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ABSTRACT: Reaction between Ln(NO;);:«H,0O (x = S or 6) and the
potentially tridentate (N,0,0) chelating/bridging ligand pyridine-2,6-
dimethanol (pdmH,), in the presence of base NEt;, affords a family of
isostructural tetranuclear [Ln™,(NO;),(pdmH)s(pdmH,),](NO;),
(Ln™ = Eu"™, Gd™, Tb™, Dy, Ho™, Er'™, Yb™) complexes with a rare
zigzag topology. All complexes contain a [Ln,(u-OR)¢]** core with
bridging ligation provided by the alkoxido arms of six 7':n':n*u pdmH™
groups. The Ln™ ions are eight coordinate with distorted geometries.
Direct current magnetic susceptibility studies revealed predominant weak
antiferromagnetic exchange interactions between the metal centers,
which were quantified in the case of isotropic Gd™, to give J = —0.09(1)
ecm™' and g = 2.00(1). The observation of out-of-phase (y”y) ac
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susceptibility signals suggested that the Dy'"', analogue might be a molecular nanomagnet. Solid-state photoluminescence studies
showed that the Eu™, and Tb™, compounds exhibit intense, sharp, and narrow emission bands in the red and green visible
regions, respectively, which arise from the characteristic °Dy — ’F; and °D, — ’F; transitions. The combined results demonstrate
the ability of pdmH, ligand to yield homometallic 4f clusters with interesting magnetic and optical properties.

B INTRODUCTION

Lanthanide (Ln) coordination chemistry is undoubtedly on the
forefront of modern fundamental and applied research." This is
due to the ability of 4f-metal coordination complexes to find
applications in various fields of science, such as medicinal
chemistry, biology, optics, catalysis, and magnetism.” Poly-
nuclear homometallic lanthanide complexes (or 4f-metal
clusters) is a class of coordination compounds that comprises
high-nuclearity (number of metal ions > 3)* molecular species
with aesthetically pleasing structures, exotic topologies, and
beautiful mosaics. Occasionally, such compounds partly or fully
resemble the structural motifs found in Platonic,* Archimedea-
n and Johnson solids.® Their nature and often nanoscale
dimensions bring to the field of nanoscale materials all the
advantages of a molecular, “bottom-up” approach,” such as
monodispersity, “low-energy” synthetic conditions, solubility,
“tailoring” ability, and crystallinity.

The different electronic and physical properties of the 4f-
metal jons can lead to a wide variety of interesting potential
applications. For example, Ln™ clusters have shown a
remarkable ability to act either as single-molecule magnets
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(SMMs)® when the f-block ions are highly anisotropic and
carry a significant spin (i.e., Dy"™, Tb™, Ho™ Er™) or as
molecular magnetic coolers’ when the molecules are isotropic
and high spin, prerequisites which are fulfilled by utilization of
the Gd™ jon. Restricting further discussion to the former area,
SMMs derive their properties from the combination of a large
magnetic moment in the ground state with a large magneto-
anisotropy originating from the substantial, unquenched orbital
angular momenta.*'" As a result, 4-SMMs often possess an
appreciable barrier to magnetization relaxation at low temper-
atures, and they display out-of-phase ac magnetic susceptibility
signals and hysteresis loops in magnetization vs applied dc
fields.'' Due to a combination of interesting classical and
quantum properties, such as quantum tunneling of magnet-
ization (QTM)"? and quantum phase interference,'> SMMs
have been proposed for a variety of potential advanced
applications, including molecular spintronics and quantum
computation.14
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Polynuclear 4f-metal complexes have also shown intense and
long-lived emissions, which make these compounds particularly
interesting for a variety of optical and medical uses such as
display devices, luminescent sensors, and probes for clinical
use.'® This applies significantly to Eu"'- and Tb™-based clusters
with red and green luminescence due to D, — 7F] and °D, —
’F; transitions, respectively,”'® and occasionally to Dy
complexes with characteristic *Fo/, — 6H] transitions™"”
appearing at the blue or yellow regions of the visible spectrum.
Luminescence from Ln™ ions results from electronic transitions
between the 4f orbitals; however, such transitions are forbidden
on symmetry grounds and lead to poor absorption cross
sections and excited states with long lifetimes."® Consequently,
the desired population of the emitting levels of the Ln' ion is
best achieved by employing light-harvesting ligands which can
absorb strongly UV light and therefore sensitize the metal ion
by intramolecular energy transfer from the ligand-based triplet
state.'” Therefore, access to “hybrid” molecular materials with
both intriguing magnetic (i.e, SMM behavior) and optical
properties (i.e., emission in the visible region) can be
potentially accomplished when the 4f-metal ion is either Tb™
or Dyl Hbe20

The chances of synthesizing new Ln" clusters with both
interesting magnetic and optical properties should be enhanced
by development of new reaction schemes with suitable organic
bridging/chelating ligands. For construction of such “hybrid”
molecular materials, the choice of the organic ligand is of
fundamental importance. This should present (i) a binding
affinity to the oxophilic Ln™ ions by containing O-donor
atom(s), (ii) a multimetal center bridging capability with
simultaneous prevention of polymer formation, and (jii) an
ability to both propagate strong magnetic exchange interactions
between the metal atoms it bridges and contain aromatic
group(s) to enhance the luminescence intensities and life-
times.”'

Following our longstanding interest in the coordination
ability/affinity of pyridyl alcohols®® and pyridyl oximes/
dioximes™® for metal cluster synthesis, we decided to employ
pyridine-2,6-dimethanol (pdmH,, Scheme 1), a well-known

1

Scheme 1. Structural Formula and Abbreviation of the
Ligand Pyridine-2,6-dimethanol (pdmH,) Used in This
Study
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ligand for synthesis of 3d-metal clusters and SMMs** but with
scant previous use in homometallic 4f-metal cluster chem-
istry.25 Herein we report the syntheses, structures, magnetic,
and photoluminescence properties of a family of isostructural
tetranuclear [Ln",(NO;),(pdmH),(pdmH,),](NO,), (Ln™ =
Eu", Gd", Tb™, Dy™, Ho™, Er'™, Yb™) complexes with a rare
zigzag topology. The combined results demonstrate the ability
of pdmH, to yield 4f-metal clusters with SMM and photo-
luminescence behaviors, without requiring the copresence of
ancillary bridging ligands, such as carboxylates, -diketonates,
and/or pseudohalides.
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B EXPERIMENTAL SECTION

Synthesis. All manipulations were performed under aerobic
conditions using chemicals and solvents as received.

[Euy(NOs3),(pdmH)s(pdmH,),](NO3), (1). To a stirred, colorless
solution of pdmH, (0.14 g, 1.0 mmol) and NEt, (0.14 mL, 1.0 mmol)
in MeOH (20 mL) was added solid Eu(NO;);-SH,0 (0.21 g 0.5
mmol). The resulting pale yellow solution was kept under stirring at
room temperature for about 20 min and filtered, and the filtrate was
layered with Et,0 (40 mL). Slow mixing gave after 2 days colorless
prismatic crystals of 1, which were not of sufficient quality to allow
acquisition of a complete X-ray diffraction data set. Crystals were
collected by filtration, washed with cold MeOH (2 X 2 mL) and Et,0
(2 X 3 mL), and dried in air; the yield was 60%. The identity of the
product was confirmed by (i) a unit cell determination and
comparison with the unit cell of compound 3-2MeOH, (ii) IR
spectroscopic comparison with all isostructural Ln, complexes, and
(iii) elemental analysis (see below). The air-dried solid was analyzed as
solvent-free 1. Anal. Calcd: C, 32.23; H, 3.19; N, 9.40. Found: C,
32.04; H, 3.05; N, 9.56.

[Gd,(NO3),(pdmH)s(pdmH,),1(NOs), (2). This complex was pre-
pared in the same manner as complex 1 but using Gd(NO;);-6H,0
(0.23 g, 0.5 mmol) as the Ln salt. Due to the small size of the colorless
crystals formed after 3 days and consequently the weak overall
diffraction, we were not able to collect a complete X-ray data set.
Crystals were collected by filtration, washed with cold MeOH (2 X 2
mL) and Et,O (2 X 3 mL), and dried in air; the yield was 50%. The
identity of the product was confirmed by the same means we followed
for structural determination of complex 1. The air-dried solid was
analyzed as 2-:2MeOH. Anal. Calcd: C, 32.07; H, 3.43; N, 9.03. Found:
C, 32.16; H, 3.53; N, 8.75.

[Tb4(NO3),(pdmH)s(pdmH,),](NO3), (3). This complex was pre-
pared in the same manner as complex 1 but using Tb(NO,);-6H,0
(0.23 g, 0.5 mmol) as the Ln salt. After 3 days, X-ray-quality colorless
crystals of 3-2MeOH appeared and were collected by filtration, washed
with cold MeOH (2 X 2 mL) and Et,0 (2 X 3 mL), and dried in air;
the yield was 60%. The air-dried solid was analyzed as 3-2MeOH.
Anal. Caled: C, 31.97; H, 3.42; N, 9.00. Found: C, 32.26; H, 3.52; N,
8.79. Selected IR data (cm™): 3450 (wb), 3050 (m), 2923 (w), 1579
(s), 1519 (vs), 1479 (m), 1423 (m), 1388 (s), 1340 (w), 1321 (s),
1276 (m), 1224 (w), 1200 (w), 1074 (w), 1014 (w), 943 (w), 887
(w), 846 (w), 730 (m), 674 (m), 622 (m), 574 (w), 501 (w), 451 (w).
UV—vis (1/nm in MeCN): 224, 270.

[Dy4(NOs),(pdmH)s(pdmH,),](NO3), (4). This complex was pre-
pared in the same manner as complex 1 but using Dy(NO,);-6H,0
(0.23 g, 0.5 mmol) as the Ln salt. Colorless prismatic crystals of 4
appeared after 4 days and were collected by filtration, washed with
cold MeOH (2 X 2 mL) and Et,0 (2 X 3 mL), and dried in air; the
yield was 70%. Due to the small size and phase homogeneity issues
(i.e., twinning) of the crystals, we were not able to collect an accurate,
complete X-ray data set. However, the identity of the product was
confirmed by (i) unit cell determination and comparison with the unit
cell of compound 5-2MeOH, (ii) IR spectroscopic comparison with all
isostructural Ln, complexes, and (iii) elemental analysis (see below).
The air-dried solid was analyzed as solvent-free 4. Anal. Calcd: C,
31.59; H, 3.12; N, 9.21. Found: C, 31.73; H, 3.15; N, 9.01.

[Ho,(NOs),(pdmH)s(pdmH,),](NO3), (5). This complex was pre-
pared in the same manner as complex 1 but using Ho(NO,);-SH,0
(0.22 g, 0.5 mmol) as the Ln salt. After 2 days, X-ray-quality colorless
crystals of $:2MeOH appeared and were collected by filtration, washed
with cold MeOH (2 X 2 mL) and Et,0 (2 X 3 mL), and dried in air;
the yield was 65%. The air-dried solid was analyzed as solvent-free S.
Anal. Caled: C, 31.45; H, 3.11; N, 9.17. Found: C, 31.08; H, 2.91; N,
9.43. Selected IR data (cm™): 3444 (wb), 3050 (m), 2925 (w), 1579
(s), 1519 (vs), 1481 (m), 1423 (m), 1384 (s), 1317 (s), 1276 (m),
1223 (w), 1203 (w), 1072 (w), 1014 (w), 940 (w), 887 (w), 850 (w),
730 (m), 669 (m), 624 (m), 573 (w), 500 (w), 449 (w). UV—vis (1/
nm in MeCN): 223, 264.

[Er4(NOs),(pdmH)s(pdmH,),](NO3), (6). This complex was pre-
pared in the same manner as complex 1 but using Er(NO;);-SH,0

dx.doi.org/10.1021/ic5001045 | Inorg. Chem. 2014, 53, 3220—3229



Inorganic Chemistry

Table 1. Crystallographic Data for Complexes 1-7

4-2MeOH
CssH7,DyuN14036
2193.28
colorless plate
0.06 X 0.04 x 0.02

5-2MeOH
CssH74Ho N 14054
2203.03
colorless plate
0.08 X 0.0S X 0.02

6-2MeOH
CssH74ErN 14056
2212.35
colorless plate
0.04 X 0.02 x 0.01

7-2MeOH
CssH7,YbyN,, 056
2235.47
colorless plate
0.07 X 0.04 X 0.02

1-2MeOH 2-2MeOH 3-2MeOH
formula® CssH74EuyN, O34 CssH74GdyN 4,036 CssH74Tb,N 4036
fw*/g mol ™ 2151.15 217228 2178.99
cryst type colorless plate colorless plate colorless prism
cryst size/mm 0.07 X 0.04 X 0.01 0.08 X 0.05 X 0.01 0.17 X 0.08 X 0.08
cryst syst monoclinic monoclinic monoclinic
space group P2,/n
a/A 15.484(2) 15.461(2) 15.2655(18)
b/A 14.941(2) 14.892(2) 14.9732(16)
/A 15.953(2) 15.998(2) 16.0103(19)
a/deg 90 90 90
f/deg 92.561(6) 92.679(7) 92.407(6)
y/deg 90 90 90
vol./A3 3694.7(9) 3683.5(9) 3656.3(7)
V4 2
Peea/g cm™> 1979
u/mm™! 3.925
6 range/deg 3.73—28.28
index ranges —-20<h <20
—“19<k<19
-21<1<21
no. of collected 150416
reflns
no. of 9057 (Ripe =
independent 0.0441)
reflns
final R indices Rl = 0.0442
(1> 20(1)]
wR2 = 0.0779
final R indices R1 = 0.0475
(all data)
wR2 = 0.0797
(DP) maymin/ e A7 1.309, —1.195

monoclinic monoclinic monoclinic monoclinic
P2,/n P2, P2,/n
15.375(2) 15.2459(19) 15.5716(18) 15.287(2)
14.858 (2) 14.8786(18) 14.0309(15) 14.773(2)
15.943(2) 15.983(2) 16.5856(19) 15.954(2)
90 90 90 90
93.095(7) 92.423(6) 95.035(6) 93.095(7)
90 20 90 90
3642.7(9) 3622.3(8) 3609.7(7) 3597.6(9)
2 2 2
2.020 2.035 2.064
4.426 4.707 5.257
3.74-26.37 3.70—-25.68 3.76-26.37
-19<h<19 —-18<h<18 -19<h<19
—18<k<18 -16 <k <17 —18<k<18
-19<1<19 -20<1<20 -19<1<19
166 714 57169 141 226
7388 (R = 13561 (R = 7227 (Rype =
0.0527) 0.0502) 0.0745)
R1 = 0.0490 R1 = 0.0588 R1 = 0.1030
wR2 = 0.0894 wR2 = 0.1266 wR2 = 0.1186
R1 = 0.0523 R1 = 0.0761 R1 =0.1219
wR2 = 0.0904 wR2 = 0.1366 wR2 = 0.1322
1.823, —1.713 3.274, —1.108 1.974, —2.43S

“Including solvate molecules. “R1 = X(||F,| — IF.||)/ZIF,l. “wR2 = [Z[w(F.2 — F2)})/Z[w(F,)*]"% w = 1/[6 X(F.2) + (ap)? + bp], where p =

[max(F2 0) + 2E2]/3.

(0.22 g, 0.5 mmol) as the Ln salt. After 4 days, X-ray-quality colorless
crystals of 6:2MeOH appeared and were collected by filtration, washed
with cold MeOH (2 X 2 mL) and Et,0 (2 X 3 mL), and dried in air;
the yield was 55%. The air-dried solid was analyzed as solvent-free 6.
Anal. Caled: C, 31.31; H, 3.10; N, 9.13. Found: C, 31.14; H, 2.95; N,
9.26.

[Yb,(NO3),(pdmH)s(pdmH,),1(NOs), (7). This complex was pre-
pared in the same manner as complex 1 but using Yb(NO;);-SH,0
(0.23 g, 0.5 mmol) as the Ln salt. After 3 days, X-ray-quality colorless
crystals of 7-2MeOH appeared and were collected by filtration, washed
with cold MeOH (2 X 2 mL) and Et,0 (2 X 3 mL), and dried in air;
the yield was 75%. The air-dried solid was analyzed as solvent-free 7.
Anal. Caled: C, 30.98; H, 3.06; N, 9.03. Found: C, 31.21; H, 3.19; N,
8.95.

X-ray Crystallography. Colorless crystals of all reported
compounds 1—7 were manually harvested and mounted on cryoloops
using adequate 0il.2® Diffraction data were collected at 150.0(2) K on a
Bruker X8 Kappa APEX II Charge-Coupled Device (CCD) area-
detector diffractometer controlled by the APEX2 software package””
(Mo Ka graphite-monochromated radiation, 4 = 0.71073 A) and
equipped with an Oxford Cryosystems Series 700 cryostream
monitored remotely with the software interface Cryopad.”® Images
were processed with the software SAINT+,’ and absorption was
corrected using the multiscan semiempirical method implemented in
SADABS.* Structures were solved by direct or Patterson methods
employed in SHELXS-97,>"3 allowing the immediate location of the
heaviest lanthanide elements. The remaining, non-H atoms were
located from difference Fourier maps, calculated by full-matrix least-

In all structures, the H atoms bound to the C atoms of the pdmH™/
pdmH, ligands and MeOH solvate molecules were placed at their
geometrical positions using HFIX instructions in SHELXL (43 for the
aromatic, 23 for the CH,, and 137 for the terminal CH; groups) and
included in subsequent refinement cycles in riding-motion approx-
imation with isotropic thermal displacements parameters (U,) fixed at
12 or 1.5 X U, of the C atom to which they are attached. The H
atoms of the hydroxyl groups of pdmH™/pdmH, ligands were found in
difference Fourier maps and placed in the structural model with the
O—H distances restrained to 0.85(1) A or included in their idealized
positions. Programs used for molecular graphics were MERCURY>*
and DIAMOND.*® Unit cell parameters and structure solution and
refinement data for all complexes are listed in Table 1. Further
crystallographic details can be found in the corresponding CIF files
provided in the Supporting Information. Crystallographic data
(excluding structure factors) for the structures reported in this work
have been deposited to the Cambridge Crystallographic Data Centre
(CCDC) as supplementary publication numbers: CCDC-975152 (3-
2MeOH), 975149 (5-2MeOH), 975150 (6:2MeOH), and 975151 (7
2MeOH).

Physical Measurements. Infrared (IR) spectra were recorded in
the solid state (KBr pellet) on a Perkin-Elmer 16 PC FT spectrometer
in the 4000—450 cm ™' range. Elemental analyses (C, H, and N) were
performed on a Perkin-Elmer 2400 Series II Analyzer. UV—visible
(UV—vis) spectra were recorded in MeCN solution at concentrations
~ 10° M on a Beckman Coulter DU Series 700 dual-beam
spectrophotometer. Excitation and emission spectra were recorded
in the solid state using a Cary Eclipse spectrofluorometer. Direct

squares refinement cycles on F using SHELXL-97,>* and refined current (dc) and alternating current (ac) magnetic susceptibility
with anisotropic displacement parameters. studies were performed at the University of Florida Chemistry
3222 dx.doi.org/10.1021/ic5001045 | Inorg. Chem. 2014, 53, 3220—3229
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Department on a Quantum Design MPMS-XL SQUID susceptometer
equipped with a 7 T magnet and operating in the 1.8—400 K range.
Samples were embedded in solid eicosane to prevent torquing.
Alternating current magnetic susceptibility measurements were
performed in an oscillating ac field of 3.5 G and a zero dc field.
Oscillation frequencies were in the 50—1000 Hz range. Pascal’s
constants were used to estimate the diamagnetic correction, which was
subtracted from the experimental susceptibility to give the molar
paramagnetic susceptibility ()36

B RESULTS AND DISCUSSION

Synthesis and IR Spectra. Many synthetic procedures to
polynuclear 4f-metal complexes rely on reactions of simple
LnX; starting materials (X~ = various) with a potentially
chelating/bridging organic Iigand.11’20’37 The nature of both the
X" group and the organic ligand is of significant synthetic
importance. When X~ belongs to the carboxylate or p-
diketonate groups, additional bridging ligation from these
groups might be provided, resulting in formation of higher
nuclearity metal species. Additionally, their strong basic nature
fosters deprotonation of the organic chelating/bridging ligand
without requiring the use of an external base. On the other
hand, when the choice of X~ is one of the halides, NO;~,
ClO,~, or CF;SO;7, all with limited bridging affinity,
employment of an external organic base which would carry
the role of proton acceptor seems necessary to facilitate
deprotonation of the organic chelating/bridging ligand and
therefore increase the chances of metal cluster formation. The
latter route was followed in the present study using as organic
chelating/bridging ligand the relatively unexplored in lantha-
nide metal cluster chemistry pyridine-2,6-dimethanol
(pdmH,).”®> The pyridyl diol ligand pdmH, contains two
—OH groups which upon deprotonation could bridge up to five
metal centers.”* Previous use of pdmH, in 4f-metal cluster
chemistry has been limited to the two isostructural carboxylate
complexes [Yb,(O,CPh),(pdm),(pdmH),(HO,CPh),-
(Hzo)z]ZSb and [Dy,(O,CPh),(pdm),(pdmH),(HO,-
CPh),],” both with a zigzag topology.

A variety of reactions differing in the metal:pdmH, ratio, the
inorganic ions present, the organic base, and/or the reaction
solvent(s) were explored in identifying the following successful
system. Reactions of Ln(NO;);-«H,0 (x = § or 6) with pdmH,
in a 1:2 molar ratio in MeOH in the presence of 2 equiv of
NEt; gave colorless solutions that, upon filtration and layering
with Et,O, afforded colorless crystals of a family of isostructural
tetranuclear [Ln,(NO;),(pdmH)4(pdmH,),](NO,),2MeOH
[Ln = Eu (1); Gd (2); Tb (3); Dy (4); Ho (5); Er (6); Yb
(7)] complexes in very good yields (50—75%). The general
formation of 1—7 is summarized in eq 1.

MeOH
4Ln(NO;);H,0 + 8pdmH, + 6NEt; ——

[Ln,(NO,), (Pde)s(Pdez)z] + 6(NHEt;)(NO;) + 4H,0
Ln = Eu(1); Gd(2); Tb(3); Dy(4); Ho(5); Ex(6); Yb(7);
(1)

In an attempt to obtain higher nuclearity Ln™ products,
several reactions were performed with higher Ln™:pdmH,
ratios, up to 4:1. However, the tetranuclear complexes 1—7
were still the only isolable products, in comparable (1:1 or 2:1
ratios) or lower (3:1 or 4:1 ratios) yields. Complexes 1—7 were
also obtained when the reactions were performed in EtOH
(confirmation from IR spectroscopic studies) or a mixture of
MeCN/MeOH (2:1, v/v) but in much lower yields (~10—

x=Sor6
I
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20%), whereas no significant reactions were observed when the
solvent was CH,Cl, or CHCI,. An increase in the NEt;:;pdmH,
ratio up to 3:1 gave comparable (or slightly decreased) yields of
complexes 1—7 rather than higher nuclearity products resulting
from complete deprotonation of pdmH™/pdmH, groups.
Further increases in the amount of NEt; gave oily products
suggestive of mixtures that we have not been able to
characterize or insoluble amorphous precipitates that were
probably Ln oxides or oxo/hydroxide species. Replacement of
NEt; by other organic bases, i.e., Me,NOH, also led to isolation
of 1-7, but the crystalline solids were contaminated with
(Me,N)(NO,) salt, requiring copious washing with MeOH to
obtain analytically pure samples. Finally, substitution of NO;~
ions in the LnX; precursors by other inorganic ions, such as CI~
or ClO,”, did not lead us to any crystalline material under
various crystallization techniques and reaction conditions. It
therefore seems that the presence of nitrates is essential for the
stabilization and crystallization of the reported tetranuclear
compounds. Compounds 1—7 are all stable and crystalline
solids at room temperature and nonsensitive toward air and
moisture. They are all soluble in MeCN, DMF, and DMSO and
insoluble in almost all other organic solvents such as CH,Cl,,
benzene, and toluene.

All complexes 1—7 have essentially the same IR spectra.
Several bands appear in the ~1580—1390 cm™" range, assigned
to contributions from the stretching vibrations of the aromatic
ring of pdmH,/pdmH™ ligands, which overlap with stretches of
the nitrate bands.*® The nitrate vibrations in the mull and KBr
spectra of the representative complex 3 (also established by
crystallography) are indicative of the simultaneous presence of
ionic and coordinated NO;™. The former appears as a band at
~1388 cm™ and is attributed to the v;(E')[14(NO)] mode of
the Dy, ionic nitrate.*” Bands at ~1423 and ~1321 cm™ may
be assigned to the v5(B,) and v,(4,) stretching modes (under
C,, symmetry), respectively, of the nitrato ligands; their
separation is small (~102 cm™), in accordance with the
monodentate character of two nitrate groups.>

Description of Structures. The structures of the reported
complexes 1—7 are very similar, and thus, only the structure of
representative complex 3 will be described in detail. The crystal
structure of 3 consists of a [Tb,(NO;),(pdmH),(pdmH,),]*
cation (Figure 1), four NO;~ anions, and lattice MeOH

Figure 1. Partially labeled representation of the structure of the cation
of 3, with H atoms omitted for clarity. Primes are used for symmetry-
related atoms; see the footnote of Table 2. Color code: Tb™ green, O
red, N blue, C gray.

dx.doi.org/10.1021/ic5001045 | Inorg. Chem. 2014, 53, 3220—3229
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molecules; the latter two will not be further discussed. Complex
3:2MeOH crystallizes in the monoclinic space group P2,/n
with the Tb, cation lying on an inversion center. Selected
interatomic distances and angles are listed in Table 2.

Table 2. Selected Interatomic Distances (Angstroms) and
Angles (degrees) for Complex 3“

Tb1-01 2.324(3) Tb2—04 2.275(3)
Tb1-O1’ 2.301(3) Tb2-05 2.424(4)
Tb1-02 2.454(4) Tb2-06 2.395(4)
Tb1-03 2.436(3) Tb2—-07 2.301(3)
Tb1-04 2.343(3) Tb2—-08 2.447(4)
Tb1-07 2.295(3) Tb2—-09 2.495(4)
Tb1-N1 2.529(4) Tb2—-N3 2.542(4)
Tb1-N2 2.530(4) Tb2—N4 2.491(4)
Tb1--Tb1’ 3.771(6) Tb2--Th2’ 9.357(9)
Tb1---Th2 3.751(2)

Tb1-O1-Tbl’ 109.3(1) Tb1-07-Tb2 109.4(1)
Tb1-04-Tbh2 108.6(1)

“Symmetry code: ' =1 — x, —y, —z.

The cation comprises a nonlinear, zigzag array of four Tb™
atoms (Tb2—Tb1—Tb1’ = 107.56°) with each Tb, pair bridged
by the deprotonated alkoxido arms of two chelating/bridging
pdmH~ groups resulting in an overall [Tb,(u-OR),]®* core
(Figure 2). There is thus a total of six n'#'#*:u pdmH~

Tb1'

Figure 2. Labeled representation of the complete [Tb,(u-OR)¢]**
core of 3. Color scheme as in Figure 1.

groups, and peripheral ligation is completed by two neutral,
tridentate (N,0,0) chelating pdmH, ligands and two
monodentate NO;~ groups, one each on the two extrinsic
Tb™ atoms, Tb2 and Tb2'. The central Tb(1)—O(1)—
Tb(1’)—O(1’) rhombus is strictly planar as a result of the
inversion center, and the other two rhombs are nearly so, with
the Tb(1)—O(4)—Tb(2)—O(7) torsion angle being only 0.8°.
Tb™ atoms are both eight coordinate with distorted geometries.

To estimate the closer coordination polyhedra defined by the
donor atoms around Tb1 and Tb2 in the asymmetric unit of 3,
a comparison of the experimental structural data with the
theoretical data for the most common polyhedral structures
with 8 vertices was performed by means of the program
SHAPE.* Following the proposal by Avnir and co-workers*" to
consider symmetry and polyhedral shape as continuous
properties that can be quantified from structural data, Alvarez
and co-workers applied these concepts and the associated
methodology to the stereochemical analysis of very large sets of
molecular structures, including systems with 8-vertex poly-
hedra.* The so-called continuous shape measures (CShM)
approach allows one to numerically evaluate by how much a
particular structure deviates from an ideal shape.*> There are
many polyhedra with eight vertices such as Platonic solids
(cube), Archimedean or Catalan (triakis tetrahedron) solids,
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and others such as triangular dodecahedra. In addition, prisms
(biaugmented trigonal) or antiprisms (square antiprism) can be
made with eight vertices as well as many semiregular three-
dimensional figures. The most common of these, which will be
considered here, are the octagon, the heptagonal pyramid, the
hexagonal bipyramid, the triangular dodecahedron, and the four
Johnson polyhedra (gyrobifastigium, elongated triangular
bipyramid, biaugmented trigonal prism, and snub tetrahedron).
The best fit (Table S1, Supporting Information) was obtained
for the triangular dodecahedron (Tbl; Figure 3, left) and

Figure 3. Triangular dodecahedron coordination sphere of Tb1 (left)
and biaugmented trigonal prismatic geometry of Tb2 (right) in the
structure of 3. Points connected by the black lines define the vertices
of the ideal polyhedron.

biaugmented trigonal prism (Tb2; Figure 3, right) with CShM
values of 1.96 and 1.50, respectively. Values of CShM between
0.1 and 3 usually correspond to a not negligible but still small
distortion from ideal geometry.**

Four distinct, and eight in total (including the symmetry
related atoms), strong intramolecular hydrogen bonds are
present in 3-2MeOH. These include the protonated OH groups
of the pdmH,/pdmH™ ligands, which act as donors, and an O
atom from each monodentate or noncoordinated (counter-
anion) NO;™~ group or the lattice solvate MeOH molecules as
acceptors; their dimensions are O(3)--0(9') 2.737(7) A,
H(3A)--.0(9’) 1.918 A, O(3)—H(3A)--0(9’) 161.9° O(6)-
0(12) 2.712(7) A, H(6A)--O(12) 1.868 A, O(6)—H(6A)-
0(12) 175.2°; O(8)--0(15) 2.762(7) A, H(8A)---O(15) 2.044
A, O(8)—H(8A)--O(15) 142.2° 0O(2)--0(18) 2.635(7) A,
H(2A)--0(18) 1.790 A, O(2)—H(2A)--O(18) 175.4°. There
are no significant intermolecular interactions, only weak
contacts which serve to hold the molecules together in the
crystal.

The Ln—N and Ln—O bond distances in 1-7 fall into the
expected range for similar compounds and take shorter values
as we move from 1 to 7, which are consistent with the
lanthanide contraction effect. There have been a large number
of Ln, complexes reported in the literature, and these possess a
wide variety of metal topologies such as linear,” rectangles,*
squares and grids,47 thombs and butterflies,*® cubanes,™ and
dimers of dimers.”° However, complexes 1—7 join only a
handful of previous Ln, compounds with a similar kind of
extended, chain-like topology and an [Ln,(u-OR)4]** core. 3!

Static Magnetic Properties. Variable-temperature direct
current (dc) magnetic susceptibility studies were carried out on
freshly prepared, crystalline samples of the potentially most
interesting—from a magnetism viewpoint—complexes 2-
2MeOH, 3-2MeOH, 4, 5, and 7 in the temperature range
5.0—300 K under an applied field of 0.1 T. Theoretically, the
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Eu", analogue (1) should not exhibit any magnetic moment,
since Eu" has an "F;, with J = 0, although some contribution
from thermally accessible levels such as 'F; and ’F, may
appear.'®*®® The obtained data for all studied compounds are
shown as yT vs T plots in Figures 4 and S. The experimental

50
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Figure 4. Temperature dependence of the yT for 2-2MeOH. Blue
solid line is the fit of the data; see text for the fit parameters.

T values at room temperature in all cases are in very good
agreement with the theoretical ones (31.50 cm® K mol™ for 2;
47.28 cm® K mol ™" for 3; 56.68 cm® K mol ™" for 4; $6.28 cm® K
mol ™" for 5; 10.28 cm® K mol™" for 7) for four noninteracting

Gd" (S, S=7/2,L=0,g=2), Tb"™ ("F, S=3,L=3,g=
3/2), Dy (°Hys, S=5/2, L =5,g=4/3), Ho™ (°I;; S =2, L
=6,¢g=5/4), and Yb™' (°F,,, S=1/2, L = 3, g = 8/7) ions.>

For the isotropic Gd™, (2-:2MeOH) complex, the yuT
product remains almost constant at a value of ~31.4 cm® K
mol™" from 300 to ~100 K and then steadily decreases to a
minimum value of 18.31 cm® K mol™" at 5.0 K (Figure 4). This
is indicative of the presence of intramolecular antiferromagnetic
exchange interactions between the four Gd™ centers and/or
zero-field splitting effects.*®*’ The temperature-independent
behavior (300—100 K) suggests that the coupling between the
Gd" ions is very weak as has been seen in many polynuclear
Gd™ complexes.**>° Given the lack of any first-order orbital
momentum for the Gd'! ions, we undertook the challenge to
quantify the strength of the intramolecular magnetic exchange
interactions in 2-2MeOH. The tetranuclear compound was
modeled with the spin Hamiltonian shown in eq 2.

H=-2(58, + 88+ §,-5,) @)

Data were fit using the program MAGMUN>> by applying a
simple 1 — J model. The fit (solid blue line in Figure 4) gave fit
parameter values of ] = —0.09(1) cm™ and g = 2.00(1), in
excellent agreement with the ] values reported for anti-
ferromagnetically coupled Gd™, clusters of similar or slightly
different metal topologies.*’ ™ A fit of the data to a 2 — |
model (J,1/ # J;, with J;, = J;,»- due to the molecular symmetry)
gave results of comparable quality, but these might lead to
overparametarization problems and have thus been ignored.
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Figure S. Plots of yT vs T for complexes 3-2MeOH (a), 4 (b), 5 (c), and 7 (d).
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For the anisotropic Tb™, (3-2MeOH), Dy", (4), and Ho",
(5) complexes, the thermal evolution of the magnetic
susceptibility is very similar (Figure Sa, Sb, and Sg,
respectively), in which the T product remains constant at a
value of ~46.3 (3), ~53.5 (4), and ~53.0 (5) cm® K mol™
from 300 to ~150 K and then steadily decreases to a minimum
value of 23.88 (3), 28.75 (4), and 28.33 (5) cm® K mol™! at 5.0
K. Such low-temperature decrease of the yyT product is mainly
due to depopulation of the excited Stark sublevels of the Ln""
ions and the probable weak antiferromagnetic interactions
between the metal centers which unfortunately cannot be
quantified due to the strong orbital momentum of these Ln™
ions.® For the Yb™, (7) complex, the y\T product starts to
decrease steadily from a value of 10.35 cm® K mol ™" at 300 K to
a minimum value of 5.01 cm® K mol™ at 5.0 K (Figure 5d).
Such gradual decrease upon cooling can be ascribed to the
thermal depopulation of the ligand field levels.>> These ligand
field levels result from the crystal field created in the first
approximation by point charges in the coordination sphere of
the lanthanide and constitute linear combinations of M;’s
components of the total kinetic moment and depend on the
site symmetry.54

The field dependence of magnetization studies at low
temperatures does not show any irregular features for all
complexes other than the expected ones for polynuclear, weakly
coupled lanthanide(III) clusters. Briefly, the lack of true
saturation in magnetization of complexes 3, 4, 5, and 7
indicates the presence of some magnetic anisotropy and/or
population of low-lying excited states.””™>° In the case of
isotropic complex 2, the magnetization almost reaches a
saturation of 28.0 yp at the highest fields, which is in good
agreement with the expected value for four noncoupled Gd™
ions (7.0 py per GA™). This further supports the weak nature of
the magnetic exchange interactions between the Gd" centers,
so that the antiferromagnetic interactions are easily overcome
by the external field.®° The slight deviation of M vs H/T for 2
at different low temperatures (<10 K) and small magnetic fields
(0.1-1.0 T) is due to the population of low-lying excited states
with S larger than the ground state (Figure S1, left, Supporting
Information). This is also supported by the continuous
decrease of the in-phase, y'\T, product as the temperature
decreases down to 1.8 K (Figure S1, right, Supporting
Information).

Dynamic Magnetic Properties. In light of the conclusions
deduced by the static magnetic measurements on all reported
compounds, alternating current magnetic susceptibility studies
have been also carried out in order to investigate the
magnetization dynamics of the anisotropic Tb™, (3), Dy,
(4), Ho™, (5), and Yb™, (7) clusters under a zero dc magnetic
field. Alternating current studies were performed in the 1.8—15
K range using a 3.5 G ac field oscillating at frequencies in the
50—1000 Hz range. If the barrier to magnetization relaxation is
significant compared to thermal energy (kT) then there is a
nonzero y”y; signal which will be also frequency dependent.
Such frequency-dependent y”y; signals are indicative of the
superparamagnetic-like properties of a SMM (but they do not
prove the presence of a SMM®®). For fast relaxing SMMs and/
or SMMs with a strong quantum tunneling rate an entirely
visible peak of the y”) signal is not often observed even at the
lowest possible temperature (~1.8 K) of any commercial
SQUID magnetometer; only the tails of peak maxima can thus
be detected. This is usually the case for high-nuclearity
lanthanide SMMs.
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Complex 4 is the only member of this family of tetranuclear
clusters which shows frequency-dependent out-of-phase y”y
tails of signals at temperatures below ~S5 K (Figure 6),
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Figure 6. Out-of-phase (y"y;) vs T ac susceptibility signals for 4 in a
3.5 G field oscillating at the indicated frequencies. The decrease in the
X"m signal in the 6—15 K range at 997 Hz is an instrumentation
artifact.”’

indicative of the slow magnetization relaxation of an SMM with
a small energy barrier for magnetization reversal. Such behavior
most likely arises from predominant single-ion effects of the
individual Dy™ centers within 4.%>>*73! There were no out-of-
phase ac signals down to 1.8 K for the remaining compounds
(Figure S2, Supporting Information). Thus, it can be tentatively
seen that while 4 shows slow magnetization relaxation the
isostructural complex 3 does not. This difference most likely
originates from the fact that Dy" is a Kramer ion, and
irrespective of the ligand field it is expected to possess a bistable
ground state. On the other hand, Tb™ is a non-Kramer ion, and
so its complexes will have a bistable %round state only if it has
an axially symmetric ligand field.>*°® Efforts to obtain more
relaxation data and observe maxima by applying an external dc
field led only to a slight enhancement of the out-of-phase signal
without improving the chances to calculate an energy barrier.
Photoluminescence Studies. In order to gain any
possible access into additional physical properties for this
family of tetranuclear 4f-metal complexes, we decided to
perform photoluminescence studies on the Eu™, (1), Tb™, (3
2MeOH), and Dy", (4) analogues in the solid state and at
room temperature (Figure 7). The free ligand pdmH, does not
emit in the solid state or in solution.>® However, it has been
shown®® that pdmH, could potentially act as a good “antenna”
ligand for enhancement of luminescence in a Zn"( cluster. The
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Figure 7. Excitation (1) and emission (2) spectra of solid complexes 1
(left) and 3 (right) at room temperature.
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origin of emission in that Zn" compound is still uncertain due
to the copresence of aromatic benzoate bridging ligands which
also affect the resulting optical response.

The Eu", and Tb", complexes show sharp and narrow
emission bands arising from the characteristic 4f — 4f
transitions.”'®'**° However, the Dy, analogue does not
display the expected spectrum for a Dy™ emission, with the
characteristic peaks located at ~480 (*Fy/, — °H,, /») and ~575
nm (‘Fg, — °Hj,). This is likely due to a significant
quenching of the emission intensity for 4 due to paramagnetic
effects.>” Upon maximum excitation at 396 nm, the solid-state
emission spectrum of 1 displays relatively strong red photo-
luminescence, assigned to the characteristic *D, — 7F] (J=0-
4) transitions of Eu®". Specific assignments are as follows: *D,,
- "Fy, (896 nm), °D, — "F, (619 nm), °D, — 'F; (655 nm),
and D, — ’F, (702 nm).m’mb’21 For complex 3, upon
excitation at 380 nm, a strong green luminescence emission has
been obtained which can be ascribed to the characteristic *D,
- 7F} (J=3; 623 nm, ] = 4; 585 nm, ] = S; 547 nm, ] = 6; 492
nm) transitions of Tb™.'®*"*7¢ In cases of 1 and 3, the
emission results demonstrate the ability of the pdmH, ligand to
act as an efficient “antenna” group by transferring energy to the
Ln"™ emission states and preventing back-transfer processes
from the 4f-metal ions, which would otherwise quench or
vanish the obtained emission.

B CONCLUSIONS

Our longstanding interest in the systematic investigation of
pyridine-2,6-dimethanol (pdmH,) as a bridging/chelating
ligand for synthesis of polynuclear metal complexes with
interesting either magnetic properties or photoluminescence
behaviors has been well documented over the last 10 years
through isolation of several high-spin 3d metal clusters and
SMMs>* or Zn"-based complexes®® with emission character-
istics. Very recently, we were able to show that pdmH, can also
lead to unprecedented, very high nuclearity 3d/4f-metal
clusters with the reported Cu";;Gd™, compound exhibiting
low-temperature magnetocaloric effect.© We have now brought
together molecular magnetism and optics via employment of
pdmH, in homometallic lanthanide(III) coordination chem-
istry. In particular, we reported a seven-membered family of
tetranuclear [Ln™,(NO;),(pdmH)(pdmH,),](NO;), com-
plexes with different 4f-metal ions and a rare zigzag topology.
The Dy™, analogue shows slow relaxation of magnetization at
low temperatures, whereas the Eu", and Tb", compounds
exhibit intense red and green photoluminescence in the visible
region, respectively. The magnetic susceptibility studies of the
isotropic Gd"; analogue allowed us to quantitatively determine
the nature and strength of the magnetic exchange interactions
between the four spin carriers, which were found to be
antiferromagnetic and very weak (J = —0.09 cm™ for Gd™.,), as
is almost always the case in Ln(III) complexes due to the
radially contracted nature of 4f orbitals.*>®

We are currently pursuing higher nuclearity 4f-metal
complexes with the doubly deprotonated form of the pdmH,
ligand and in the presence of various ancillary inorganic groups
with bridging affinity, such as N;7, NCO~, and CO,*. Finally, it
is that specific non-well-behaved nature of the polyalkoxide
ligands which makes (in general) metal cluster chemistry totally
unpredictable and one of the most intriguing areas of modern
coordination chemistry.
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