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The syntheses and magnetic properties of six new compounds featuring the radical-bridged dilanthanide
complexes [(Cp*,Ln),(u-tppz)l* (Ln = Gd, 1; Tb, 2; Dy, 3; tppz = 2,3,5,6-tetra(2-pyridyl)pyrazine) and
[(Cp*,Ln)a(p-tppz’)]™ (Ln = Gd, 4; Tb, 5, Dy, 6) are reported. Cyclic voltammograms for compounds 1-3
reveal that the tppz ligand can reversibly undergo multiple redox changes. Hence, in the two sets of
compounds isolated, 1-3 and 4-6, the redox-active ligand tppz exists in the monoanionic (tppz'~) and
trianionic (tppz'*~) forms, respectively. Substantial Ln"'-tppz'~ exchange coupling is found for the
cationic tppz'~ radical-bridged species of 1-3, as suggested by a rise in ymT at low temperatures. For
the Gd compound 1, fits to the data yielded a coupling constant of J = —6.91(4) cm™, revealing
antiferromagnetic coupling to give an S = 13/2 ground state. Both of the Tb"' and Dy"'-containing
compounds 2 and 3 exhibit single-molecule magnet behavior under zero applied dc field. Importantly,
the Dy congener shows a divergence of the field-cooled and zero-field-cooled dc susceptibility data at
2.8 K and magnetic hysteresis below 3.25 K. Interestingly, the coupling constant of J = —6.29(3) cm™*
determined for the trianionic tppz™>~ radical-bridged Gd compound 4 is of similar magnitude to that of
the tppz' ~-bridged analogue 1. However, the anionic tppz >~ -bridged species containing Tb"" and Dy"
centers, compounds 5 and 6, do not exhibit slow magnetization dynamics under zero and applied dc

fields. Computational results indicate a doublet ground state for the bridging tppz'>~
1l
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different distribution for the spin density orientation towards the Ln" centers. These results have
important implications for the future design of molecule-based magnets incorporating exchange-

coupled lanthanide-radical species.
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understanding of the intriguing phenomena associated with
single-molecule magnet behavior.

Molecules classified as single-molecule magnets exhibit slow Recent developments suggest that key factors in designing
magnetic relaxation due to a barrier to spin inversion. If no fast ~ single-molecule magnets are maintaining rigorous axial
tunneling is apparent, this barrier can lead to magnetic symmetry within the molecule® or creating an exchange-bias

Introduction

hysteresis at low temperatures that is of a molecular origin, as
first discovered in Mn;,0,(0,CCHj3)16(H,0)4.* Complexes pos-
sessing these properties may represent potential media for
high-density information storage,” quantum computing,* and
molecular spintronics.* However, realization of these proposed
applications requires the design of molecules featuring
substantially larger barriers to spin inversion. As a conse-
quence, considerable efforts have been made to synthesize and
analyze new molecular species, in search of a better
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through magnetic coupling.® The symmetry criterion becomes
especially crucial when non-Kramers ions are employed, which
better enables a bistable ground state. More importantly,
exchange-biased systems resulting from magnetic coupling could
provide the possibility to control the magnitude of the spin-
reversal barrier as a function of the strength of the coupling.” For
instance, over the past decades, the magnetic coupling, J, has
been determined in numerous radical-containing mono- and
multi-nuclear transition metal and lanthanide complexes, where
the sign and strength of the coupling are governed by the nature
of the radical ligand and metal center. A variety of radical species
such as nitronyl nitroxide, verdazyl, thiazyl, benzosemiquino-
noid, and nindigo have been employed for this purpose and in
some instances single-molecule magnet behaviour of the corre-
sponding complexes have been reported.®®
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Quite recently, a dinuclear lanthanide complex featuring a
N, radical-bridge was found to be the hardest molecular
magnet to date, {[((Me3Si),N),Tb(THF)],(1-n*:n>*N,)}~ owing to
the strong coupling between the radical ligand and the metal
ions.* In fact, the coupling constant of J = —27 cm™ ' deter-
mined for the Gd™ congener represents the strongest coupling
yet reported for that ion.'® This remarkable finding serves as an
inspiration to explore other radical-bridged systems in order to
achieve a similar effect.

In particular, organic radical ligands pose an intriguing
possibility for attaining further insight into the coupling that is
occurring in dilanthanide complexes, since these can poten-
tially be tuned and/or may allow for the design of multinuclear
cluster complexes. Accordingly, bipyrimidyl radical-bridged
dilanthanide complexes of the type [(Cp*,Ln),(u-bpym”)]" (Ln =
Tb, Dy) were similarly found to exhibit slow magnetic relaxation
dynamics arising from the presence of strong exchange
coupling, as evident in the value of J = —10 cm ™" obtained for
the respective Gd™" species.!* Studies on both types of radical-
bridged complexes raised the question of how the particular
charge on the radical ligand affects the strength of the coupling
and hence the magnitude of the relaxation barrier. As a result,
efforts have been made to search for multi-electron redox-active
ligands bearing well-established bridging capabilities and
comparatively evaluate the magnetic properties of dinuclear
lanthanide complexes with bridging-radical species of various
charges. Recognizing its ability to accept multiple electrons,"
we pursued the use of the bridging non-planar bis-tridentate
ligand 2,3,5,6-tetra(2-pyridyl)-pyrazine (tppz), in the synthesis of
dilanthanide complexes.

In this report, we describe the syntheses, structural charac-
terization and magnetic properties of the salts of six new radical-
bridged dilanthanide complexes, [(Cp*,Ln),(u-tppz’)|(BPh,)
(Cp* = pentamethylcyclopentadienyl; Ln = Gd, 1; Tb, 2; Dy, 3)
and [K(crypt-222)][(Cp*,Ln),(pn-tppz’)] (Ln = Gd, 4; Tb, 5; Dy, 6),
where 1-3 contain tppz’~ and 4-6 contain tppz"*~. The synthetic
routes to obtain the above compounds utilize well-known
precursor molecules of the type Cp*,Ln(BPh,).** These mono-
nuclear synthons have previously been employed in the isolation
of a phenazine radical-bridged yttrium complex.’* Recently,
Cp*,Ln(BPh,) where Ln = Tb, Dy have been found to be single-
molecule magnets featuring large spin relaxation barriers."
Herein, we report the series of complexes employing the tppz
ligand as a rare example of isolable radical ligands in two
different oxidation states®'® This work constitutes a complete
magnetic study of dilanthanide complexes bearing radical
bridges in two different oxidation states.

Experimental section

The manipulations described below were performed under
nitrogen with rigorous exclusion of air and water using Schlenk,
vacuum line, and glovebox techniques. Solvents were dried
using a commercial solvent purification system from jcmeyer-
solvent systems.'” 1,2,3,4-Pentamethylcyclopentadiene (Cp*H)
was purchased from Strem and dried over 4 A sieves before use.
Anhydrous LnCl; (Ln = Gd, Tb, Dy) was purchased from Strem
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and used as received. Potassium bis(trimethylsilyl)Jamide, KN
[Si(CH3)3],, was purchased from Aldrich, dissolved in toluene,
filtered through Celite and recrystallized from toluene at —35 °C
before use. Tppz was purchased from Aldrich and dried under
vacuum for 2 days before use. 4,7,13,16,21,24-Hexaoxa-1,10-
diazabicyclo[8.8.8]-hexacosane (2.2.2-cryptand; here abbrevi-
ated as crypt-222) was purchased from TCI America and used as
received. The compounds KCp*,'® [HNEt;][BPh,],*> KCg,* and
Cp*,Ln(BPh,) where Ln = Gd,"™ Tb,"* Dy'' were prepared
according to literature procedures. For the synthesis of the
[(Cp*,Ln),(p-tppz")](BPh,) compounds, crystals of the lantha-
nide tetraphenylborate salts of the formula Cp*,Ln(BPh,)-C,Hg
were used. Elemental analyses were performed by the Micro-
analytical Laboratory at the University of California, Berkeley,
using a Perkin-Elmer Series 2400 Series II combustion analyzer.
All polycrystalline samples of 1-6 were crushed and dried prior
to analyses. IR spectra were recorded on a Perkin-Elmer Avatar
Spectrum 400 FTIR Spectrometer equipped with ATR. Cyclic
voltammograms were recorded using a BASi CV-50W potentio-
stat and a three electrode setup, with glassy carbon disk
(working), Ag wire (pseudo-reference), and Pt wire (auxiliary)
electrodes. The ferrocene/ferrocenium redox couple was used as
an internal standard. Magnetic susceptibility measurements
were collected using a Quantum Design MPMSXL SQUID
magnetometer.

Magnetic measurements

Samples of 1-3 and 4-6 were briefly dried, crushed, and loaded
into 7 mm diameter quartz tubes under eicosane restraint.
Sufficient solid eicosane was added to cover the samples to
prevent crystallite torqueing and provide good thermal contact
between the sample and the cyrogenic bath. The quartz tubes
were fitted with sealable adapters, evacuated on a Schlenk line
or using a glovebox vacuum pump, and flame sealed under
vacuum using a H,/O, flame. Subsequently, the eicosane was
melted at 50 °C using a water bath and then cooled to room
temperature.

Direct current (dc) magnetic susceptibility data measure-
ments were performed at temperatures ranging from 2 to 300 K
for 1-6, using applied fields of 1000 Oe. Dc susceptibility data
measurements for 1 and 4 were additionally performed at 500,
5000, and 10000 Oe. Alternating current (ac) magnetic
susceptibility measurements were performed using a 4 Oe
switching field. All data were corrected for diamagnetic contri-
butions from the eicosane and core diamagnetism estimated
using Pascal's constants.”* Cole-Cole plots were fitted using
formulae describing x’ and x” in terms of frequency, constant
temperature susceptibility (xr), adiabatic susceptibility (xs),
relaxation time (t), and a variable representing the distribution
of relaxation times («).* All data were fitted to « values of <0.09.

[(Cp*2Gd)s(p-tppz)](BPh,) (1)

In a nitrogen-filled glovebox, Cp*,Gd(BPh,)-C,Hg (0.188 g,
0.224 mmol) was dissolved in THF (14 mL) to afford a pale
yellow solution, to which a THF (1 mL) solution of tetra-2-pyr-
idinylpyrazine (0.0435 g, 0.112 mmol) was slowly added. An
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immediate color change to bright red was observed. The
mixture was stirred for 5 min at room temperature. Potassium
graphite (0.0151 g, 0.122 mmol) was then added all at once to
the reaction mixture, whereupon the solution color turned to
dark red-brown. After 45 min of stirring at room temperature,
black and colorless insoluble materials were removed by filtra-
tion. The solution was reduced to dryness under vacuum to
afford a dark red-brown solid. Slow evaporation of THF solu-
tions (4 mL) at room temperature afforded dark red crystals
(0.105 g, 60%) suitable for X-ray analysis within 3 days. To
obtain an analytically pure form of compound 1, the crystals
were recrystallized twice in the same manner as described
above. 1 crystallized with 4 THF molecules. IR (neat, cm™"):
3051w, 3030w, 2965w, 2892m, 2852m, 1587s, 1559w, 1546w,
1460s, 1443s, 1424s, 1398m, 1374m, 1363m, 1316s, 1290m,
1282m, 1271m, 1247m, 1183w, 1155s, 1058m, 1032w, 1015w,
989s, 907w, 842w, 787m, 778m, 730s, 701vs, 669m, 636m, 624w,
610s. Anal. caled for CggHosBN¢Gd,: C, 67.62%; H, 6.19%; N,
5.38%. Found: C, 67.65%; H, 5.92%; N, 5.33%.

[(Cp*>Thb),(n-tppz’)|(BPh,) (2)

Following the procedure for 1, Cp*,Tb(BPh,)-C;Hg (0.241 g,
0.287 mmol) was dissolved in 15 mL of THF to afford a pale
yellow solution, to which a THF (1 mL) solution of tetra-2-pyr-
idinylpyrazine (0.0557 g, 0.143 mmol) was slowly added. An
immediate color change to bright red was observed. The
mixture was stirred for 5 min at room temperature. Subse-
quently, potassium graphite (0.0194 g, 0.143 mmol) was added
all at once to the reaction mixture, whereupon the solution color
turned to dark red. After 45 min of stirring at room temperature,
black and colorless insoluble materials were removed by filtra-
tion. The solution was evacuated to dryness to afford a dark red-
brown solid. Slow evaporation of THF solutions (4 mL) at room
temperature afforded dark red crystals (0.056 g, 54%) suitable
for X-ray analysis after 3 days. To obtain an analytically pure
form of compound 2, the crystals were recrystallized twice in the
same manner as described above. 2 crystallized with 3 THF
molecules. IR (neat, cm™'): 3056w, 3008w, 2978w, 2918m,
2892m, 2853m, 1587s, 1559w, 1544w, 1473s, 1460s, 1441s,
1423s, 1372s, 1363s, 1314m, 1279m, 1245w, 1221w, 1183w,
1155s, 1129w, 1155s, 1129w, 1105w, 1088w, 1058w, 1034w,
1019w, 989s, 916w, 875w, 841w, 781m, 740s, 729s, 701vs, 667m,
639m, 624s. Anal. calcd for CggHogsBNgTb,: C, 67.48%; H, 6.18%);
N, 5.37%. Found: C, 67.81%; H, 6.17%; N, 4.90%.

[(Cp*2Dy)2(n-tppz’)|(BPh,) (3)

Following the procedure for 1, Cp*,Dy(BPh,)-C,Hg (0.115 g,
0.136 mmol) was dissolved in THF (10 mL) to afford a pale
yellow solution, to which a THF (1 mL) solution of tetra-2-pyr-
idinylpyrazine (0.026 g, 0.068 mmol) was slowly added. An
immediate color change to bright red was observed. The
mixture was stirred for 5 min at room temperature. Subse-
quently, potassium graphite (0.0092 g, 0.068 mmol) was added
all at once to the reaction mixture, whereupon the solution color
turned to dark red. After 45 min of stirring at room temperature,
black and colorless insoluble materials were removed by
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filtration. The solution was evacuated to dryness to afford a dark
red-brown solid. Slow evaporation of THF solutions (4 mL) at
room temperature afforded dark red crystals (0.051 g, 48%)
suitable for X-ray analysis after 3 days. To obtain analytically
pure compound 3, the grown crystals were recrystallized twice
in the same manner as described above. 3 crystallized with 3
THF molecules. IR (neat, cm™'): 3054w, 3036w, 2968w, 2898m,
2853m, 1587s, 1559w, 1547w, 1459s, 1443s, 14265, 13755, 1365s,
1318m, 1283m, 1249m, 1183w, 1156s, 1059m, 1030w, 1019w,
991s, 907w, 843w, 780m, 742s, 729s, 702vs, 672w, 663w, 638w,
6125, 600s. Anal. Calcd for CggHosBNgDy,: C, 67.17%; H, 6.15%;
N, 5.34%. Found: C, 67.06%; H, 6.30%; N, 5.01%.

[K(crypt-222)][(Cp*>Gd).(p-tppz’)] (4)

In a nitrogen-filled glovebox, crystals of [(Cp*,Gd),(u-tppz’)](BPh,)
(0.11 g, 0.070 mmol) were dissolved in THF (15 mL) to yield a dark
red solution. Solid KCg (0.019 g, 0.14 mmol) was added all at once,
whereupon the color of the solution turned to dark purple. The
mixture was stirred at room temperature for 1 h. Then the
solution was filtered to remove insoluble solids. The dark-purple
solution was evacuated to dryness and then washed with hexanes
(5 mL). The solid was dissolved in minimum amount of THF.
Subsequently, crypt-222 (0.026 g, 0.070 mmol), dissolved in THF
(1 mL) was added to the mixture. After filtration, the filtrate was
stored at —35 °C to yield dark purple crystals suitable for X-ray
analysis (crystalline yield: 0.086 g, 77%). To obtain an analytically
pure form of compound 4, the crystals were washed twice with a
minimum amount of cold THF (~0.5 mL). IR (neat, cm™"): 3144w,
3051w, 2956w, 2875m, 2843w, 2715w, 2526w, 1570m, 1454m,
1419s, 1399s, 1353s, 1329s, 1276s, 1252s, 1171m, 1130s, 1101s,
1069s, 1035m, 939vs, 860s, 819m, 748m, 718m, 643s, 626s. Anal.
caled for CgH,1,Gd,KNgOg: C, 59.35%; H, 6.80%; N, 6.75%.
Found: C, 59.63%; H, 6.62%; N, 6.53%.

[K(crypt-222)][(Cp*>Tb),(n-tppz)] (5)

Following the procedure for 4, crystals of [(Cp*,Tb),(u-tppz’)]-
(BPh,) (0.053 g, 0.034 mmol) were dissolved in THF (10 mL) to
afford a dark red solution. KCg (0.009 g, 0.068 mmol) was added
at once whereby the color of the solution turned to dark purple.
The mixture was stirred at room temperature for 1 h. Then the
solution was filtered to remove insoluble solids. The dark-
purple solution was pumped down and then washed with
hexanes (5 mL). The solid was dissolved in minimum amount of
THF. Subsequently, crypt-222 (0.013 g, 0.034 mmol), dissolved
in THF (1 mL) was added to the mixture. After filtration, the
filtrate was stored at —35 °C to yield dark purple crystals suit-
able for X-ray analysis (crystalline yield: 0.041 g, 73%). To obtain
analytically pure compound 5, the crystals were washed twice
with minimum amount of cold THF (~0.5 mL). IR (neat, cm™'):
3120w, 3053w, 2956w, 2878s, 2811m, 2724w, 2529w, 1579m,
1457s, 1441s, 1423s, 1402s, 1353s, 1296s, 1257s, 1174w, 1132s,
1097vs, 1079s, 1032s, 946vs, 862w, 829m, 747s, 730s, 703s,
677w, 646m, 624m. Anal. caled for Cg,H;;,Tb,KNgOs: C,
59.23%; H, 6.79%; N, 6.74%. Found: C, 59.20%; H, 6.61%; N,
6.82%.
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[K(crypt-222)][(Cp*>Dy)a(n-tppz)] (6)

Following the procedure for 4, [(Cp*,Dy),(n-tppz’)](BPhy)
(0.064 g, 0.041 mmol) was dissolved in THF (10 mL) to yield a
dark red solution. KCg (0.011 g, 0.081 mmol) was added at once
whereby the color of the solution turned to dark purple. The
mixture was stirred at room temperature for 1 h. Then the
solution was filtered to remove insoluble solids. The dark-
purple solution was pumped down and then washed with
hexanes (5 mL). The solid was dissolved in minimum amount of
THF. Subsequently, crypt-222 (0.015 g, 0.041 mmol), dissolved
in THF (1 mL) was added to the mixture. After filtration, the
filtrate was stored at —35 °C to yield dark purple crystals suit-
able for X-ray analysis (crystalline yield: 0.051 g, 75%). To obtain
analytically pure compound 6, the crystals were washed twice
with minimum amount of cold THF (~0.5 mL). 6 crystallized
with 7 THF molecules. IR (neat, cm™"): 3137w, 3058w, 2956w,
2879m, 2846m, 2719w, 2533w, 1573m, 1455m, 1423s, 1402s,
1353s, 1335s, 1292s, 1281s, 1257m, 1171w, 1132s, 1103s,
1076m, 1037m, 946vs, 867m, 817w, 748w, 729w, 678w, 647m,
629m. Anal. caled for Cg,H;1,Dy,KNgOg: C, 58.98%; H, 6.76%);
N, 6.71%. Found: C, 59.03%; H, 6.63%; N, 6.69%.

X-ray data collection and structure determinations

Data collections were performed on single crystals coated with
Paratone-N oil and mounted on Kaptan loops. The crystals were
frozen under a stream of N, (100 K) during measurements. Data
for compounds 1-3 were collected using a Bruker APEX-II
QUAZAR diffractometer (NIH Shared Instrumentation Grant
$10-RR027172) equipped with a Microfocus Sealed Source
(Incoatec TmS; Mo-Ko. A = 0.71073 A) and APEX-I detector. For
6, data were collected at Beamline 11.3.1 at the Advanced Light
Source, Lawrence Berkeley National Laboratory using synchro-
tron radiation (1 = 0.77490 A) through a combination of 4° phi
and 1° omega scans. A Bruker PHOTON100 CMOS diffractom-
eter was used for data collection, and the corresponding Bruker
AXS APEX II software was used for data collection and reduc-
tion.>* Absorption corrections were applied using SADABS (for 1,
2, 6) or TWINABS (for 3).® Spacegroup assignments were
determined by examination of systematic absences, E-statistics,
and successive refinement of the structures. Structures were
solved using direct methods and refined by least-squares
refinement on F* followed by difference Fourier synthesis.>* All
hydrogen atoms were included in the final structure factor
calculation at idealized positions and were allowed to ride on
the neighboring atoms with relative isotropic displacement
coefficients. Thermal parameters were refined anisotropically
for most non-hydrogen atoms. Crystallographic data for 1, 2, 3,
and 6 are given in Table S2.1 The structure data for 6 was refined
as an inversion twin (BASF = 0.451(14)). Significant disorder of
two of the Cp* ligands, the [(crypt-222)K]" counter ion, and the
THF molecules required distance and displacement parameter
restraints. Despite the restraints used to model the disorder, a
few A and B alerts were still reported by checkcif. Significant
changes to our disorder model did not alter the geometry of the
[(Cp*,Dy),(p-tppz’)]” unit. Unfortunately, crystals obtained for
4 and 5 were consistently of low quality (weak overall
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diffraction) and suffered from disorder of the Cp* ligands and
the crypt-222 ligand of the counter ion. While the molecular
connectivity and overall charge balance could be established, no
data set of publishable quality could be obtained.*®

Computations

Unrestricted DFT calculations were performed using the
Gaussian 09 program suite.”* Geometry optimizations of theo-
retical model compounds [(Cp,Y),(u-tppz’)]” (MC1) and
[(CpaY)a(u-tppz’)]” (MC2) were performed using both pure DFT
functional bvp86 (ref. 27) (3-21G*® basis sets for C, H, N and
effective core potential ECP28MDF_AVDZ? for Y) and hybrid
functional b3pw91 (ref. 30) (6-31G**** basis sets for C, H, N and
ECP28MDF_AVDZ for Y). The input coordinates for the dinu-
clear model complexes MC1 and MC2 were taken from the
crystal structure of compound 3. All stationary points were fully
characterized via analytical frequency calculations to confirm
the minima (all positive eigenvalues). All energies are corrected
for zero-point energy, while free energies are quoted at 298.15 K
and 1 atm.

Results and discussion
Syntheses, structures, and electrochemistry

The radical-bridged dilanthanide compounds 1-3 were
synthesized in THF by treating Cp*,Ln(BPh,) (Ln = Gd, Tb, Dy)
with tppz followed by reduction with KCg of the resulting
product (see Fig. 1). Slow evaporation of THF solutions at room
temperature afforded single crystals suitable for X-ray analysis.
Compounds 1-3 are isostructural, each exhibiting a dilantha-
nide complex that comprises two crystallographically indepen-
dent metal centers (Fig. 1 (3), S1, and S2t). Each Ln™ center is
nine-coordinate with two Cp* ligands and ligation by two pyr-
idyl N, atoms and one central pyrazine N, atom from the
twisted central pyrazine ring of the bridging tppz'~ ligand.
Selected interatomic distances (A) and angles (deg) for 1-3 are
provided in the caption for Fig. 1.

Cyclic voltammograms of compounds 1-3 (Fig. 2) indicate
that dinuclear complexes with tppz in five oxidation states
(tppz®*>7*7/*7) can be obtained on the time scale of the
electrochemical experiment. The individual tppz reduction
potentials (Table S11) show very little sensitivity to the nature of
the Ln ion employed. In light of the electrochemical results,
compounds 1-3 were treated with two equivalents of KCg in
THF followed by addition of 2.2.2-cryptand (crypt-222), which
enabled the isolation of compounds [K(crypt-222)][(Cp*,Ln),-
(u-ttpz’)] (4-6), Fig. 1. Crystalline material was obtained from
concentrated THF solutions at —35 °C. Each metal ion is nine-
coordinate with two Cp* rings and three nitrogen atoms of a
bridging tppz™>~ ligand attached (Fig. 1 and S3f). Unfortu-
nately, only lower quality X-ray diffraction data sets could be
obtained for 4 and 5 which prevents an in-depth discussion of
the geometric parameters at this point.>® High-quality XRD data
for 6 could be obtained therefore enabling comparisons of bond
lengths and angles to those in compound 3.

This journal is © The Royal Society of Chemistry 2014
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Fig.1 Top: synthetic scheme for 1 (Ln = Gd), 2 (Lh=Tb), 3 (Ln=Dy), 4
(Ln = Gd), 5 (Ln = Tb), and 6 (Ln = Dy). Middle: molecular structure of
the monoanionic tetra(2-pyridyl)pyrazine radical-bridged dilanthanide
complex, as observed in 3. Bottom: molecular structure of the tri-
anionic tetra(2-pyridyl)pyrazine radical-bridged dilanthanide complex,
as observed in 6. Green, blue, and gray spheres represent Dy, N, and C
atoms, respectively; H atoms are omitted for clarity. Compounds 1-3
are isostructural, while 4—6 are isostructural and feature complexes
with the same molecular arrangement, but with two additional elec-
trons associated with the bridging ligands (see also Fig. S37). Selected
mean interatomic distances (A) for 1-3, respectively: Ln-N,, =
2.503(3), 2.479(3), 2.469(3); Ln—N,, = 2.511(3), 2.484(3), 2.472(3); Np,—
Cpz=1.365(6), 1.359(6), 1.355(7); Cp,—Cp, = 1.417(6), 1.422(6), 1.433(6);
Ln---Ln = 7.80, 7.73, 7.71. Selected mean interatomic distances (A) for
6: Dy—Np, = 2.385(9); Dy-Np, = 2.456(9); N,,—C,, = 1.365(13); Cp,,—
Cpz = 1.439(14); Dy---Dy = 7.60.

Two-electron reduction of 3 to form 6 is reflected in the
significantly shortened Dy-N,,, bond distance of 2.385(9) A from
2.469(3) A in 3. The decrease of the Dy-N,,, bond distances by
approximately 0.1 A can be explained by a stronger interaction
of the metal centers with the triply-charged bridging radical
ligand. Consequently, the Dy---Dy distance decreases to 7.60
from 7.71 A found in 3. The C-C and C-N bond distances within
the central pyrazine ring do not change significantly upon two-
electron reduction of the ligand. However, a slight shortening of
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Fig.2 Cyclic voltammograms of 3 (Dy, top, red), 2 (Tb, middle, blue), and
1 (Gd, bottom, green) measured in THF (0.1 M NBu4PFg, » = 50 mV s™3).

the four C-C bonds, 1.423(13) A average, that link the four
pyridyl substituents compared to 1.464(6) A average in 3 is likely
responsible for the decrease of twisting within the tppz unit
where dihedral angles of 14.638° in 6 compared to 16.443° in 3
are observed. The dihedral angle is measured between the two
planes formed by the two C-N-C units of the central pyrazine
ring.

Static magnetic susceptibility behavior

Variable-temperature dc magnetic susceptibility data were
collected on samples of compounds 1-3 in the temperature
range 2-300 K (Fig. 3 and S4t). At 300 K, the x\T values for
compounds 1, 2, and 3 are 15.76, 22.89 and 27.62 cm® K mol ?,
slightly lower than the expected values for two non-interacting
lanthanide ions and a radical spin unit (16.13, 24.00 and
28.71 cm® K mol ™', respectively). With decreasing temperature,
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Fig. 3 Variable-temperature dc magnetic susceptibility data for
restrained polycrystalline samples of 1-3 collected under a 1 kOe
applied dc field. The black line represents a fit to the data for 1, as
discussed in the main text.
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a slight decline in x\T occurs, leading to a shallow minimum at
105, 13, and 95 K, respectively, for 1, 2, and 3 (see Fig. S57).
Below the minimum, a substantial rise in xy,T is apparent for 1
and 3, indicative of a high angular momentum ground state
generated by antiferromagnetic coupling between the radical
bridging unit and the metal ions. In contrast, only a very slight
rise in x\T is observed for the Tb congener 2. At the very lowest
temperatures measured, x»7 gradually declines for 1 to a value
of 21.12 em® K mol ™%, slightly increases for 2 to 21.03 cm® K
mol ™, but precipitously drops for 3 to reach 10.67 cm® K mol .
The sudden decrease in x\7T for 3 at low temperatures is
indicative of magnetic blocking, as observed for other aniso-
tropic molecular magnets.®*»'*'**>3 Indeed, field- and zero-
field-cooled magnetic susceptibility measurements performed
on 3 reveal a sharp divergence at 2.8 K (Fig. 4), confirming this
assignment.

For the majority of multinuclear lanthanide-containing
complexes, the accurate assignment of the strength and sign of
the exchange coupling constant (J) is difficult due to the intri-
cate electronic structures of the individual lanthanide ions. By
contrast, the metal centers in Gd"™ complexes featuring a 4f”
electron configuration with S = 7/2 are suitable for studying
magnetic exchange coupling owing to their spin-only behavior,
which is free from the effects of spin-orbit coupling. Corre-
spondingly, the xyT data for 1 were fit employing a spin-only
Hamiltonian A = —2JS,a4(Sca) + Saac), which accounts for the
intramolecular Gd™-radical exchange coupling, as expressed by
the constant J, representing the coupling, with 3; representing
the spin operators for each paramagnetic center. At very low
temperatures, the slight downturn in x,T can be ascribed to the
Zeeman effect rather than to long-range antiferromagnetic
interactions, as was determined from variable-field variable
temperature magnetic susceptibility data (Fig. S61). In view of
this effect making a substantial contribution below 20 K, only
data collected above that temperature were fitted. The best fit to

2.8 -
_ ®o, o FC
2 4 . Ooo a ZFC
. o
] AASQQ
/E 20 “1 A a
> n A : a
= 16 - i > a
. A
1.2 - A
N A
08 1 1 1 | I ] 1 | 1 ] I 1
16 20 24 28 32 36 40
T(K)

Fig. 4 Plot of magnetization vs. temperature for 3 during field-cooled
(purple circles) and zero-field-cooled (red triangles) measurements
displaying a divergence at 2.8 K, indicative of magnetic blocking as a
result of cooling the sample under a 1 kOe applied dc field (FC) versus
cooling under a zero dc field (ZFC).
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the data revealed parameters of ] = —6.91(4) cm™ ', indicating
antiferromagnetic coupling between the Gd™ centers and the
radical bridge to yield a S = 13/2 ground state. This determined
J value is quite large in magnitude when compared to typical
values of exchange constants of less than 3 cm ™" found for Gd™
complexes.* For comparison, the compounds [(Tp),Gd(dtbsq)]
(Tp~ = hydrotris(pyrazolylborate); dtbsq~ = 3,5-di-tert-butylse-
miquinonato) and [L'CuCl,Gd(H,0),]Cl (L'H, = 1,3-bis-
((3-methoxy-salicylidene)amino)-2,2’-dimethylpropane) feature
slightly lower J values of 5 and 6 cm ™", respectively.**** However,
the J value of —6.91(4) cm ™" is smaller when directly compared
to the constants of —27 em™" and —10 em ™' found in radical-
exchange coupled dilanthanide systems with N>~ and
bpym'*~ radical bridges, respectively. The considerably weaker
exchange coupling observed for 1 might be a consequence of
the more delocalized nature of the radical spin over the
extended * system of the tppz’~ ligand, as discussed below.
However, the strength of the coupling in 1 still suggests that
likewise for this type of radical, the diffuse spin orbital of tppz"~
can engender a substantial effective exchange pathway, despite
the highly contracted nature of the Gd™ 4f orbitals. A similar
progression in the variable-temperature dc magnetic suscepti-
bility data for 3 also suggests the presence of significant
exchange coupling between the lanthanide ions and the
bridging radical ligand.

Variable-temperature direct current magnetic susceptibility
data were also collected for samples of compounds 4-6 in the
temperature range 2-300 K (Fig. 5). Here again, the x\7 values
at 300 K (15.70, 23.04, and 27.82 cm® K mol ™", respectively) are
lower than the expected values for two non-interacting lantha-
nide ions and the radical ligand. As the temperature decreases,
xmT drops slightly and reaches a shallow minimum at 95, 70,
and 90 K for 4-6, respectively (Fig. S7t). Subsequently, an
increase in xy7T occurs, implicating a high angular momentum
ground state stemming from antiferromagnetic coupling
between the bridging tppz"*~ radical ligand and the lanthanide

T (cm’K/mol)

(e R R R R R REEEEERRRRE
0 50 100 150 200 250 300
T (K)

Fig. 5 Variable-temperature dc magnetic susceptibility data for
restrained polycrystalline samples of 4-6 collected under a 1 kOe
applied dc field. The black line represents a fit to the data for 4, as
discussed in the main text.
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ions. In the very lowest temperature regime, yu7T gradually
decreases for compounds 4-6, albeit only very slightly for
compound 4. Hence, the low-temperature behavior of the xuT
data for the Tb and Dy complexes is in contrast to the dc
magnetic susceptibility data obtained for compounds 2 and 3,
while the data for Gd complex 4 is comparable to that obtained
for 1. According to the collected variable-field variable-temper-
ature magnetic susceptibility data for 4 (Fig. S8t), the less
pronounced downturn compared to 1 at low temperatures can
be likewise assigned to the Zeeman effect which has merely a
considerable influence below 20 K. Hence, only data points
above that temperature were considered for the fit. Employing
the same Hamiltonian as before afforded a coupling constant of
J = —6.29(3) cm™". We note that this result is contrary to our
initial expectation that the increased negative charge associated
with the tppz™®~ radical bridge relative to tppz'~ would lead to
significantly stronger exchange coupling.

Interestingly, despite the very similar strengths of the
coupling constants observed for 1 and 4, the x,T data collected
for the Tb and Dy compounds 2 and 3 versus 5 and 6 differ
significantly. Here, the larger variations with temperature
observed for the former species suggest that these may be
substantially more strongly coupled systems.

Electronic structure calculations

In a first effort to explain these results we employed unrestricted
DFT calculations to assess the gas-phase electronic ground
states of the hypothetical model complexes [(Cp,Y),(u-(tppz)]”
(MC1) and [(Cp,Y)2(p-tppz)]” (MC2). For MC2, we found that a
doublet ground state is generally lower in energy than the
nearest quartet state by 9.4 (AG = 9.5 kcal mol ") or 4.7 (AG =
4.8 keal mol ™) keal mol ™" using the pure DFT functional bvp86
or hybrid functional b3pw91, respectively. Depictions of the
singly-occupied molecular orbitals (SOMOs) for MC1 and MC2
are provided in Fig. 6.

The unpaired spin of the tppz’~ bridging ligand in MC1 is
distributed over the central pyrazine and two diagonally
opposing pyridine moieties, and resembles the anticipated
contributions of a distorted 2,5-dipyridylpyrazine radical anion.
The more diffuse nature of this orbital is likely the reason for
the weaker exchange coupling in 1 as compared to its bpym"™ -
bridged analogue. The Ln™ centers have close contact with the
N, atoms, for which this orbital shows 7 bonding character
with respect to one N;,,-C bond each. Finally, we note that all of
the 7 bonding interactions of the SOMO are tilted diagonally
relative to the Ln---Ln axis.

In contrast, the SOMO for tppz™®~ in MC2, which is mostly
localized on the central pyrazine unit, features nodal planes
that bisect opposing pairs of N,,~C bonds, leading to a more
even distribution of orbital character amongst the four outer
pyridine rings. Most of the intraligand 7 bonding interactions
are centered between C atoms of the pyrazine unit and are
oriented parallel to the Ln---Ln axis. We note that the overall N
atom contributions to the SOMOs are comparable in MC1 and
MC2, which, neglecting the aforementioned differences in
symmetry, is consistent with the similar magnitudes for the
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Fig.6 SOMOs for the computational model compounds MC1 (upper)
and the doublet ground state of MC2 (lower).

exchange coupling observed in 1 and 4. Although no definite
conclusions can be drawn from these results, the relative
symmetry of the electron/spin containing ligand based orbitals
could be of importance for the magnetic coupling of anisotropic
Ln" centers and may further contribute to the absence of slow
magnetic relaxation for tppz®~ bridged complexes 5 and 6, as
discussed below.

Dynamic magnetic properties

Owing to the large magnetic anisotropy inherent to Tb™ and
Dy"" centers, it was expected that the respective Tb and Dy
complexes would display slow magnetic relaxation. To probe
the relaxation dynamics, variable-frequency variable-tempera-
ture in-phase (x»’) and out-of-phase (x»/’) ac magnetic
susceptibility data were collected for polycrystalline samples of
2, 3,5 and 6 under a 4 Oe ac field at zero applied dc field. At 1.8
K and ac frequencies in the range of 1 to 1488 Hz, the Tb
compound 2 exhibits a peak maximum in y,,” at ~345 Hz that
shifts to higher frequencies as the temperature is raised, until it
moves beyond the high-frequency limit of the magnetometer at
2.45 K (Fig. 7 and S97).

In contrast, Dy compound 3 features a temperature sensitive
xv” peak maximum (under zero dc field) that can be observed
up to 8 K in the 0.1 to 1488 Hz frequency range (Fig. 8).

Surprisingly, when Tb complex 5 and Dy complex 6 were
subjected to ac fields at similar frequencies, no out-of-phase
signals at zero or applied dc fields (of up to 4000 Oe) could be
identified. This unanticipated result countered our initial
expectation that the trianionic tppz™>~ radical-bridged dilan-
thanide complexes would give rise to stronger magnetic
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Fig. 7 Frequency dependence of the out-of-phase (xum”) component
of the ac magnetic susceptibility for 2 under zero applied dc field from
1.80 (blue circles) to 2.45 K (red circles). Solid lines represent fits to the
data, as described in the main text.
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Fig. 8 Frequency dependence of the in-phase (xm', upper) and out-
of-phase (xm”. lower) components of the ac magnetic susceptibility
for 3 under zero applied dc field from 3.5 (blue circles) to 8 K (red
circles). Solid lines represent fits to the data, as described in the main
text.
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exchange and hence also exhibit slower magnetic relaxation.
Similarities in the coordination geometries of 1-6 to
Cp*,Ln(BPh,),** and [Cp’,Dy(p-SSiPh;)],,*” suggest comparable
orientations of the magnetic anisotropy axes relative to the Cp*
ligands in all species. If true, the interactions of the tppz™®~ and
tppz''~ ligands with the Ln ions occur nearly coincident with
the hard plane. Here, non-zero interactions are expected to
contribute to spin reversal mechanisms that undercut the
maximal barrier height. Thus, the lack of slow magnetic relax-
ation in 4-6 versus 1-3 may be attributed to the expected larger
ligand field strength afforded by the stronger electron donating
power of tppz">~ relative to tppz"~ in the hard plane.

The ac magnetic susceptibility data collected for compounds
2 and 3 were employed to generate Cole-Cole plots at each
temperature (Fig. S10 and S117) and were subsequently fit by a
generalized Debye model to extract the relaxation times 7. For a
given system, the temperature-dependent relaxation times can
provide information on the magnetic relaxation processes
operating at respective temperatures. Here, an activation barrier
with regard to spin reversal signifies a requisite energy exchange
of the system with the lattice via phonons to climb to the top of
the barrier before relaxation can occur. This relaxation mecha-
nism, commonly referred as the Orbach process,* gives rise to
relaxation times with an exponential dependence on tempera-
ture: T = 1o exp(Ues/ksT), where 1, is the attempt time, U is the
effective spin reversal barrier and kg is the Boltzmann constant.
Accordingly, Arrhenius plots for 2 and 3 were constructed to
determine U, and 1, as depicted in Fig. 9.

For compound 2 at temperatures between 1.8 and 2.45 K, t
appears to be temperature dependent, which is commonly
associated with relaxation processes where the relaxation
requires the input or release of energy to the lattice. However, a
linear fit to the Arrhenius expression of the relaxation times
observed for all temperatures yielded a very small spin reversal

'10 1 1 1 1 1 1 I 1 I 1 |
0.0 0.1 0.2 0.3 04 0.5 0.6
1/ T (K)

Fig. 9 Arrhenius plots of relaxation time data for 2 (blue circles) and 3
(red circles). The black lines correspond to linear fits to the Arrhenius
equation, as described in the main text, yielding Ueg = 5.1(1) cm™* and
70 = 6(1) x 107 ® s for 2 and Ues = 35.9(2) cm ™ and 1o = 2.1(1) x 1077 s
for 3.
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barrier of Ueg = 5.1(1) cm ™" with an attempt time of 7, = 6(1) x
107° s. The small value of U and the large value of the pre-
exponential factor 7, suggest the relaxation is likely not solely
based on a thermally activated relaxation mechanism. In
contrast, the relaxation times observed for 3 are fully tempera-
ture-dependent, indicating that an Orbach relaxation process is
effective over the entire temperature range that was probed. A fit
of the data to the Arrhenius expression afforded a considerably
larger barrier of U = 35.9(2) em ™" with 75 = 2.1(1) x 1077 s.

The relaxation barriers for 2 and 3 are much smaller than
those observed for bpym' ~-bridged dinuclear complexes of
Tb™ (44(2) em™") and Dy™ (87.8(3) cm™'), conceivably a
consequence of weaker apparent magnetic exchange coupling.
For the planar Ln™-(N,*7)-Ln™ systems discussed above,
relaxation barriers of 227 and 123 cm ™" were obtained for Ln =
Tb and Dy, respectively, which are the highest values yet
reported for strongly exchange-coupled lanthanide species.
Here, slow magnetic relaxation was found to be very sensitive to
the geometry of the Ln,N, core unit, with the highest barriers
arising for rigorously planar arrangements. Deviation from
planarity lowers the barrier due to competing antiferromagnetic
Ln"-Ln" coupling, in addition to strong Ln"-radical
coupling.* For comparison, the highest barriers hitherto found
in mono- and multinuclear f-element complexes are 652 cm™ "
for the Tb™ phthalocyanine sandwich complex Tb(Pc)(Pc’) and
585 cm™ ' for an oxo-bridged pentanuclear cluster containing
Dy™ centers.* The origin of the single-molecule magnet
behavior in such multinuclear species is thought to be primarily
the large magnetic anisotropy of the individual Dy™ centers,
although intramolecular exchange coupling may also provide
weak contributions. Hence, the resulting magnetization
dynamics are dedicated to several slowly relaxing Dy™ ions as
opposed to a fully exchange-coupled moment. More impor-
tantly, slow magnetic relaxation mainly attributable to the
moments of individual ions facilitates the presence of fast
tunneling relaxation processes, which ultimately shortcut the
barrier. A complete understanding of such phenomena occur-
ring in lanthanide-bearing systems is still lacking; however,
certain studies conclude that intermolecular dipolar interac-
tions play a central role.*!

Magnetic hysteresis

To probe the utility of a single-molecule magnet, variable-field
magnetization measurements were performed on poly-
crystalline samples of 2 and 3. At 1.8 K, at an average sweep rate
of 0.004 T s, the collected magnetic hysteresis loop for 2 is
closed both at zero and higher fields (Fig. S127). This finding is
in good agreement with the determined relaxation times
derived from the ac susceptibility measurements. In contrast,
the blocked magnetic moments at low temperatures for 3, as
manifested by field- and zero-field-cooled measurements, indi-
cate that magnetic hysteresis should be apparent. Accordingly,
at an average sweep rate of 0.003 T s~ ', the hysteresis loops
collected for 3 are open at zero field at temperatures below 3.25
K (Fig. 10). The coercive field of H. = 0.1 T retains its maximum
up to ~1.9 K followed by a successive decline as the temperature
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Fig. 10 Variable field magnetization (M) data for 3 collected from 1.8
to 3.5 K at an average sweep rate of 0.003 T s~ %,

is increased. This result is also in line with the relaxation times
obtained from ac measurements. However, we note that the
hysteresis loops feature significant steps at H. = 0, implying
that tunneling pathways exist in the sample which were not
apparent on the much faster time scale examined by the ac
measurements.

Remarkably, despite its relatively small Uy barrier,
compound 3 displays magnetic blocking at 2.8 K and hysteresis
below 3.25 K. By contrast, compound 2 does not show a fully
resolved x” peak leading to small relaxation barriers and a
closed hysteresis loop at 1.8 K.

Conclusions and outlook

Taken together, the foregoing results demonstrate how multi-
electron redox-active ligands can be used to synthesize a series
of dinuclear lanthanide complexes with radical bridges in
various charge states. This work represents a rare report on
isolable bridging radical ligands in two different oxidation
states. In particular, magnetic exchange coupling and single-
molecule magnet behavior, including magnetic blocking, were
achieved in the tetrapyridylpyrazine-bridged complexes. Unex-
pectedly, the coupling constant of J] = —6.91(4) cm™ " deter-
mined for the monoanionic radical bridged Gd™ compound is
very similar to the value of —6.29(3) cm ™' obtained for the tri-
anionic radical-bridged complex. Despite the rather similar
coupling strength apparent in these two species, out-of-phase
signals were only observed for the monoanionic radical-bridged
Tb™ and Dy"™ complexes. The latter displays open magnetic
hysteresis loops at temperatures below 3.25 K at zero field as a
result of appreciable exchange coupling, which suppresses
competing fast relaxation pathways. Importantly, these results
enable us to conclude that the reduction potential of the
bridging organic radical species alone does not dictate the
development of single-molecule magnet behavior, but rather
symmetry must also be at play.

Further research will be directed towards the tunability of
such ligands, with the goal of increasing substantially the
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strength of the exchange coupling. This can be envisioned
through the addition of electron-donating or electron-with-
drawing groups to the pyridyl functionalities of the tppz ligand.
In addition, efforts are underway to utilize other organic radical
ligands suitable for bridging lanthanide ions with the intention
of increasing electron density at the donor atoms binding to the
metal centers.
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