and Gd metal turnings in a 3:19:6:23 ratio
and heating to 750°C for 500 h, followed by slow cooling (4.5°C/h)
to 300°C (reference to be published). To minimize contamination of
samples by ferromagnetic impurities, Teflon or Teflon-coated utensils
were used when handling the products.

X-ray Diffraction Studies. The products were identified by use of
X-ray powder diffraction. The purity of the compounds was evaluated
by comparison of their X-ray powder patterns with those calculated
on the basis of reported structures or single-crystal data. A Bruker AXS
D8 powder X-ray diffractometer equipped with a graphite-monochro-
mated Cu KR X-ray source was used with an airtight sample holder to
obtain powder diffraction patterns of the samples. Using the program
Powder Cell for Windows,19 diffraction peaks from the samples were
matched with the calculated diffraction peaks from the corresponding
crystal structures. The desired cluster compounds were identified as
the major phases, with GdOI identifiable as a side product (∼1-5%).

X-ray diffraction data were collected on a single crystal of Gd(Gd6-
CoI12), using a Bruker SMART 1000 CCD X-ray diffractometer
equipped with graphite-monochromated Mo KR radiation (λ ) 0.710 73
Å). The crystal was mounted on nylon loops using Apeizon N grease
and then placed in a N2 stream at 110 K for data collection. Frame
data was indexed using SMART software,20 and the peak intensities
were integrated using SAINT software.21 Absorption corrections were
made using SADABS software.22 The SHELXTL version 6.12 software
package23 was used as an interface to the SHELX-97 suite of
programs,24 which was used to implement structure solutions by direct
methods and full-matrix least-squares structural refinements onF2.

Magnetic Measurements.Magnetic measurements were performed
with a Quantum Design SQUID magnetometer MPMSXL on poly-
crystalline samples of Gd[Gd6MnI12], Gd[Gd6FeI12], Gd[Gd6CoI12], and
CsGd(Gd6CoI12)2. Temperature-dependent magnetization data were
collected at 2-5 K intervals from 2 to 300 K in applied fields of 0.1,
0.5, 1.0, 2.0, 3.0, and 3.5 T. All data were corrected for the sample
holder contribution and for the intrinsic diamagnetic contributions after
the measurements.25

Computational Studies.The electronic structures of models for Gd-
[Gd6ZI12] (Z ) Mn, Fe, Co) were investigated by use of density
functional theory (DFT) with the Becke exchange functional and the
Lee-Yang-Parr correlation functional (BLYP).26,27 All calculations
presented here were performed using the DMol3 program from the
Cerius2 suite of programs using the double numerical basis including
d-polarization functions (DND).28-30 A small frozen-core (1s2s2p3s3p3d)
and (1s2s2p) effective potential was used for Gd and Co, respectively.
A large frozen-core (1s2s2p3s3p3d4s4p4d4f) effective potential was
used for I. All calculations included scalar relativistic effects and open-
shell configurations.

Structural parameters for the heavy elements (Gd, I, and Z) were
taken from the X-ray crystallographic data for the condensed cluster
phase Gd[Gd6ZI12], as described below. In the construction of the model
compounds, phosphine oxide ligands, OPH3, were used to “cap-off”
the terminal positions of the Gd6ZI12 cluster; partial geometry optimiza-
tions for the positions of the phosphine oxides were performed using
an analogous yttrium model system. All calculations of competing
magnetic states were conducted using a common geometry. The
convergence criterion for the energy was set at 10-6 au.

Theoretical Background

The 4f orbitals on lanthanide atoms are highly contracted, and their
participation in Ln-ligand superexchange coupling is effectively
precluded. However, a substantialintraatomic exchange interaction
between 4f electrons and valence 5d and 6s electrons is present. Atomic
spectral data for Gd ([Xe]4f75d16s2)13 show a large energetic cost of
“flipping” the 4f7 spin in opposition to the 5d electron (E(9D) - E(7D)
) 0.793 eV; computed to be 0.706 eV in our calculations).31,32 The
4f7-exchange field can be viewed as a contact interaction that exerts
its direct influence only on orbitals centered on the gadolinium atom
because only the valence 5d and 6s electrons significantly penetrate
the atomic core, where they experience the effect of this exchange field.
The more contracted 5d orbitals penetrate to a greater extent than the
6s orbital, and consequently the 5d electrons experience greater
exchange interaction with the 4f7 core.

Figure 1 illustrates how the potential from the 4f7 core affects
electrons that reside in with 5d and 6s character for the Gd atom. At
the left side of this figure, we depict an “unperturbed” system wherein
the valence d electron experiences an average exchange potential from
the half-filled 4f shell, so the d electron has no preferred spin orientation.
Upon application of the exchange field, the spin aligned with (against)
the 4f spins is stabilized (destabilized) by an energyδ. For a Gd atom,
2δ is just the difference between the9D ground state and the first excited
state,7D. These exchange interactions are intrinsically “ferromagnetic”,
favoring parallel alignment of the 4f and 5d spins.
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Before turning our attention to the manner in which magnetic
moments in polynuclear gadolinium systems are coupled, let us first
consider the general formalism of magnetic coupling. The Heisenberg-
Dirac-Van Vleck (HDVV) spin Hamiltonian is used to describe the
exchange interaction between two paramagnetic centers:33-35

HereJij is the so-called magnetic coupling constant describing the spin
exchange between different states andSi and Sj are the total spin
operators for atomsi and j, respectively. The sign of the magnetic
coupling constant is such thatJij is positive for ferromagnetic coupling.
In the case whereS ) 1/2, two magnetic centers are coupled.

In principle, the calculation of a magnetic coupling constant involves
the computation of the energy of high-spin and low-spin states, but
because density functional theory (DFT) is generally implemented as
a single-determinant method, pure spin eigenfunctions are excluded
for any but the highest spin states. For the high spin state|S Ms〉, spin
contamination is limited to the small spin contamination inherent to
the use of an open-shell (spin-polarized) calculation. Lower spin state
eigenfunctions are expressed as linear combinations of Slater deter-
minants and therefore are not amenable to direct calculation in the usual
implementation of spin DFT (SDFT). Noodleman and others proposed
an alternative approach, in which spin-polarized functions are evaluated
within the density functional formalism and the expectation value(s)
for broken symmetry (BS) solution(s) are used in calculating the energy
of the low-spin state(s).36-38

We have shown in previous work that exchange coupling in
gadolinium-containing systems is effectively accounted for in this
approach.32,39,40 As an instructive example, consider a dinuclear
gadolinium system (two magnetic centersS1 ) S2 ) 7/2). SDFT is
first used to calculate the energy of|v7,v7〉 and |v7,V7〉, where |v7,v7〉
represents a state with all seven of the f electrons on both Gd atoms
are spin up and|v7,V7〉 represents a determinant where all seven f
electrons on one Gd atom are spin up and all seven on the other Gd
atom are spin down. The “energy” of the BS (|v7,V7〉) determinant is
then equal to an appropriate weighted average of the energies of pure
spin multiplets (pure spin determinants withS ) 0, 1, ..., 7 andMs )
0), andJ can be obtained through the equation

To qualitatively ascertain the structural and electronic characteristics
that determine whether a particular system will exhibit ferro- or
antiferromagnetic coupling, it is often useful to examine the charac-
teristics of the broken symmetry solution,|v7,V7〉, though it does not
actually represent any (single) spin eigenfunction (|V7,v7〉 makes an equal
contribution to theS ) 0 state, for example). Whatever factors one
can identify that tend to (de)stabilize|v7,V7〉 versus|v7,v7〉 (a true spin
eigenfunction) will proportionately affect the (de)stabilization of the
true low-spin eigenfunction. In the same spirit, we shall discuss certain
characteristics of broken symmetry determinant(s), such as spin-
polarization of Gd 6s and 5d electrons induced by the 4f7 core electrons,
to gain insight into the origin of magnetic coupling in polynuclear
clusters.

Results and Discussion

Structures. The rhombohedral R[R6ZX12] structure (R3h or
R3) has been determined for R) Sc, Y, and many of La-Lu,
where X) Cl, Br, or I.16,41-44 Because we focus here on the
magnetic properties of Gd-containing clusters, Gd[Gd6ZI12], we
have determined the single-crystal structures, features of which
may have an effect on the electronic and magnetic properties.
These structures exhibit one crystallographically distinct cluster/
cell (Figure 2); all 12 Gd-Gd edges of the cluster are bridged
by one of two crystallographically distinct iodide atoms. Six
iodine atoms bridge the “waist” edges of each Gd6 octahedron
and simultaneously form exo bonds to metal vertices of adjacent
clusters (Xi-a). The other six halide atoms bridge Gd-Gd edges
at the “top” and “bottom” triangular faces of the Gd6 trigonal
antiprism (Ii). The seventh Gd atom, located midway between
the (Gd6Z)I12 clusters along thec axis, binds to six Ii atoms
that form a trigonal antiprism. Because it does not participate
in metal-metal bonding, it can be regarded as GdIII ion. Using
the established notation, the structures are thus described as
Gd3+[Gd6Z(Ii)6(Ii-a)6/2(Ia-i)6/2]3-. In the centric (R3h) structures,
the symmetry of the Gd6ZI12 clusters deviates very slightly from
D3d and the departure from octahedral symmetry is small enough
that an Oh approximation is still useful in discussing their
electronic structure.
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Figure 1. Electronic splitting of the Gd atom as a function of 4f-5d
exchange perturbation.

Ĥ ) -JijŜiŜj (1)

J ) E(S) - E(T) (2)

49
2

J ) E|v7,V7〉 - E|v7,v7〉 (3)

Figure 2. c-axis projection of Gd(Gd6CoI12) (R3h).
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The single-crystal structure of Gd(Gd6CoI12) was determined,
and the data are presented in Tables 1-3. Unit cell parameters
had been determined from Guinier camera powder diffraction
film data,16 but a single-crystal structure determination had not
been reported. Since the powder diffraction data were obtained
in the presence of a primary silicon standard, the smaller
parameters found here (0.046 Å fora and 0.059 Å forc) are
likely the result of drift in diffractometer angles between
calibrations: the powder data were collected at ambient tem-
perature, and the parameters would be expected to be longer.

The Gd6Co trigonal antiprism is compressed along thec axis.
This is manifest in the difference between the Gd(2)-Gd(2)
distances within (3.7884(9) Å) and between (3.7284(9) Å) the
triangular Gd3 faces normal to the 3-fold axis. The average Gd-
(1)-Co distance is 0.038 Å longer than the corresponding Er-
Co distance in CsEr(Er6CoI12)2

45 than in Gd(Gd6CoI12), a bit
less than the difference in Shannon radii of Er and Gd (0.053
Å).46

The structure of CsGd(Gd6CoI12)2, shown in Figure 3, features
Gd6CoI12 clusters with 3-fold symmetry. This structure type is
well described as an intergrowth of Gd(Gd6CoI12) and Cs(Er6-
CI12) structure types.45 Because the clusters haveC3 symmetry,
the 12 Gd-Gd edges are bridged by four crystallographically

distinct iodine atoms. If one looks down the 3-fold axis, the
three iodine atoms on the top form exo bonds to neighboring
clusters and the three on the bottom bind to the isolated GdIII .
Of the six iodine atoms the bridge Gd-Gd bonds around the
waist, three form exo bonds to neighboring clusters, and the
other three form part of the Cs+ ions’ cuboctahedral coordination
spheres.

Electronic Structure. Compounds of the R[R6ZI12] structure
type have been made with a variety of interstitial elements (Z),
including several of the transition metals of groups 7-11 and
the main group atoms B, C, and N as well as C2.16,41-44 Inter-
stitials are essential to the formation and stability of these
clusters; formally, they provide electrons to the electron-deficient
R6 cage and engage in strong R-Z bonding that is undoubtedly
much stronger than the R-R bonding. We will briefly review
the bonding scheme for these clusters to place the magnetic
results in context. Figure 4 shows a molecular orbital diagram

(45) Submitted for publication.
(46) Shannon, R. D.Acta Crystallogr.1976, A32, 751-67.

Table 1. Crystallographic Data for Gd(Gd6CoI12)

empirical formula Gd7CoI12
fw 2682.48 g/mol
temp 110(2) K
cryst system, space group,Z trigonal,R3h (No. 148), 3
unit cell dimensa, c 15.412(2), 10.678(2) Å
V 2196.5(6) Å3

D(calcd) 6.084 g/cm3
abs coeff 28.800 mm-1

extinctn coeff 1.54(8)× 10-4

final R indices [I > 2σ(I)] R1 ) 0.0247, wR2 ) 0.0492
R indices (all data) R1 ) 0.0282, wR2 ) 0.0503

a R1 ) ∑|Fo| - |Fc|/∑|Fo|. b wR2 ) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2;

w ) 1/[σ2(Fo
2) + (0.0166P)2], whereP ) (Fo

2 + 2Fc
2)/3.

Table 2. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (Å2 × 103) for Gd(Gd6CoI12)

atom Wyckoff symbol x y z Ueq
a

Gd(1) 3b 0 0 0.5 9(1)
Gd(2) 18f 0.0440(1) 0.1587(1) 0.8586(1) 4(1)
I(1) 18f 0.8676(1) 0.0516(1) 0.6599(1) 7(1)
I(2) 18f 0.2376(1) 0.3171(1) 0.9947(1) 8(1)
Co(1) 3a 0 0 0 3(1)

a Ueq ) (8π2/3)∑i∑jUijai*aj*

Table 3. Selected Interatomic Distances (Å) and Angles (deg) for
Gd(Gd6CoI12)

Distances
Gd(2)-I(2) 3.1121(8) Gd(1)-I(1) 3.0545(6)
Gd(2)-I(2) 3.1413(8) Gd(2)-Gd(2) 3.7884(9)
Gd(2)-I(2) 3.3041(8) Gd(2)-Gd(2) 3.7284(9)
Gd(2)-I(1) 3.1830(8) Gd(2)-Co(1) 2.6577(5)
Gd(2)-I(1) 3.1927(8)

Angles
I(1)-Gd(2)-I(2) 162.41(2) Gd(1)-I(1)-Gd(2) 89.777(19)
I(1)-Gd(2)-I(2) 163.56(2) Gd(1)-I(1)-Gd(2) 89.958(19)
I(1)-Gd(1)-I(1) 180 Gd(2)-I(1)-Gd(2) 72.91(2)
Gd(2)-Gd(2)-Gd(2) 59.466(9) Gd(2)-I(2)-Gd(2) 73.20(2)
Gd(2)-Co-Gd(2) 180 Gd(2)-I(2)-Gd(2) 97.271(19)

Figure 3. Structural relationship among Gd[(Gd6Co)I12], Cs[(Er6C)I12], and
CsGd[(Gd6Co)I12]2. The blue octahedra represent the Ln6Z (Z ) Co or C)
units. The red cuboctahedron is a CsI12 coordination polyhedron, and the
GdIII I6 octahedron is gray.

Figure 4. MO diagram of M6X12 octahedral cluster with a transition metal
element as the interstitial atom.
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for the [Gd6ZX12] clusters, where Z is a transition metal; levels
that have predominately Gd 5d character are displayed. InOh

symmetry, first-row transition metal interstitial t2g/eg(3d) and
a1g(4s) orbitals interact with the cluster orbitals of like symmetry
to form bonds with the surrounding Gd cluster. The highest
occupied t1u orbital, one of which is illustrated in1, is predom-
inantly delocalized over the Gd6 cage and is only slightly sta-
bilized by a small contribution of Z-atom 4p orbitals. The elec-
tronic requirements for the Gd6Z octahedron are given in Figure
4; a closed-shell cluster-based electron count of 18 applies.

The closed-shell configuration is achieved when Z) Co (i.e.,
the compound is Gd[Gd6CoI12]); the HOMO is fully occupied
(t1u

6). [Gd6FeI12]3- and [Gd6MnI12]3- clusters have t1u
5 and t1u

4

HOMO configurations, respectively.

Magnetic Susceptibilities.Syntheses of these compounds are
nearly quantitative, as indicated by powder diffraction measure-
ments. Nevertheless, their magnetic properties are highly
sensitive to the presence of ferromagnetic impurities, even in
small proportions. All of the samples measured were at least to
some extent contaminated with ferromagnetic impurities, and
it was therefore necessary to measure magnetizations over a
range of applied fields to determine the extent to which such
impurities contribute. Figure 5 illustrates the saturation of
ferromagnetic impurities by increasing the applied field. Data
presented in Figure 6 are results obtained at an applied field of
3.5 T where saturation of the ferromagnetic impurities is
virtually complete and was always verified by comparison with
data at lower fields.

As indicated, the Gd6Fe and Gd6Mn clusters respectively
possess one and two unpaired electrons, primarily delocalized
over the six Gd atoms. In analyzing the susceptibilities of Gd-
[Gd6ZI12] (Z ) Mn, Fe, Co), we assume that the structurally
isolated GdIII center makes an ideal Curie-like GdIII (S ) 7/2)
contribution that can be subtracted from the total susceptibility
to obtain the susceptibility contribution,ø(Gd6Z), made by the

coupled cluster network:

To help clarify the meaning of the magnetic data for these
clusters, the data are plotted asøm(Gd6Z)‚T vs T for the
Mn-, Fe-, and Co-centered Gd[Gd6ZI12] compounds in Figure
6.

As usual for this type of plot, ideal Curie law behavior results
in a horizontal line wherein the intercept with the ordinate yields
the Curie constant,Cm ()ømT), that is related to the effective
magnetic moment/cluster (µeff) via the relationshipCm ) (NaµB

2/
3kB)µeff

2. In Figure 6, a reference line is shown for the Curie
constant expected for a collection of independent Gd spins (J
) S ) 7/2 and takinggJ ) 2): Cm ) 47.25 emu K mol-1.
Deviations inømT from the Curie line are an indication of the
net effect of magnetic coupling as a function of temperature;
values below (above) the Curie line indicate that the net
alignment of moments with the external field is less (more) than
expected for a collection of independent moments.

With a susceptibility approaching Curie behavior above 100
K, Gd6CoI12 exhibits the weakest Gd-Gd exchange coupling
among compounds in this series (though much larger in
magnitude than normally observed for closed 5d-shell GdIII

compounds, where exchange coupling constants (J) are typically
∼0.01 cm-1). The Curie constant (Cm) obtained by fitting all
theøm(Gd6Co) data with a Curie-Weiss expression (øµ ) Cm/
(T - Θ)) is 48.38 ((0.67) emu K mol-1, and the Weiss constant
(Θ) is -15.48 ((1.59) K.

Magnetism: Interpretation and Computational Results.
The effective magnetic moment/cluster is increased considerably
for the [Gd6FeI12]3- and [Gd6MnI12]3- systems in comparison
with the compound with Co-centered clusters. As we discuss
more fully below, this is attributable to relatively strong
exchange interactions between the unpaired electrons in the
HOMO and the electrons in the 4f orbitals. Neither compound

Figure 5. Ferromagnetic impurities in a sample of Gd(Gd6MnI12) are
saturated by using larger applied fields. There is little difference between
ømT at 3.0 and 3.5 T. Figure 6. ømT vs T for Gd(Gd6CoI12), Gd(Gd6FeI12), Gd(Gd6MnI12), and

CsGd(Gd6CoI12)2 at a 3.5 T applied field, adjusted according to eq 4.
øm(GdIII ) was subtracted from data for CsGd(Gd6CoI12)2, and the resultant
was divided by 2 to yield a per cluster susceptibility for [Gd6CoI12]2-. The
Curie constant (47.25 emu K mol-1) for an “ideal” cluster with six
uncoupled GdIII centers (S ) 7/2; g ) 2) is shown as the long-dashed
line. The Curie-Weiss fit to [Gd6CoI12]3- is shown as the short-dashed
line.

ø(Gd6Z) ) ø - ø(GdIII ) (4)
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yields a susceptibility that is well described by a Curie-Weiss
fit, but it is clear that above 50 K the effects of ferromagnetic
coupling dominate the data’s departure from independent-
moment behavior. The 16-electron [Gd6MnI12]3- cluster, having
two holes in the HOMO, exhibits a significantly larger
susceptibility over the entire measured temperature range than
the 17-electron (one hole) [Gd6FeI12]3- system. All of these
systems show the effects of substantial antiferromagnetic
coupling at the lowest temperatures.

The clusters in CsGd(Gd6CoI12)2 possess 17 electrons for
metal-metal bonding, and this compound therefore offers a
useful control for our implicit hypothesis concerning the
influence of open-5d-shell character on the magnetic properties
of these compounds. Although these clusters are Co-centered,
the cluster charge is 2-, so they are isoelectronic with the Fe-
centered clusters in Gd(Gd6FeI12), which have a cluster charge
of 3-. Figure 6 shows that the susceptibilities for the isoelec-
tronic systems are indeed similar.

When there is only one hole in the HOMO as with the
Fe-centered cluster, a break in the degeneracy of the three
orbitals may cause incomplete delocalization of the hole. This
could explain why we observe an effective magnetic moment
lower than expected for complete ferromagnetic coupling (but
see discussion below). With the 16-electron case, Gd(Gd6MnI12),
having two holes in the HOMO, there is a larger magnetic
moment/cluster but still not as large as expected for aS) 44/2
cluster.

As indicated in our earlier qualitative remarks, we attribute
the strong intracluster coupling to the presence of appreciable
unpaired spin density in metal-metal bonding electrons that
are delocalized over the six metal atoms of the cluster. The
clusters in these compounds are not structurally isolated, and
hence, we should also expect intercluster coupling to exert an
important effect on these compounds’ magnetic properties.
Nevertheless, it is instructive to first turn our attention to the
strongerintracluster magnetic coupling in clusters of this type.

We investigated the model [Gd6CoI12](OPH3)6 as shown in
Figure 7 (labeled model A) using DFT.

The model retains the [Gd6FeI12]3- cluster core structure but
possesses a half-filled t1u

3 HOMO configuration. The use of a
half-filled t1u subshell allows us to avoid computational
complications that arise when one attempts to obtain a converged
density when orbital degeneracy applies.47 Phosphine oxide
ligands fill the coordination sites provided by the Gd-I contacts
lost upon separating the clusters, and they avoid unphysical
charge density accumulation one obtains when anionic capping
ligands are used. These ligands are also a logical choice from
a synthetic point of view since they readily coordinate to rare
earth atoms and have been used as capping ligands for [Zr6-
BCl12]+ clusters.48,49A model system in which two clusters are
cross-linked was constructed in the same spirit as the single-
cluster model, and results from calculations should provide an
estimate for the magnitude of theintermolecular interactions
that occur in the solid state (model B in Figure 7). The two-
cluster model maintains the clusters’ solid-state structure, and
phosphine oxide ligands again serve as terminating ligands.
Partial geometry optimizations for the positions of the phosphine
oxides were performed using an analogous yttrium model
systems, [Y6CoI12](OPH3)6 and [Y6CoI12]2(OPH3)10, resulting
in structures withD3d andCi symmetries, respectively.

In calculations probing the manner in which the unpaired
CBEs mediate the coupling of the 4f7 moments, we shall focus
our attention on the ground CBE state,4A1u, from the t1u

3

configuration. We carried out electronic structure calculations
for 20 competing spin patterns on the single cluster model but
shall first focus our attention on the cases where the three (5d
character) electrons in the HOMO are all spin-up (i.e.,S) MS

(47) Calculations on a 17 CBE system, with a t1u
5 configuration, resulted in

different orbitals being occupied for the high-spin and broken-symmetry
solution.

(48) Bradley, D. C.; Ghotra, J. S.; Hart, F. A.; Hursthouse, M. B.; Raithby, P.
R. J. Chem. Soc., Dalton Trans.1977, 1166-72.

(49) Xie, X.; Reibenspies, J. H.; Hughbanks, T.J. Am. Chem. Soc.1998, 120,
11391-400.

Figure 7. Relationship between the single cluster model (A) and cross-linked cluster model (B) and the parent Gd[Gd6ZI12] structure.
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) 3/2). The calculated energies for those 10 patterns are shown
in Figure 8.50 In each case, we also indicate the symmetry of
the potential that the 4f spin patterns impose on the valence
electrons. Since the DFT calculations underestimate the mag-
nitude of the 4f7-5d exchange interaction for the Gd atom by
∼11% (see ref 39) and because the exchange interactions in
these molecular cases arise from essentially the same intraatomic
4f7-5d exchange interaction, it is reasonable to assume that
the spin pattern energy differences calculated here are under-
estimated by a similar margin.

The results from single cluster calculations indicate a remark-
ably strong preference for ferromagnetic coupling within the
cluster. The lowest energy calculated spin pattern is that with
all of the 4f spins aligned parallel to the spins of the three
valence CBEs, the latter of which are spin-up in all calculations.
Figure 8 shows that if the Gd 4f moments are successively
“flipped” over, the energy increases in steps of∼1480 cm-1

(range: 1380-1600 cm-1) for each Gd moment flipped. The
spatial relationship between flipped moments has little direct
effect; energy differences betweencis andtrans (C2V andD4h)
or betweenfac and mer (C3V and C2V) spin patterns differ by
less than 10 cm-1.

A few comments concerning both the meaning of what we
call “spin patterns” in the foregoing discussion and concerning
the spin patterns not yet discussed are in order. First, we note
that only the lowest energy spin pattern (all spins up) corre-
sponds to a spin eigenfunction, and therefore all the other
patterns have only semiquantitative significance. Second, spin
patterns with two up-spin and one down-spin CBEs (MS ) 1/2)
are primarily (though not entirely) derived from the doublet
excited states of the cluster t1u

3 CBE configuration (2Eu, 2T2u,
and2T1u) that, when coupled to the 4f7 moments, yield energies
that are interspersed with and bracketed by those listed in Figure
8 (the lowest at 3975 cm-1; see Supporting Information). DFT

calculations enable us to estimate the range of the CBE state
splittings to bej4000 cm-1 (see Supporting Information), and
the magnitude of the 5d-4f7 coupling for the doublet cluster
states is less than for the4A1u stateswhich explains why the
energies derived for the coupled doublet-4f7 spin patterns
interleave the coupled quartet-4f7 spin patterns.

We have previously demonstrated the effectiveness of using
a perturbative molecular orbital (PMO) model which describes
the perturbation that the 4f7 exchange field exerts on electrons
in molecular orbitals with 5d and 6s character to interpret 5d/
6s-electron-mediated f-f exchange.32,39,40 We apply this ap-
proach to the model compound Gd6CoI12(OPH3)6 and turn our
attention to the cluster MOs shown in Figure 9. In our analysis,
we compare two cases: the potential exerted by the six Gd 4f7

moments possessesOh symmetry (the all 4f moments aligned)
and the flipping of twotrans-4f7 moments imposes a spin-
dependentD4h symmetry potential on the valence electrons.
Orbital plots clearly demonstrate that the d electrons reside in
a delocalized t1u orbital.51 The 4f7 moment ordering induces a
first-order splitting of theR- andâ-spin molecular orbitals, but
no symmetry breaking occurs since the exchange potential
maintains symmetry. For the t1u

3 configuration, the first-order
splitting induced by the exchange perturbation yields a maxi-
mum possible stabilization. (Second-order effects are much
smaller since only the energetically distant cluster orbital of t1u

symmetry can mix with the HOMO to “rehybridize” it.) First-
order effects on theD4h cluster will also stabilize the CBEs in
the HOMO but to a lesser extent since those electrons tend to
avoid the gadolinium atoms with opposed-spin 4f moments. The
exchange perturbation lowers the symmetry and some mixing
between the bonding and antibonding MOs is induced, yielding
a second-order stabilization of both theR andâ spin-orbitals.
These second-order effects become significant only for an
electron count where the HOMO is fully occupied, t1u

6, which
corresponds to the situation for Gd(Gd6CoI12).

One can construct a simple coupling model to account for
the calculated relative energies of the spin patterns (Table 4).

(50) A table depicting energies for all competing spin patterns is in the
Supporting Information. (51) Molecular orbital plots are submitted as Supporting Information.

Figure 8. Ten spin patterns and energies for the model [Gd6CoI12](OPH3)6.

Figure 9. Perturbative analysis of d-electron-mediated f-f exchange for
Gd6I12Co(OPH3)6: (far right) (de)stabilization and splitting of theR (â)
orbitals for theOh cluster induced by the exchange perturbation of all up-
spin 4f moments; (left and far left) first- and second-order effects,
respectively, of the 4f exchange field when twotrans-4f moments are spin
down (D4h spin potential).
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Given that energy differences between 10 spin patterns is almost
wholly dependent on the number of flipped 4f7 moments and
not their stereochemistry, we can evaluate the exchange coupling
constants by assuming that the Gd moments communicate solely
through the Co interstitial atom with a singleJ value of+137.96
(0.93) cm-1. The Hamiltonian associated with this calculatedJ
value is simple:

This reproduces the trends from the calculated energies and
yields strong ferromagnetic coupling between the Gd centers
through the Co “bridge” (2), but it is not to be taken very
seriously insofar as the “Co” is concerned. The delocalized
unpaired t1u electrons, to which the cobalt 4p orbitals make a
modest contribution, play the “Co” role.

Our perturbative picture leads one to expect the energy
difference between the high-symmetry state (S) 45/2) and the
next lowest state (S) 31/2) to be approximately half the energy
difference between the9D and 7D states of the Gd atom,39

assuming that the three metal-metal bonding electrons will
share their time between six Gd atoms. Instead, the energy
difference is approximately 25% of the9D-7D difference.
Several factors contribute to this “discrepancy”. First, the CBEs
are delocalized over the cluster, but the Co interstitial atom does
contribute some 4p spin density in the HOMO (see Mulliken
populations in Table 5). The extent to which electron density
delocalized away from the Gd 5d orbitals into the Co 4p orbital
decreases the 4f/5d exchange. The symmetry breaking patterns
all induce greater spin polarizations, and the Co 4p contribution
to the HOMO enables the electrons to avoid the opposed-spin
Gd atoms to some extent. Second, the Gd 6s character also
reduces the coupling because the 6s/4f exchange is∼75%
smaller than the 5d-4f exchange. The Gd 6s character also
increases in the t1u-type orbitals for successively higher energy
spin patterns.

To estimate the magnitude ofintercluster coupling, we
performed two calculations using the model (Gd6CoI12)2-
(OPH3)10, which maintains the intercluster bonding found in
the solid-state compound. Since the difference between the

ferromagnetically coupled single cluster and the next lowest spin
state was∼1400 cm-1, we only considered the cross-linked
models that containintracluster ferromagnetic coupling, as-
suming all other configurations will be much higher in energy.
Figure 10 illustrates the energy difference betweenS) 45 and
S ) 0 in our cross-linked cluster model, which is 50 times
weaker than intracluster couplings.

The intercluster coupling favors antiferromagnetic spin align-
ment between clusters and an expected suppression of the
susceptibility at low temperature. We calculate a magnetic
coupling constant with a singleJ value; the associated Hamil-
tonian is

and the magnetic coupling constant is calculated to be-0.084
cm-1.

We conclude with some notes of caution and explanation.
The systems for which our computational models would bemost
appropriate do not yet exist. Data for a cluster compound with
a t1u

3 configuration are not reported in this paper, though
research underway in our laboratory indicates that at least partial
substitution of the GdIII ion in Gd(Gd6MnI12), to yield
CaxGd1-x(Gd6MnI12), is synthetically feasible and that the
resulting compound exhibits somewhat greater spin ferromag-
netic coupling than even Gd(Gd6MnI12). Even more important
is the fact that compounds with greater structural isolation of
the Gd6ZI12 cluster units are needed; in no system yet known
are the clusters truly discrete. The Gd-I-Gd intercluster cross-
linking is responsible for widening the HOMO-derived t1u band
to ∼0.3 eV for both Y(Y6FeI12) and CsY(Y6CoI12)2 (in an
extended Hu¨ckel calculation; see Supporting Information (struc-

Table 4. Possible Equations Used in Calculating Heisenberg
Coupling Constants (J ’s)*

∆EA-S)45/2
∑
i,j

Zi,j Ji,j

DFT energy
diff (cm-1)

Heisenberg energy
diff (cm-1)

∆ES)31/2-S)45/2 2J1 1380.5 1448.6
∆ES)17/2(D4h)-S)45/2 4J1 2787.1 2897.2
∆ES)17/2(C2v)-S)45/2 4J1 2797.1 2897.2
∆ES)3/2(C2v)-S)45/2 6J1 4246.4 4345.8
∆ES)3/2(C3v)-S)45/2 6J1 4252.7 4345.8
∆ES)11/2(D4h)-S)45/2 8J1 5747.0 5794.4
∆ES)11/2(C2v)-S)45/2 8J1 5747.6 5794.4
∆ES)25/2-S)45/2 10J1 7291.1 7243.0
∆ES)39/2-S)45/2 12J1 8892.0 8691.6

Ĥ ) - J∑
i)1

6

SGdSCo SGd )
7

2
; SCo )

3

2
(5)

Table 5. Magnitudes of Co 4p and Gd 5d and 6s Spin
Populations with All Values Computed with Precision within
(0.002

PGd(4f 7v)a PGd(4f 7V)

spin pattern
PCo

4p 5d 6s 5d 6s rel energy (cm-1)

S) 45/2 0.495 0.468 0.087 0
S) 31/2 0.500 0.468 0.091-0.197 -0.028 1380.5
S) 17/2,D4h 0.506 0.468 0.095-0.205 -0.026 2787.1
S) 17/2,C2V 0.506 0.479 0.092-0.191 -0.028 2797.1
S) 3/2,C2V 0.514 0.468 0.099-0.201 -0.029 4246.4
S) 3/2,C3V 0.513 0.479 0.096-0.186 -0.032 4252.7
S) 11/2,D4h 0.522 -0.198 -0.033 0.470 0.103 5747.0
S) 11/2,C2V 0.522 -0.197 -0.033 0.482 0.100 5747.6
S) 25/2 0.533 -0.194 -0.038 0.486 0.104 7291.1
S) 39/2 0.545 -0.194 -0.042 8892.0

a Positive spin populations have the same sign as their respective 4f
moments.

Figure 10. Energy difference betweenS ) 0 andS ) 45 for the cross-
linked model.

Ĥ ) - JScluster1Scluster2 Scluster1) Scluster2) 45
2

(6)
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ture adapted from the Gd congener)). The widening of this band
weakens the otherwise very strong ferromagnetic coupling that
we have predicted for a truly discrete Gd6ZI12

n- cluster with a
t1u

3 configuration because the coupling is maximized for the
4A1u ground state. Achieving that state in a cross-linked solid
requires that the t1u electrons be unpaired over the entire band
and entails an effective “promotion energy” cost.

Conclusions

Study of the homologous series of compounds Gd(Gd6ZI12)
(Z ) Co, Fe, Mn) demonstrates the efficacy with which
unpaired, delocalized Gd-Gd bonding electrons can couple the
spins localized in the 4f orbitals of the Gd atoms. Because of
the strong exchange interactions between the electrons localized
in the 4f orbitals in Gd and the valence (5d and 6s) electrons,
strong magnetic communication can occur. The similarity in
the temperature-dependent susceptibility of the isoelectronic
compounds Gd(Gd6FeI12) and CsGd(Gd6CoI12)2 supports our
contention that the magnetic properties of these compounds are
largely dependent on the local electronic structure of the cluster
and are less dependent on the structure of the extended network.
Theoretical calculations on models of the clusters support the
proposed exchange mechanism.

Gd7MnI12, Gd7FeI12, and CsGd(Gd6CoI12)2 all showed larger
temperature-dependent magnetic susceptibilities on a per cluster
basis than Gd7CoI12, which has a closed-shell cluster HOMO.
However the magnitude of the susceptibilities were not as large
as expected for a complete coupling of the magnetic moments
of all the Gd atoms in the cluster. The lower than ideal magnetic
susceptibility may, in part, be due to incomplete delocalization
of the hole in the cluster HOMO caused by a break in the

degeneracy of these orbitals. DFT calculations suggest that
intercluster magnetic coupling is also significant. Structural
isolation of the clusters will help to decipher the contributions
of intra- vs intercluster coupling and will pave the way to an
interesting class of molecular magnets in compounds ap-
propriately doped with lanthanide elements other than gado-
linium.
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