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ABSTRACT

The trinuclear cluster (cyclam)Co[(u-Cl)U(Me,Pz)4], (cyclam = 1,4,8,11-tetraazacyclotetradecane,
Me,Pz~ = 3,5-dimethylpyrazolate) is synthesized through cleavage of the homoleptic dimer [U(Me,Pz)4],
by (cyclam)CoCl,. A single crystal X-ray diffraction analysis reveals a linear chloride-bridged structure
analogous to that previously reported for (cyclam)M[(u-Cl)U(Me,Pz)4], (M = Ni, Cu, Zn). The magnetic
exchange coupling of the CoU, cluster was probed by analyzing the temperature dependence of its mag-
netic susceptibility. Comparison of yuT versus T between the CoU, species and the diamagnetic ZnU,
cluster demonstrates the presence of ferromagnetic coupling between the Co" and U' centers. We pres-
ent methods for estimating upper and lower bounds for the exchange interaction energy in such systems
and find that for CoU,, the exchange constant, J, lies in the range 15-48 cm~'. Application of these meth-
ods to the previously reported NiU, cluster suggests somewhat weaker ferromagnetic exchange, with J
lying in the range 2.8-19 cm~!. AC magnetic susceptibility experiments were not indicative of single-
molecule magnet behavior for the CoU, cluster, although qualitative interpretation of the low-tempera-
ture magnetization data suggests the presence of significant zero-field splitting in the ground state.

Clusters

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Discrete molecules exhibiting slow magnetic relaxation as the
consequence of a high-spin ground state with significant axial
anisotropy are collectively known as single-molecule magnets. Ini-
tially, single-molecule magnets garnered much attention due to
their potential application in information storage and quantum
computing [1]. However, interest in such systems is tempered by
the low blocking temperatures and small observed spin reversal
barriers that give rise to facile thermal randomization and tunnel-
ing effects. Efforts to increase the spin reversal barrier have focused
on both increasing the total spin of the molecule, S, and increasing
the magnitude of the axial zero-field splitting parameter, D. These
factors relate to the energy barrier through the equation U = S?|D|
(for integer values of S). Given the second-power dependence on
S, many studies have focused on synthesizing molecules that max-
imize total spin through coupling of large spin metal centers via
superexchange. However, maximizing the axial anisotropy pre-
sents a greater challenge, as it is often more difficult to predict
the sign and magnitude of D for the overall molecular cluster.

The f-elements should be particularly well-suited for maximiz-
ing D due to increased coupling between spin and orbital angular
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momenta [2], and recent efforts have exploited the large single-
ion anisotropy of lanthanides to generate spin reversal barriers
[3]. Nevertheless, the contracted 4f orbitals preclude strong cou-
pling between multiple metal centers [4]. Actinides offer an
intriguing alternative, in that the single-ion anisotropy should re-
main large, and the magnetic exchange coupling should be
strengthened by the increased radial extension of the 5f orbitals
[5]. Despite these advantages, quantitative studies of magnetic
coupling in actinide-containing systems remain relatively rare [6]
due to the innate complications of the large spin-orbit coupling
present in actinide elements. Herein, we present the synthesis
of a new chloride-bridged 5f-3d trinuclear cluster, (cyclam)-
Co[(p-Cl)U(MeyPz)4], (cyclam = 1,4,8,11-tetraazacyclotetradecane,
Me,Pz ™ = ce:hsp sp="0.25"/>3,5-dimethylpyrazolate), and propose
a magnetic model for estimating upper and lower bounds for its
exchange parameter, J.

2. Synthesis and characterization
2.1. General considerations

The syntheses and manipulations of the extremely air and mois-
ture sensitive compounds described below were conducted under
nitrogen with rigorous exclusion of air and water by Schlenk and
glovebox techniques. Dichloromethane was saturated with N,
passed through an activated alumina column, degassed by three
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freeze-pump-thaw cycles, and stored under N, over 3-A molecular
sieves. Benzene-dg (Cambridge Isotope Laboratories) was distilled
over sodium-potassium alloy with benzophenone and degassed
by three freeze-pump-thaw cycles. Methanol was distilled over
magnesium and iodine and saturated with N,. The compounds
[U(MeyPz)4]> and (cyclam)M|[(p-Cl)U(Me,Pz)4], (M = Zn, Ni) were
synthesized as previously described [6g]. NMR spectroscopy exper-
iments were conducted using a Briiker 400 MHz spectrometer.
UV-Vis absorption spectra were measured in 1-cm path length
quartz cuvettes equipped with Teflon sealable stopcocks and re-
corded on a Cary 5000 spectrophotometer. Elemental analyses
were performed by the analytical laboratories at the University
of California, Berkeley.

2.2. Magnetic measurements

Powder microcrystalline magnetic samples were prepared in a
frozen eicosane matrix and sealed in quartz tubes under vacuum.
Magnetic susceptibility measurements were collected using a
Quantum Design MPMS2 SQUID magnetometer. DC susceptibility
data measurements were performed at temperatures ranging from
5 to 300 K, using applied fields of 0.1, 0.5, and 1 T. Magnetization
measurements were performed at temperatures ranging from 1.8
to 10 K under an applied magnetic field varying from 1 to 7T at
1T intervals.

All magnetic data were corrected for the diamagnetic contribu-
tions from the quartz sample holder and eicosane, as well as for the
core diamagnetism of each sample. Core diamagnetism was esti-
mated using Pascal’s constants to give yp=-2.13 x 1074
—7.75 x 107, and —7.78 x 10~* emu/mol for (cyclam)CoCl,, (cy-
clam)Co[(p-Cl)U(MeyPz)4],, and  (cyclam)Zn[(p-Cl)U(MeyPz)4]5,
respectively.

2.3. X-ray crystallography

Crystallographic data for (cyclam)Co[(p-CHU
(MeyPz)4], - 4CH,Cl, are presented in Table 1. A crystal was
mounted on a Kapton loop and transferred to a Briiker APEX dif-
fractometer and cooled in a nitrogen stream. The SMART [7] pro-
gram package was used to determine the unit cell parameters
and for data collection (30 s/frame scan time for a hemisphere of
diffraction data). Data integration was performed by SAINT [8]

Table 1
Crystallographic data for (cyclam)Co[(u-Cl)U(Me,Pz)4], - 4CH,Cly
Empirical formula U,CoClyoN20Cs4Hgs
Formula weight 1906.93
Temperature (K) 166(2)
Wavelength (A) 0.71073
Crystal system triclinic
Space group P1
Unit cell dimensions
a(A) 11.440(3)
b (A) 12.178(4)
c(A) 14.903(4)
o (%) 72.408(5)
B(°) 77.100(5)
7 (°) 73.871(4)
Volume (A3) 1879.1(10)
V4 1
Dcalc (Mg/mg) 1.685
Absorption coefficient (mm™!) 4920

0.13 x 0.12 x 0.03
1.45-23.32

5386/0/394

R; = 0.0450, wR, = 0.0875
R; = 0.0677, wR, = 0.0937
1.242 and —1.000

Crystal size (mm)

0 Range for data collection (°)
Data/restraints/parameters

Final R indices [I > 24(I)]

R indices (all data)

Largest difference in peak and hole (e A*)

and the absorption correction provided by SADABS [9]. Subsequent
calculations were carried out using the SHELXTL program [10]. The
structure was solved by direct methods and refined on F? by full-
matrix least-squares techniques. The analytical scattering factors
for neutral atoms [11] were used throughout the analysis. Hydro-
gen atoms were included using a riding model.

24. (cyclam)CoCl,

A solution of CoCl, (50 mg, 0.39 mmol) in 3 mL of methanol was
added dropwise to a solution of cyclam (77 mg, 0.39 mmol) in 3 mL
of methanol to form a pink solution. After stirring for 3 h, the solu-
tion was cooled to —25 °C for 24 h. The resulting pink needle-like
crystals were collected by filtration and washed with methanol
(3 x 5mL). The crystals were then dried under reduced pressure
at 50°C for 3h to give 81 mg (64%) product. Anal. Calc. for
Ci0H24C1,CoNy: C, 36.38; H, 7.33; N, 16.97. Found: C, 36.34; H,
7.51; N, 16.54%.

2.5. (cyclam)Co[(u-Cl)U(MexPz)4]»

A solution of [U(Me,Pz)4]; (200 mg, 0.16 mmol) in dichloro-
methane (8 mL) was added dropwise to a solution of (cyclam)CoCl,
(54 mg, 0.16 mmol) in dichloromethane (8 mL) to form a green
solution. After stirring for 12 h, the solution was filtered through
Celite, concentrated to approximately 5 mL under reduced pres-
sure, and cooled to —25°C for 24 h. The resulting green block-
shaped crystals were isolated by decanting the green supernatant
solution. The crystals were dried under reduced pressure to give
110 mg (43%) of product. 'H NMR (CH,Cl, referenced to a CgDg
internal standard, 292 K): 6 —36 (Avy;2=3200Hz), -15 (Avqyz =
2000Hz) 6 (Avy2=280Hz), 15 (Av12=800Hz) ppm. Accurate
integrations and peak assignments were not possible due to the
paramagnetic nature of the complex. Absorption spectrum
(CH3Cl3): Amax (em) 234 (5965), 328 (sh, 4030), 479 (66), 506 (45),
562 (19), 626 (32) 678 (67), 870 (17), 924 (18) nm. Anal. Calc. for
CsoHgoCl,CoN,oU5: C, 38.31; H, 5.16; N, 17.88. Found: C, 38.43; H,
5.34; N, 17.92%.

3. Results and discussion

Cleavage of the [U(Me,Pz),], dimer by (cyclam)CoCl, affords
the trinuclear cluster (cyclam)Co[(p-Cl)U(Me,Pz)4], in moderate
yield. The structure (see Fig. 1) is centrosymmetric with an inver-
sion center located on the central cobalt atom; four CH,Cl, mole-
cules also occupy the unit cell. The metric parameters of the
cluster are listed in Table 2 together with those of the previously
synthesized analogues (cyclam)M][(p-Cl)U(Me,Pz)4], (M =Ni, Cu,

Fig. 1. Structure of the linear cluster (cyclam)Co[(p-Cl)U(Me,Pz)4]>. Orange, purple,
green, gray, and blue spheres represent U, Co, Cl, C, and N atoms, respectively; H
atoms are omitted for clarity. The cluster resides on an inversion center within the
crystal. Atom labels correspond to those referenced in Table 2.
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Table 2
Selected interatomic distances (A) and angles (°) observed for (cyclam)M
[(n-Cl)U(MeyPz)4]> (MU,; M = Co, Ni, Cu, Zn)

CoU, NiU, CuU, ZnU,

U(1)-Cl(1) 2.800(2) 2.838(2) 2.785(2) 2.822(2)
M(1)-CI(1) 2.668(2) 2.564(2) 2.774(2) 2.680(2)
U(1)-N(1) 2.393(7) 2.375(8) 2.396(6) 2.392(5)
U(1)-N(2) 2.389 (7) 2.388(8) 2.390(6) 2.380(5)
U(1)-N(3) 2.385(7) 2.397(8) 2.392(6) 2.387(5)
U(1)-N(4) 2.377(7) 2.400(8) 2.385(5) 2.406(5)
U(1)-N(5) 2.413(7) 2.401(8) 2.415(6) 2.423(5)
U(1)-N(6) 2.433(7) 2.419(7) 2.427(6) 2.414(5)
U(1)-N(7) 2.388(7) 2.386(8) 2.390(6) 2.381(5)
U(1)-N(8) 2.427(11) 2.389(7) 2.407(6) 2.392(5)
M(1)-N(9) 1.962(7) 2.059(8) 2.017(6) 2.087(5)
M(1)-N(10) 1.983(6) 2.063(8) 2.022(5) 2.082(5)
U(1)-CI(1)-M(1)  138.76(8) 139.47(9) 137.61(7) 138.31(6)

Zn) for comparison [6g]. Of particular note, the structure of the
CoU; cluster is extremely similar to that of the ZnU, cluster, such
that the latter can be used as a reasonable model in accounting
for the U" contributions to the magnetism of the former. The sim-
ilarity between the 2.68(2) and 2.680(2) A M-Cl (M = Co and Zn)
distances in CoU, and ZnU,, respectively, is somewhat unexpected,
since the observed Co-Cl distance is significantly longer than anal-
ogous bond lengths typically observed (2.282-2.522 A) in species
featuring Co' centers bridged to another transition metal through
chloride [12]. We note in our previous study of NiU, and CuU,, that
the Ni-Cl distance of 2.564(2) A engenders ferromagnetic coupling
between Ni'' and U", but that the long Cu-Cl distance of 2.774(2) A
gives rise to a complex that shows no magnetic coupling. In CoU,,
the Co-Cl distance is intermediary while the 1.973(14) A average
Co-N distance is similar to the analogous distances in the NiU,
and CuU, complexes, cf. 2.061(3) and 2.020(4) A, respectively. This
suggests that magnetically, the system might be best described as
containing a low-spin (S = !/,) Co" complex with the longer Co-Cl
bond distances arising from a 1st order Jahn-Teller distortion
[13]. This unpaired electron resides in d,. and is therefore oriented
directly along the superexchange pathway. This may provide suffi-
cient better orbital overlap to open the possibility of magnetic cou-
pling despite the unusually long Co-Cl bond distance. In contrast,
for CuU,, the Jahn-Teller distortion results in an elongated Cu-Cl
bond where the unpaired electron occupies d,._,2, orthogonal to
the exchange pathway.

As an initial probe of the spin of Co" center in the cluster, we
collected magnetic susceptibility data of the precursor complex
(cyclam)CoCl,. Fig. 2 shows the resulting yuT product of
0.41 emu K/mol, which is essentially invariant with temperature,
indicative of an S = !/, compound. The lack of variance in yuT with
temperature obviates the likelihood that spin-orbit coupling in
high-spin Co" results in the observed S="1/, behavior [14], since
this normally only occurs through a gradual loss of spin from
S =3/, at room temperature to S="/, at low temperature (<40 K).
This will greatly simplify the modeling of the magnetic data for
the CoU, cluster by eliminating the need to account for Co" spin-
orbit coupling.

The problems associated with interpreting f-element magnetic
behavior arise from a confluence of factors. The predominant issue
is the breakdown of the spin-only approximation arising from cou-
pling of the orbital angular momentum to the spin angular
momentum within the degenerate f-orbitals. In addition, actinide
elements tend to display greater covalency in their bonding than
lanthanide elements, such that spin loss resulting from the pres-
ence of ligand field effects cannot be ignored. The ligand field, al-
beit weak, removes the degeneracy of the f-orbitals and gives
rise to some degree of spin pairing and must also be considered.
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Fig. 2. Variable-temperature magnetic susceptibility data for the trinuclear cluster
(cyclam)Co[(p-Cl)U(Me,Pz)4]> (CoU,, purple squares) and its previously published
analogue, (cyclam)Zn[(u-Cl)U(Me,Pz)4], (ZnU,, red circles). Blue diamonds corre-
spond to a subtraction of the ZnU, data from the CoU, data. Magnetic data for the
precursor complex (cyclam)CoCl, are depicted as green triangles.

The magnetic susceptibility data for the ZnU, cluster, illustrated
in Fig. 2, demonstrates the decaying effect in T with decreasing
temperature resulting from the influence of a combination of these
factors on the spin of the U" centers. These deviations from spin-
only behavior significantly hinder the observation of magnetic ex-
change coupling between an actinide metal and another metal.
While it is not feasible to distinguish between spin-orbit coupling
effects and ligand field effects solely through the magnetic proper-
ties, we can devise two models to correct for the observed spin
loss. The first takes into account that at low temperatures, the
strong spin-orbit coupling in U" dominates the magnetism. As de-
scribed in quantitative detail below, our strategy is to subtract out
all contributions from UY, leaving only the transition-metal spin
and residual exchange coupling. In this way, we isolate the magne-
tism of the actinide from the transition metal, and fit the data by
adding back an imposed spin-only value for U". In our second
model, we treat the actinide and transition metal together by
empirically factoring the data to account for both the effects of ex-
change coupling mediated through U-Cl covalency and spin-orbit
coupling inherent to U, We consider that as the temperature
drops, the observed moment of MU, complexes immediately
drops, even for ZnU,, which should behave as a system containing
isolated U spins. It is important to note that at room temperature,
ZnU, does display spin-only behavior such that our reduction fac-
tor is physically meaningful. The factored data corrects for spin-or-
bit coupling and ligand field effects, such that any deviation from
the spin-only value for any given cluster is due to exchange cou-
pling of the magnetic ions that comprise the cluster. In this way,
we estimate lower and upper bounds for the exchange energy be-
tween the spins on both uranium(IV) centers and the transition
metal.

The temperature-dependent magnetic susceptibility data for
CoU, and ZnU, display qualitatively similar trends and are domi-
nated by a reduction in the effective spin of the 5f2 configuration
of UV as the temperature decreases (see Fig. 2). We note that at
room temperature, the y\T values are near the expected spin-only
values. At 300 K, ymT = 2.06 emu K/mol for the ZnU, cluster, as ex-
pected for two uncoupled U ions, and yuT = 2.47 emu K/mol for
CoU,, corresponding well with the expectation for two uncoupled
UY ions and one low-spin Co' ion. However, as the temperature is
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lowered, the two compounds display somewhat different behavior,
in that the y\T value decays less rapidly for CoU,. Since the struc-
tures are similar (see Table 2), differences in the ligand field about
uranium(IV) alone cannot account for this variation in the decay of
ymI. Rather, this difference suggests the presence of magnetic ex-
change coupling between the Co" and UV centers in the CoU,
cluster.

In order to estimate the magnitude of the exchange energy, we
can first attempt to extract the component of the magnetic suscep-
tibility due to the Co" center from that of UV, and subsequently
reinstate an idealized spin-only U" susceptibility. Subtraction of
the ZnU, data from the CoU, data should yield yuT for an isolated
d” Co" ion together with any residual moment due to exchange
coupling. The plot of this subtracted data, shown in blue in Fig. 2,
is consistent with an isolated Co" center at high temperature,
and corresponds to the observed yuT value of 0.41 emu K/mol,
independently measured for (cyclam)CoCl,. However, as the tem-
perature drops, ymT begins to rise, reaching a maximum of
0.68 emu K/mol at 40 K. This elevation of yuT at low temperature
is indicative of ferromagnetic exchange between the U" and Co"
metal centers. To estimate the strength of the exchange coupling,
macFIT 3.1 [15] was employed to fit the subtracted magnetic suscep-
tibility data above 70 K (where an inflection point occurs in the
data) using a spin Hamiltonian of the form H = —2][§CO-
(§U(1> + §U(2))} +gusS-B. In order to account for a spin-only
(S=1) contribution from the two U" centers to the total spin, a
temperature-invariant contribution of 2.00 emu K/mol was added
back into the data. Optimization of the fit parameters gave
J=15cm™!, g=1.92, and TIP = 3.16 x 10~* emu/mol. The adjusted
data as well as the optimized fit for the CoU, cluster are shown
in Fig. 3 (blue diamonds). Reoptimization of the data for the NiU,
cluster from our previous work leads to a slight increase in J from
2.3cm ! to 2.8 cm™!, with g=1.96 and TIP = 5.15 x 10~4 emu/mol
(Fig. 3, red circles). We note that these | values represent only a
lower bound on the exchange energy, because the foregoing treat-
ment eliminates the effects of spin-orbital contributions and li-
gand field effects, but only subsequently accounts for the spin at
the UV centers by adding a constant contribution of 2.00 emu K/
mol for the two U" centers.

In an effort to provide an upper bound for the exchange energy,
we propose a second model in which we assume that the reduction
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Fig. 3. Empirical yuT data arising upon subtraction of the ZnU, cluster data from
the CoU, (blue diamonds) and NiU, (red circles) cluster data. A calculated value of
2.00 emu K/mol has been added to represent a spin-only contribution from of the
UV centers. Best calculated fits to the data are shown as black lines (Jmin
(Co)=15cm™ !, Jmin(Ni) = 2.8 cm™1); see text for details.
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Fig. 4. Plots of ;T data for the CoU, (blue diamonds) and NiU, (red circles) clusters
upon modification to account for the loss of spin of the U centers at low tempe-
ratures. Calculated fits to the data are shown as black lines (Jymax(Co) =48 cm™',

Jmax(Ni) =19 cm™1); see text for details.
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Fig. 5. A plot of reduced magnetization, M/Nyug (where N is Avagadro’ s number and
up is the Bohr magneton) versus H/T for (cyclam)Co[(p-Cl)U(Me,Pz)4],. Data were
measured from 1.8 to 10 K at the seven field strengths specified.

in ymT as temperature is decreased in the ZnU, and CoU, data sets
can be modeled by combining the effects of spin-orbit coupling
and ligand field perturbations into a single empirical factor based
on the magnetic susceptibility of the ZnU, cluster. In ZnU,, the
deviation of yuT from the spin-only value of 2.00 emu K/mol is
quantified as yuT = (2.00 emu K/mol)/r, where r is a temperature-
dependent empirical parameter that accounts for the spin reduc-
tion at the individual U" centers for the ZnU, complex. For exam-
ple, at 5K, yuT is 0.104 emu K/mol, giving a reduction factor, r of
19.183 at this temperature. Since the coordination environment
of the UV centers is the same for the ZnU, and CoU, clusters,
and r only describes spin reduction at UV, we assume that r as a
function of temperature is identical for both compounds. There-
fore, we can account for the loss of spin on the individual U" cen-
ters by multiplying the measured ;T data for the CoU, cluster by
the function r(T) determined for the ZnU, cluster. In effect, we have
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corrected the CoU, data for any spin loss at the individual U" cen-
ters, and any deviation from its room temperature yyT value of
4.375cm™! is attributed to exchange coupling between U" and
Co'. Fitting this spin-corrected CoU, data using the Hamilto-
nian described above gives J=48cm™!, g=1.80, and
TIP = 1.67 x 10~* emu/mol (Fig. 4, blue diamonds). This treatment
was also applied to the NiU, data from our previous study to give
J=19cm™!, g=1.85, and TIP=5.15 x 10~ emu/mol (Fig. 4, red
circles).

As in our previous study of NiU,, variable-field magnetization
experiments on the CoU, cluster show a significant separation of
the isofield lines at low temperatures, consistent with a large axial
anisotropy (see Fig. 5); however, quantitative methods for fitting
these data have yet to produce a reasonable fit. Despite the pres-
ence of zero-field splitting, AC magnetic susceptibility measure-
ments performed between 1.8K and 10K with oscillating
frequencies of up to 1500 Hz did not display any out-of-phase sig-
nal indicative of single-molecule magnet behavior.

4. Conclusions

The foregoing results demonstrate the synthesis of a new trinu-
clear cluster complex, (cyclam)Co[(u-Cl)U(Me,Pz)4]2, exhibiting
ferromagnetic exchange coupling. As previously noted for the anal-
ogous NiU; cluster [6g], this ferromagnetic exchange is consistent
with a superexchange mechanism in which the spin of the 3d,.
orbital of the Co" center feeds into the sigma orbital system of
the bridging chloride ligands, but is then orthogonal to the 5f,y,
and 5f,,>_,>, spin orbitals of the U" centers. Two methods for fit-
ting the temperature-dependence of the magnetic susceptibility
data for the cluster - one that treats the uranium and transition-
metal contributions separately, and the other that factors spin-or-
bit coupling, ligand field effects, and exchange coupling into a sin-
gle empirical factor - enabled estimation of upper and lower
bounds for the exchange energy, suggesting 15 cm™! <J <48 cm™.
Importantly, this represents significantly stronger magnetic ex-
change coupling than typically encountered for lanthanide-con-
taining cluster systems [4]. Thus, the idea that relatively strong
magnetic exchange coupling might be realizable by taking advan-
tage of the enhanced radial extension of 5f orbitals of actinide ele-
ments appears to be valid. This bodes well for future work
attempting to utilize actinide elements in the generation of new
single-molecule magnets.
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