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ABSTRACT: Magnetic properties of the series of three linear,
trimetallic chain compounds Cr,Cr(dpa),Cl,, 1, Mo,Cr-
(dpa),Cl,, 2, and W,Cr(dpa),Cl,, 3 (dpa = 2,2’-dipyridylami-
do), have been studied using variable-temperature dc and ac
magnetometry and high-frequency EPR spectroscopy. All three
compounds possess an S = 2 electronic ground state arising
from the terminal Cr®" ion, which exhibits slow magnetic
relaxation under an applied magnetic field, as evidenced by ac
magnetic susceptibility and magnetization measurements. The
slow relaxation stems from the existence of an easy-axis
magnetic anisotropy, which is bolstered by the axial symmetry
of the compounds and has been quantified through rigorous
high-frequency EPR measurements. The magnitude of D in
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Enhanced zero-field splitting9

Cr-Cr-Cr

these compounds increases when heavier ions are substituted into the trimetallic chain; thus D = —1.640, —2.187, and —3.617
ecm™' for Cr,Cr(dpa),Cl,, Mo,Cr(dpa),Cl,, and W,Cr(dpa),Cl,, respectively. Additionally, the D value measured for
W,Cr(dpa),Cl, is the largest yet reported for a high-spin Cr** system. While earlier studies have demonstrated that ligands
containing heavy atoms can enhance magnetic anisotropy, this is the first report of this phenomenon using heavy metal atoms as

“ligands”.

B INTRODUCTION

Multimetallic coordination compounds featuring a linear array
of metals are of considerable current interest due to their
interesting structural and physical properties.' One of the most
prominent classes of such compounds are linear, trimetallic
species supported by the 2,2'-dipyridylamide (dpa) ligand,
shown in Chart 1."™* A broad suite of homometallic
M;(dpa),Cl, (M = Cr, Co, Ni, Cu, Ru, Rh) and heterometallic
M,M’(dpa),Cl, compounds (M = Cr, Mo, W, Ruy; M’ =
typically a first-row transition metal element) have been

Chart 1
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extensively explored,” and a number of them display fascinating
magnetic properties. For example, Co;(dpa),Cl, compounds
show spin equilibrium behavior between their S = 1/2 ground
states and a high-spin (S = 3/2 or 5/2) excited state.”™"” In the
heterometallic M,Co(dpa),Cl,, when M = Cr, the S=1/2 = §
= 3/2 spin equilibrium behavior is retained, but Mo,Co-
(dpa),Cl, is high-spin at all temperatures.””> Thus, the
properties of heterometallic chain compounds can be similar
to or different from their homometallic analogues.

Chain compounds containing Cr(II) also display interesting
magnetic properties. For example, even though Cr;(dpa),Cl,
and related compounds can show either symmetric Cr—Cr—Cr
or asymmetric Cr=Cr---Cr structures, they always display a
well-isolated S = 2 magnetic state.'*”'° For the parent
compound, Cr;(dpa),Cl,, 1, a 15 K crystal structure indicates
a symmetric structure, but at higher temperatures the structure
is asymmetric.'” Thus, the S = 2 state for the compound is most
easily rationalized as stemming from the presence of an
“isolated” Cr(II) ion in the structure, with the Cr=Cr
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quadruply bonded unit essentially remaining diamagnetic. The
actual electronic structure, as probed by DFT methods, is a bit
more nuanced.'®~** Although orbitals of 7 and § symmetry for
the “isolated” Cr(II) ion may be considered to be localized, its
o-symmetry d,, orbital engages in bonding with the Cr=Cr
unit, yielding a three-center/three-electron ¢ bond such that
the unpaired electron in the o-symmetry orbital is delocalized
among all three metal atoms as well as the axial ligands.

The Dalal group has longstanding interest in the magnetic
properties of Cr compounds,”*™>” as well as metal—metal
bonded chain compounds.”~** In general, there have been a
relatively small number of studies of the magnetic properties of
Cr** complexes, likely due to their tendency for oxidation to
Cr**,° and the zero-field splitting (zfs) parameter D has been
determined in very few cases.”’ " Nevertheless, this ion has
often been shown to possess an easy-axis anisotropy (D <
0),’7***37% which is helpful for developing compounds that
exhibit slow magnetic relaxation in zero applied field."’~>°
Because of their ease of synthesis’' and tunable properties,"*
Cr(Il) chain compounds attracted our attention as a potential
novel class of single-molecule magnets. We therefore
investigated compound 1 using high-frequency EPR spectros-
copy to determine the sign and magnitude of D; we recently
reported that 1 has D = —1.6 cm™" and therefore predicted that
it should show magnetic blocking behavior.”” More recently,
magnetic blocking in a related penta-chromium chain has been
reported by Cornia and co-workers.”

Here, we present a full report of the single-molecule magnet
properties of 1, as well as two heterometallic analogues,
Mo,Cr(dpa),Cl, (2) and W,Cr(dpa),Cl, (3), the preparation
of which we recently reported.” This series (Chart 1) is
studied to test the hypothesis that substitution of the Cr=Cr
unit in 1 with the heavier Mo=Mo or W=EW group would
enhance the magnetic anisotropy of the Cr(II) ion via the
increased spin—orbit coupling of the heavy metal atoms. The
“heavy ion effect” has been used previously as a design principle
for single-molecule _magnets by use of heavy halogen or
chalcogen ligands,"**™>" as well as incorporation of para-
magnetic metals into polyoxotungstates.”” This is the first
example of a direct metal—metal bond being used to transmit
the heavy ion effect, where we may consider the Cr,, Mo,, or
W, units as “ligands” to the Cr(II) ion.

B EXPERIMENTAL SECTION

Magnetic Susceptibility Measurements. Compounds 1-3
were prepared using published methods.'®*" Polycrystalline samples
were weighed and placed inside of borosilicate glass tubes, which were
sealed under a vacuum to avoid air exposure during measurements.
Variable-temperature dc magnetic susceptibility was measured using a
Quantum Design MPMS-XL SQUID magnetometer over a temper-
ature range of 1.8—300 K at a measuring field of 0.02 T. The data were
fit using the julX magnetic simulation program.*” Variable-temperature
ac magnetic susceptibility was also measured between 1.8 and 4.0 K
and frequencies from 100 Hz to 1.2 kHz. Because of the need for
higher frequencies (vide infra), variable-temperature, variable-
frequency ac magnetic susceptibilities of 2 and 3 were measured
using a Quantum Design PPMS over a temperature range of 1.8—6.0
K, and frequencies from 1 to 10 kHz. All ac susceptibility data were
collected under 0 and 0.2 T dc magnetic fields. Hysteresis
measurements were made with a sweep rate of 02 T min "
Diamagnetic corrections for each sample were calculated using Pascal
constants®® and were applied to the experimental data along with a
contribution from the sample holder.

EPR Measurements. High-field/high-frequency (240 GHz) EPR
measurements were conducted at the National High Magnetic Field
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Laboratory (NHMFL) in Tallahassee, FL, over the temperature range
from 300 to 4 K and fields up to 12 T using a laboratory developed
Superheterodyne high-frequency EPR spectrometer. The instrument
consists of an Oxford Instruments superconducting magnet, a 15 GHz
Gunn diode with frequency doublers, a multifrequency wave bridge, a
sample probe with a corrugated waveguide, Schottky diode detectors,
low-noise amplifiers, 6 GHz mixers, lock-in amplifiers for phase
sensitive detection, a magnetic field modulator, and a temperature
control system.’”®> The magnetic field was calibrated using a DPPH
standard (g = 2.0036).”> The spectra were simulated using the locally
developed SPIN coméputer program, which diagonalizes the spin
Hamiltonian matrix.*>*

B RESULTS AND DISCUSSION

Structural Features of 1-3. Compounds 1-3 contain
Cr(Il) ions in nearly identical coordination environments.
Furthermore, 2 and 3 crystallize isomorphously in the same
space group (C2/c),'® and therefore differences in crystal
packing effects are negligible. While the crystal packing
environment of 1 is different (Pnn2),"* intermolecular distances
between Cr(II) centers in all three structures are >8.0 A and are
not expected to give rise to any of the magnetic properties we
observe. The Cr—N bond distances for all three compounds fall
within the very small range of 2.12—2.13 A, and the Cr—Cl
distances range from 2.53—2.54 A. The major structural
differences in the direct coordination sphere involve the
heterometallic Cr—M distances, which are 2.48, 2.69, and
2.65 A, for 1, 2, and 3, respectively.

Magnetic Measurements. Variable-temperature magnetic
susceptibility measurements of 1—3 are shown in Figure 1. The
compounds have effective magnetic moments at room
temperature of 4.95 up, 4.78 pp, and 4.88 py, respectively,
which are all close to the spin-only value for an § = 2 magnetic
system (pog = 4.89 pp when g = 2). Observation of an S = 2
ground state is consistent with previous experimental
studies,''®? as well as previous electronic structure work on
the compounds.'**’

The magnetic data were analyzed using the standard spin
Hamiltonian, eq 1, with axial (D) and rhombic (E) zfs
parameters.

n A A2 A2 A2 a2

H=pHg§S+ DS, —S/3)+ES, - S, ) (1)
Here, B is the Bohr magneton, g is the electronic Zeeman
tensor, and the operators have their usual meanings.”® Because
the effect of rhombicity on the magnetic susceptibility is small,
E was not included in this model; however, it was used for EPR
analysis (vide infra). The data in Figure 1 are well simulated
using the parameters: § = 2, g eree = 2.014, and IDI = 1.643
em™ for 1; S = 2, Gaverage = 1.988, and [DI = 2.187 cm™! for 2;
and S = 2, gyerage = 2.001, and IDI = 3.617 cm™! for 3. The data
can be fit using either positive or negative values for D; the
negative values are given here as their modulus to indicate that
the sign of D cannot be determined from this measurement
alone. As anticipated from our “heavy metal effect” hypothesis,
the magnitude of D increases as the Cr=Cr unit is changed to
Mo=Mo and W=W. Although the dc magnetic data are not
indicative of the sign of D, our previous results’ indicate a
negative D for 1 and therefore suggest that 2 and 3 might also
have negative values of D.

The measurement of appreciable easy-axis zfs in the magnetic
susceptibility, and the recent report of magnetic blocking in a
pentachromium(1I) chain complex,” provided us the impetus
to measure variable-temperature ac magnetic susceptibility for
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Figure 1. Variable-temperature molar magnetic susceptibility data for
polycrystalline samples of 1 (top), 2 (middle), and 3 (bottom),
collected at 0.02 T at temperatures from 1.8 to 300 K. The red line
corresponds to a simulated set of susceptibility data using S = 2 (see
Tablel for exact g values), and negative values for D, as described in
the text. The insets show a three-dimensional structure for each
compound as well as the derived ID| values.

1-3. Measurements that were made without an applied
magnetic field at frequencies between 100 Hz and 1.2 kHz all
exhibited simple paramagnetic behavior. This was also the case
for the pentrachromium(Il) chain complexes where magnetic
blocking was only observed under a 025 T dc field.”
Therefore, measurements on 1—3 were made using a dc field
of 0.2 T. Under this field, y” became detectable for each
compound, thus showing that the static field is effective in
slowing the magnetic relaxation in these compounds.

The ac data for 1 are shown in Figure 2. Here, a clear
frequency dependence in y” is observed, indicating slow
magnetic relaxation consistent with single-molecule magnet
behavior. In Figure 2, In(7) is plotted as a function of 1/T,
where 7 = 1/(2 aw) and T is the temperature of the peak
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position in y”. The Arrhenius plot is fairly linear (R* = 0.98)
over the measured temperature region, suggesting that
magnetic relaxation in 1 proceeds via an Orbach process.”” A
linear fit of the data yields the energy barrier of spin relaxation
(U.g) and the characteristic spin reversal time (z,), which are
Ug=74+04cm " and 75 = (2.9 X 107®) = (0.5 x 107°) s.
This value of U is in close agreement with the total splitting of
the S = 2 multiplet calculated from the magnetic susceptibility
and EPR-derived (vide infra) D (U = IDIS* = 6.56 cm™"). We
were struck to observe such a large value for 7, because this
parameter in SMMs is usually on the nanosecond time
scale.*”"° However, the 7, value observed here is similar in
magnitude to that measured for the pentachromium chain:
2.2(5) X 107 s.>* This result may hint that the magnetic
relaxation in 1 as well as its penta-chromium analogue does not
approach a completely thermally activated relaxation over the
measured temperature range.

The ac magnetic susceptibilities of 2 and 3 were also
measured in a dc field of 0.2 T (see Figures SI and S2).
Although an out-of-phase y” signal was measured for each
compound, which indicates slow magnetic relaxation, the peaks
were significantly broadened, and only a small frequency
dependence in y” was observed. The frequency dependence
was too small to yield a meaningful Arrhenius analysis.

Variable-temperature, variable-field magnetization measure-
ments (Figure 3) revealed more information about the slow
magnetic relaxation in these compounds. Specifically, each
compound exhibits weak hysteretic behavior at low temper-
atures, but remnant magnetization at 0 field is absent, indicating
that the magnetic relaxation in 1-3 is fast. For these
compounds to exhibit remnant magnetization (i.e., the
signature property of single-molecule magnets) requires lower
temperatures or a faster field sweep than is achievable with our
current instrumentation. Nevertheless, there is an important
trend that we observe for these compounds regarding their
hysteresis properties. The highest temperature at which
hysteresis is observed is specific to each compound. Specifically,
the hysteretic behavior ends at 10, 15, and 20 K (all +4 K), for
1, 2, and 3, respectively (see Figures S3—SS). This trend
suggests that the energy barrier for spin relaxation in these
compounds is largest for 3 and smallest for 1, a result that
agrees with the determination of D from magnetic susceptibility
measurements as well as our “heavy metal effect” hypothesis.”'

The results from magnetization measurements, showing that
each compound exhibits different magnetic behavior based on
the type of M" ions in the linear chain, called for further
investigation by an independent technique. High-frequency and
field electron paramagnetic resonance (HFEPR) spectroscopy
is arguably the best technique for studying the electronic states
of a magnetic material at the molecular level; thus we initiated
variable-temperature HFEPR to further elucidate the electronic
structure of these compounds.

Well-resolved EPR spectra were observed for all three
compounds at 240 GHz microwave frequency. To obtain the
magnetic parameters of each compound, the spectra are
analyzed according to eq 1 given above with S = 2. Because
no hyperfine splitting is apparent in the measured spectra, no
hyperfine interactions are included in the spectral analysis. The
best simulation models yielded the following parameters: for 1,
8. =1.998,g,=1997,¢,=1981,D=—-1.643 cm™',and E/D =
0.021; for 2, g, = 1.960, g, = 1.960, g, = 1991, D = —2.187
cm™, and a small E/D = 0.011; for 3, g, = 1.960, g, = 1.960, g
=1.991, D = =3.617 cm™}, and E/D = 0.007. The experimental
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Figure 2. Left: Variable-temperature, variable-frequency ac magnetic susceptibility measurements of 1 under an applied dc field of 0.2 T. Right:
Arrhenius plot of the relaxation rate versus inverse temperature for 1, with the linear fitting values given.
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indicates a g = 2 impurity that was not simulated.
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Table 1. Magnetic Parameters of 1-3

complex S L & %
1 2 2.014 1.998 1.997
2 2 1.988 1.960 1.960
3 2 2.001 1.980 1.980

& D (em™) E/D ¢ (em™)”
1.981 —1.640 0.021 360
1.991 —2.187 0.011 420
2.110 —3.500 0.011 530

“The g,, values are those derived from magnetic susceptibility data. Otherwise, the data in this table are determined from EPR spectra. The ¢ values

are calculated effective spin—orbit coupling constants for the Cr" ions in the trimetallic chains (see eq 2

) 72,74

and simulated spectra are shown in Figure 4 along with the
calculated energy level diagrams.

While the simulated spectra are in splendid agreement with
the experimental data, confirmation of the sign of D is most
accurately obtained through variable-temperature HFEPR,
where Boltzmann population effects can be seen.*”’>”?
Although it is generally thought that low temperatures (liquid
N, or even liquid He) are needed to observe EPR spectra of
high-spin systems, we found this not to be the case for 1-3.
Thus, 240 GHz EPR spectra were measured between 280 and
10 K. As shown in Figure 5, the most notable difference
between the 280 and 10 K spectra of 1 is the increased intensity
of the peaks at 3 T and above 11 T. According to the simulated
energy level diagrams (Figure S, top and bottom portions),
these peaks correspond to transitions from the lowest energy
states, which are the most populated states at low temperatures
as shown in the Boltzmann distribution calculation for this
compound (Figure S6). This observation confirms the
assignment of a negative value of D for the compound. For 2
(Figure S, middle), the significant increase in intensity of the
peak at 1.7 T and the disappearance of the feature at 11.5 T
upon cooling to 10 K also confirm the negative sign of D,
because the low-field peak is attributed to a ground-state
transition in the H||z direction, while the disappearing high-
field peak is attributed to an excited-state transition. Similar
considerations for 3 reveal the negative D parameter, based on
the ground-state transition at 6.7 T, which shows a marked
increase in intensity upon cooling from 280 to 10 K.
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Perhaps, the most remarkable aspect of these spectra and
simulations is that each compound has strong easy-axis
anisotropy, which increases in magnitude as the size of the
MY jons in the trinuclear chain increases. Thus, IDI (3) > IDI
(2) > IDI (1). The underlying mechanism of this increase may
be attributed to the spin—orbit parameter from the M" ions
because D is directly related to the spin—orbit coupling
constant, {. Abragam and Bleaney65 provide the following
equations for a 3d* ion (here neglecting spin—spin coupling,
with g, being the free electron g value and A being the
octahedral ligand field splitting):

__3z
16 A ()

__1Z
B7& T3 3)

B ¢
§=8 2y @)

Though A is not known for these complexes (the distortion
from octahedral geometry is significant), we may make an
estimate of 15000 cm™', somewhat larger than the 12 000—
13000 cm™ values determined for the Cr(I) aqua ion.*
Assuming A = 15000 cm™', the following ¢ values
(representing effective free-ion spin—orbit coupling, reduced
due to covalency) may be derived from eq 2: £(1) = 360 cm™,
£(2) = 420 cm™, and ¢(3) = 530 cm™. Thus, these data show
an increase in effective spin—orbit coupling in this series from
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Cr to Mo to W. However, we note that eqs 3 and 4 predict that
g must always be lower than g, in disagreement with our
results for the Mo and W complexes. Nevertheless, the derived
spin—orbit coupling constants are given in Table 1 along with
other HFEPR-derived magnetic parameters.

To better visualize the increase of D as a function of the M"
ion size, we highlight the z-directed mg = —2 — mg = —1 and
mg = —1 = mg = 0 transitions of each compound in Figure 6.

0 2 4 6 8
Magnetic Field (T)

10 12

Figure 6. 10 K HFEPR spectra of 1, 2, and 3 are shown for direct
comparison. Highlighted are the z-directed mg = —2 — mg = —1 (red)
and mg = —1 — mg = 0 (blue) transitions, which shift to lower fields as
the magnitude of D increases.

With a constant g-value, as is nearly the case here, these
transitions are predicted to move to lower field positions with
increasing D, and this is exactly what is observed. Another
important feature that is clearly evident in Figure 6 is that the
spectral line widths get noticeably broader with increasing M"
ion size. EPR line broadening is commonly caused by g-
anisotropy due to the electrostatic field from nei§hboring
molecules or D-strain from internal magnetic fields.”” Broad-
ening due to D-strain may very well be the case here, because
the broadening increases with the magnitude of D. However,
we cannot rule out the possibility of broadening due to weak
intermolecular exchange interactions that exist in these
compounds, although this interpretation does not provide a
useful explanation for why the magnitude of intermolecular
exchange interactions might depend on the size of M".

B CONCLUSIONS

Trimetallic chain compounds 1, 2, and 3 have analogous
magnetic properties stemming from their electronic structure
containing a nearly isolated high-spin, $ = 2 Cr(II) center. In an
applied field, the Cr(II) ions show slow magnetic relaxation as a
consequence of their highly axial magnetic anisotropy that is
buttressed by the geometry of the metal-metal bond. The
anisotropy, described quantitatively in the axial zfs term D, is
enhanced in the series from 1 to 2 to 3, due to the “heavy-atom
effect” of the M=M group. This effect is clearly observed in
variable-temperature high-field EPR spectra of the compounds,
from which accurate determinations of D for the compounds
have been made. The magnitude of the D value for 3, —3.617
cm™, is the largest yet reported for a high-spin Cr(II)
compound, with the exception of chromocene, which is an
orbitally degenerate spin triplet and thus quite different from
the octahedral high-spin Cr(II) complexes of interest here. This
class of compounds shows promise for highly tunable magnetic
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properties. Further examples of these chain compounds are
now being studied so that their full potential may be reached.
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