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ABSTRACT: Two types of structurally related one-dimen-
sional coordination polymers were prepared by reacting lantha-
nide trichloride hydrates [LnCls-(H,0),,] with dibenzoyl-
methane (Ph,acacH) and a base. Using cesium carbonate
(Cs,CO;3) and praseodymium, neodymium, samarium, or
dysprosium salts yielded [Cs{Ln(Ph,acac),}], (Ln = Pr (1),

Nd (2), Sm (3), Dy (4)) in considerable yields. Reaction of

potassium tert-butoxide (KOtBu) and the neodymium salt
[NACl;+ (H,0)g] with PhyacacH resulted in [K{Nd(Ph,acac),}],
(5). All polymers exhibit a heterobimetallic backbone com-

posed of alternating lanthanide and alkali metal atoms which are bridged by the Ph,acac ligands in a linear fashion. ESI-MS
investigations on DMF solutions of 1—35 revealed a dissociation of all the five compounds upon dissolution, irrespective of the
individual lanthanide and alkali metal present. Temporal profiles of changes in optical density were acquired performing pump/
probe experiments with DMF solutions of 1—5 via femtosecond laser spectroscopy, highlighting a lanthanide-specific relaxation
dynamic. The corresponding relaxation times ranging from seven picoseconds to a few hundred picoseconds are strongly dependent
on the central lanthanide atom, indicating an intramolecular energy transfer from ligands to lanthanides. This interpretation also
demands efficient intersystem crossing within one to two picoseconds from the S; to T level of the ligands. Magnetic studies show
that [Cs{Dy(Ph,acac),}], (4) has slow relaxation of the magnetization arising from the single Dy’" ions and can be described as a
single-ion single molecule magnet (SMM). Below 0.5 K, hysteresis loops of the magnetization are observed, which show weak single

chain magnet (SCM) behavior.

B INTRODUCTION

Many applications of the lanthanides are triggered by their
fascinating physical properties, which are, in partlcular the
magnetic and electronic properties of the Ln>" ions." In addition
to the numerous applications of the solid state alloys and com-
pounds of the lanthanides (e.g., strong permanent magnets,®
phosphors in color TV?), some coordination compounds are
used commerc1ally today (e.g,, MRI contrast reagents,* ” NMR
shift reagents®). The unique physical properties of the lantha-
nides are a result of the characteristic luminescence and large
anisotropic magnetic moments observed for most of these metal
ions. The magnetic properties originate from the large number of
unpaired 4f electrons and their strong spin—orbit coupling. In
supramolecular chemistry many coordination polymers of the
lanthanides with unique structural motifs, which are a result of
high and variable coordination numbers, have been synthesized. ?
These compounds not only possess interesting structural motlfs
but also significant optical and magnetic properties.'"®”'> One
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class of compounds that has recently fascinated some research
groups are the so-called single chain magnets (SCM),"*** which
are one-dimensional molecular polymeric materials that display
slow relaxation of the magnetization. At low temperatures, they
provide a magnetic hysteresis behavior within a single polymeric
chain. The first lanthanide based SCM is the acetylacetonate
ligated compound [Dy(hfa);{NIT(CsH,OPh)}] (hfa = hexa-
fluoroacetylacetonate; NIT(R) = 2-(4'-R)-4,4,5,5-tetramethyli-
midazoline-1-oxyl-3-oxide)."> This compound shows slow
magnetic relaxation and a dynamical crossover resulting from
finite-size effects and a very pronounced static magnetic beha-
vior. Acetylacetonate based d-f coordmatlon polymers also show
interesting luminescent properties,'® e.g. Pt-Ln coordination poly-
mers can be used to sensitize near-infrared luminescence at the
lanthanide centers.'” Although a huge number of investigations on
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luminescent properties of the lanthanides has been performed,'®"

only a few reports featuring time-resolved spectroscopic properties
of lanthanide-based coordination compounds on the femtosecond
scale have hitherto been published. The first time-resolved investi-
gations with 20 ps time resolution on lanthanide porphyrin
systems can be traced back to the 1980s.”° Very recent studies
on trivalent Er- and Gd-quinolinolate complexes with a much
better time resolution revealed ultrafast intersystem crossing
(ISC) within ten ps and a subsequent energy transfer from ligand
to metal within 100 ps.*!

The first lanthanide acetylacetonate-based complex that was
identified by single crystal X-ray techniques back in 1957 was
the cerium(IV) dibenzoylmethanide (Phjacac) compound [Ce-
(Phyacac))].>* To the best of our knowledge, the first structurally
characterized polymeric chains of yttrium and the lanthanides with
acetylacetonate-based ligands were reported in the late sixties. Two
groups succeeded in isolating the heterobimetallic one-dimensional
coordination polymers [Cs{M(hfa),}] (M =Y,” Eu** and Am**)
with a backbone composed of alternating yttrium, europium or
americium and cesium atoms, which were bridged by hfa ligands.
These compounds form zigzag chains in the solid state.

Recently, we started to investigate physical properties of easily
accessible and air-stable lanthanide coordination compounds. As
part of this concept we aim to obtain our compounds as single
crystals in good yields without the need for any special techni-
ques such as Schlenk apparatus or hydrothermal synthesis, and
employing easily accessible or commercially available starting
materials. In this context, we and others have established the
synthesis of lanthanide hydroxy clusters in organic solvents using
Phjacac as supporting ligand which is derived from acetylace-
tonate.”>** Since it is known that acetylacetonate-ligated lantha-
nide coordination compounds show intriguing optical'”"* and
magnetic properties,'” we were interested in studying analogous
Phjacac based systems. Herein we report on the synthesis and
structural characterization of the one-dimensional coordination
polymers [Cs{Ln(Phyacac),}], (Ln = Pr, Nd, Sm, Dy) and
[K{Nd(Ph,acac)4}],,”* and the results of magnetic studies and
femtosecond laser spectroscopic investigations.

B EXPERIMENTAL SECTION

General Considerations. The lanthanide salts were synthesized
from their corresponding oxides by reaction with concentrated hydro-
chloric acid, followed by evaporation to dryness. Dibenzoylmethane,
cesium carbonate, potassium tert-butoxide and the solvents (methanol,
p-a. grade) were used as purchased from commercial sources without
further purification. Elemental analyses given in percent were carried out
using an Elementar Vario EL at the Institute of Inorganic Chemistry at
the Karlsruhe Institute of Technology (D) or an Elementar Vario Micro-
cube at the Campbell Microanalytical service at the University of Otago
(NZL). Infrared (IR) spectra were obtained using a Bruker IFS 113 v
spectrometer via the attenuated total reflection method (ATR). Raman
spectra were measured on a Jobin Yvon Labram spectrometer. The
spectroscopic positions of the absorption bands (IR) and intensity sets
(Raman) are both given in cm ™ ". Electrospray ionization mass spectro-
metry (ESI-MS) was conducted with a Varian IonSpec Ultima FTICR
(Fourier transformed ion cyclotron resonance) spectrometer equipped
with a 7 T magnet. All signal sets of MS experiments are given in
m/z. Magnetic susceptibility measurements of 4 were obtained with a
Quantum Design SQUID magnetometer MPMS-XL. Micro-SQUID
measurements were performed on a single crystal of 4 using an array of
micro-SQUIDs.*** ac-Susceptibility measurements were run with an

oscillating ac field of 3 Oe and ac frequencies from 1 to 1500 Hz.
Magnetic data were corrected for sample holder and the diamagnetic
contribution.

General Procedure for the Synthesis of [Cs{Ln(Ph,acac),}],
(Ln=Pr(1),Nd (2), Sm (3), Dy (4))*. To a stirred solution of cesium
carbonate (Cs,CO3) (2.63 g, 8.00 mmol, 4 equiv) in 20 mL of methanol,
dibenzoylmethane (Ph,acacH) (1.83 g, 8.00 mmol, 4 equiv) was added.
Subsequent dropwise addition of [ LnCls - (H,0),,,] (Ln =Pr, 746 mg (m =7);
Nd, 717 mg (m = 6); Sm, 730 mg (m = 6); Dy, 754 mg (m = 6), 2.00 mmol,
1 equiv) in 20 mL of methanol induced precipitation of a bluish
solid. After stirring the reaction mixture overnight, the precipitate was
separated via filtration and washed with 3 X 10 mL of methanol and then
dried in vacuo. The desired polymeric ate-compounds were obtained via
crystallization from either a hot concentrated THF/DMEF solution
(volume ratio: 1/5) (for Ln = Pr (1)) or from slow diffusion of diethyl
ether into a concentrated DMF solution (for Ln = Nd (2), Sm (3) and Dy
(4)) to give green (1) or yellow (2—4) needle-shaped crystals of
[Cs{Ln(Phyacac),} - (C3H,NO),],, 1—4 after two days.

1. Yield (single crystals): 1.43 g (55%). Anal. Caled for CygoHyy-
CsPrOg- (C3H,NO),: C, 60.37; H, 4.45; N, 2.13. Found: C, 60.01; H,
4.24; N, 1.75. ESI-MS (DMF) m/z: 1033.228 (100%) [M — Cs] . IR
[em™']: 1677, 1593, 1543, 1509, 1476, 1455, 1384, 1301, 1279, 1219,
1180, 1154, 1083, 1066, 1058, 1022, 1000, 990, 939, 926, 847, 811, 782,
749, 715, 683, 617, 606. Raman [cm ' ]: 3064, 1597, 1566, 1514, 1491,
1444, 1318, 1284, 1222, 1184, 1157, 1062, 1026, 1003, 942, 794, 619.

2. Yield (single crystals): 700 mg (34%). Anal. Calcd for
CgoH44CsNdOg - (C3H,NO), 5: C, 60.53; H, 4.29; N, 1.64. Found: C,
60.23; H, 4.18; N, 1.65. ESLMS (DMF) m/z: 1036.204 (100%) [M —
Cs] ™. IR [em ']: 1667, 1594, 1547, 1513, 1477, 1460, 1416, 1305,
1280, 1220, 1179, 1155, 1067, 1058, 1023, 1000, 940, 925, 847, 811, 782,
740, 721, 689, 618, 607. Raman [cm ™ ']: 3065, 1597, 1569, 1514, 1492,
1445, 1378, 1318, 1282, 1223, 1184, 1159, 1062, 1003, 942, 794, 619.

3. Yield (single crystals): 1.88 g (84%). Anal. Calcd for CgoHyy-
CsSmOyg - (C3H,NO): C, 60.57; H 4.11; N 1.12. Found: C, 60.41; H,
3.95; N, 0.92. ESI-MS (DMF) m/z: 1046.234 (100%) [M — Cs] . IR
[em']: 1677, 1594, 1546, 1512, 1477, 1309, 1281, 1220, 1179, 1155,
1089, 1067, 1060, 1022, 1000, 940, 928, 847, 811, 783, 748, 740, 719, 689,
660, 618, 608. Raman [cm ™ *]: 3064, 1597, 1568, 1514, 1491, 1445, 1318,
1284, 1222, 1184, 1157, 1125, 1062, 1027, 1003, 942, 869, 794, 687, 619.

4. Yield (single crystals): 1.40 g (58%). Anal. Calcd for CgoHyy
CsDyOg+ (C3H,NO),,: C, 60.50; H, 3.80; N 0.23. Found: C, 60.11; H,
3.64; N, 0.0S. ESI-MS (DMF) m/z: 1056227 (100%) [M — Cs] . IR
[em '] 1678, 1595, 1548, 1510, 1478, 1456, 1419, 1397, 1311, 1301, 1281,
1220, 1180, 1155, 1061, 1023, 1000, 986, 976, 940, 925, 848, 811, 791, 783,
749,739, 716, 689, 683, 617, 608. Raman [cm ™ ']: 3065, 1596, 1514, 1492,
1445, 1318, 1283, 1222, 1184, 1160, 1063, 1028, 1002, 943, 793, 688, 620.

Synthesis of [K{Nd(Phjacac)s}1, (5) and [Ln4(us-OH),-
(Phsacac)qo] (Ln = Pr (6), Sm (7)). To a stirred solution of KOtBu
(1.526 g, 13.2 mmol, 4 equiv) in 40 mL of methanol, Ph,acacH (2.96 g,
1.65 mmol, 4 equiv) was added. Subsequent dropwise addition of
[LnCly- (H,0),,] (Ln = Pr (m = 7), 1.23 g; Nd (m = 6), 1.18 g; Sm
(m = 6), 1.20 g, 3.30 mmol, 1 equiv) in 20 mL of methanol induced
precipitation of a green (Ln = Pr, Nd) or a yellow (Ln = Sm) solid. After
stirring the reaction mixture overnight, the precipitate was separated via
filtration, washed with 3 X 10 mL of methanol and dried in vacuo. The
residue was dissolved in 10 mL of dichloromethane and filtered.
Layering of the resulting filtrate with 25 mL of n-hexane afforded the
Nd-based polymer S as green rectangularly shaped crystals after four
days, whereas single crystal X-ray analyses of the Pr- and Sm-based
compounds revealed the formation of the literature known tetranuclear
clusters [Ln,(t3-OH),(Phyacac) ;o] (Ln = Pr, Sm).>

5.Yield (single crystals): 164 mg (4%). Anal. Calcd for CooH,4KNdOyg:
C, 66.95; H, 4.12. Found: C, 66.99; H, 4.14. ESLMS (DME) m/z:
1037.220 (100%) [M — K] . IR [cm ™ ']: 3649, 3060, 2324, 1756, 1593,
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Table 1. Crystallographic Data for 1—5*

1-(C5H,NO),

2-(C3H,NO),

3-(CsH,NO),

4-(C3H,NO),

5-(CH,CL),

formula CgoH44CsOgPr - CooH44CsNdOg
2(C;H,NO) 2(C3H,NO)

formula mass 1312.96 1316.29

crystal system monoclinic monoclinic

space group C2/c C2/c

a(A) 30.013(6) 30.002(7)

b (A) 7.9260(16) 7.9126(16)

c(A) 26.201(5) 26.166(9)

P (deg) 114.24(3) 114.08(3)

V (A%) 5683(2) 5671(3)

T (K) 150(2) 150(2)

Z 4 4

radiation type Mo Ka Mo Ka

w (mm™") 1.551 1611

reflections measured 27789 56917

independent reflections 7662 7643

Rine 0.2083 0.1960

R1 (I>20(1)" 0.1153 0.0423

wR(F?) (all data)® 0.3242 0.0981

goodness of fit 0.999 0.896

CgoHy4CsOgSm - CgoHy4CsDyOg- CeoH44KNdOg-
2(C;H,NO) 2(C3H,NO) 2(CH,CL,)

1322.40 1334.55 1246.14

monoclinic monoclinic monoclinic
C2/c C2/c C2/c
30.220(6) 30.068(6) 27.736(6)
8.0017(16) 7.9123(16) 7.9106(16)
26.115(5) 25.811(5) 26.035(5)
114.15(3) 113.84(3) 108.93(3)
5762(2) 5617(2) 5403.4(19)
206(2) 150(2) 153(2)

4 4 4

Mo Ka Mo Ka Mo Ka

1.704 2.033 1.293

68177 38923 55177

7768 6451 6431

0.1065 0.1747 0.1296

0.1106 0.1064 0.0834

0.3034 0.2880 0.2200

1.104 1.097 1.140

“ All data were collected with Mo Ka radiation (4 = 0.71073 A). "Rl = SlIF,] — IFJl/ZIF,L. ‘wR = {Sw(F,> — F.2)%/Z[w(F,)*]}"~

1539, 1510, 1476, 1453, 1377, 1309, 1221, 1058, 1022, 938, 783, 783, 743,
713,681, 617. Raman [Cmil]: 3068, 1596, 1567, 1514, 1492, 1444, 1359,
1319, 1286, 1223, 1183, 1163, 1062, 1028, 1002, 942, 619.

Synthesis of [Ln,(#3-OH),(Phjacac);0] (Ln = Pr (6), Nd
(7)).** The cluster compounds were prepared upon application of
literature procedures by reacting the salts [PrCls-(H,0);] or
[NACl;- (H,0)¢] with 2.5 equiv PhyacacH in the presence of triethyl-
amine in methanol.>* After working up these reactions, determination of
the unit cell constants of the obtained single crystals via single crystal
X-ray diffraction confirmed the desired formation of clusters 6 and 7.

X-ray Crystallographic Studies of 1—5. A suitable crystal of
each of the compounds 1—5 was covered in mineral oil (Aldrich) and
mounted onto a glass fiber. The crystal was transferred directly to the
cold N, stream of a Stoe IPDS 2 or an Enraf Nonius Kappa CCD
diffractometer.

All structures were solved by the Patterson method (SHELXS-97).%¢
The remaining non-hydrogen atoms were located from successive
difference Fourier map calculations. The refinements were carried out
by using full-matrix least-squares techniques on F’, minimizing the
function (F, — F.)?, where the weight is defined as 4F,?/2(F,%) and F,
and F, are the observed and calculated structure factor amplitudes using
the program SHELXL-97.* The hydrogen atom contributions of com-
pounds 1—S5 were calculated, but not refined. The locations of the largest
peaks in the final difference Fourier map calculation as well as the
magnitude of the residual electron densities in each case were of no
chemical significance. Because of twinning problems high residual elec-
tron densities were observed close to the heavy atoms in some structures.
The final values of refinement parameters are given in Table 1.

Experimental Setup for Femtosecond Laser Spectroscopy
and Sample Preparation. A commercial CPA-laser-system (CPA2210,
Clark-MXR) served as a source for femtosecond laser pulses. Excitation
wavelengths were provided by second (388 nm) and third (258 nm)
harmonic generation, respectively. Probe pulses with duration of about 60 fs
in the range from 500 to 1100 nm were established by a noncollinear
parametric amplifier (NOPA, Clark-MXR).

In order to conduct time-resolved pump/probe measurements,
compounds 1—5 as well as the potassium salt of the ligand
[K(Ph,acac)] were dissolved in DMF. In solution the compounds are
assumed to exist in their monomeric form. For further investigations the
previously reported cluster compounds [Ln,(u3-OH),(Ph,acac);o]
(Ln = Pr (6), Nd (7)) were dissolved in methanol. All samples were
stored in a fused silica cell with an optical length of 1 mm.

A more detailed description can be found in the Supporting Informa-
tion as well as in a related article.””

B RESULTS AND DISCUSSION

Synthesis and Characterization. Reaction of one equivalent
of various lanthanide trichloride hydrates [LnCl;* (H,0),,] (m =
7 for Ln = Pr; m = 6 for Ln = Nd, Sm, Dy) with four equivalents of
dibenzoylmethane (PhyacacH) and cesium carbonate (Cs,CO3)
each afforded the one-dimensional (1D) coordination polymers
[Cs{Ln(Phyacac),}], (Ln="Pr(1),Nd (2), Sm (3),and Dy (4))
(Scheme 1) as large single crystals.®® These compounds are
isostructural.

These polymeric compounds display a heterobimetallic back-
bone which is made up by the cesium atom and the individual
lanthanide atom in an alternating fashion, held together by bridging
dibenzoylmethanide (Ph,acac) ligands. Adjacent metal atoms are
each bridged by a set of two Phjacac ligands, whereby each couple of
Phsacac ligands is layer-type shaped. Each monomeric unit of 1—4
is composed of a [Ln(Ph,acac),] -moiety that is charge-balanced
by a cesium cation. These compounds may be assigned to the class
of the ate-complexes in which monomeric ate-units are linearly
assembled to give infinite polymeric chains.

Coordination polymers 1—4 have been characterized by standard
analytical and spectroscopic techniques, and the corresponding
solid state structures were established by single crystal X-ray
diffraction (Figure 1). The average interatomic distances be-
tween the cesium atom and the lanthanide atom in the backbone
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Scheme 1. Synthesis of [Cs{Ln(Ph,acac),}], with Ln = Pr
(1), Nd (2), Sm (3) and Dy (4)

O 0

[LnCl3{H,0)] + 4 M 1/n [Cs{Ln(Phacac)}l,
MeOH, Tt | - —pr1),NG(2),Sm(3),Dy ()
PhjacacH
m =6 (Lnh = Nd, Sm, Dy)
m=7(Ln=Pr)

of the polymers 1—4 is 3.970 A, with only marginal deviations
among the compounds (3.9589(15) A (1), 3.9474(10) A (2),
4.0040(12) A (3) and 3.9518(12) A (4)). The Ln—Cs—Ln angle
of 180.0° in all four compounds 1—4 is evident for the linear
shape of the backbones.

The lanthanide atoms in 1—4 are chelated by all four Ph,acac
ligands, hence, they exhibit a coordination number of eight
(Figure 1). The donating oxygen atoms around the lanthanide
atoms display a regular square antiprismatic arrangement provid-
ing D, 4 point symmetry, which arises from the staggered con-
formation of adjacent Ph,acac layers positioned between both
types of metal atoms. The Phjacac ligands adopt the doubly
bridging and chelating ,u:KZ:KZ-coordination mode, that is, the
lanthanide atom and the cesium atom are bridged and chelated
by both Phyacac oxygen atoms each. As a result, the symmetric
arrangement of the Phyacac ligands around the lanthanide atoms
is reflected in very similar lanthanide-oxygen bond distances, that
is, they deviate by only 0.01—0.03 A (range of Ln—O 2.428-
(8)—2.457(8) A (1), 2.414(3)—2.445(3) A (2), 2.387-
(6)—2.416(6) A (3), and 2.340(6)—2.351(6) A (4)). The
cesium atom is also chelated by each Phjacac ligand giving a
coordination number of eight, hence, the oxygen atoms also
display a square antiprismatic coordination polyhedron around
the cesium atom. This aspect is mirrored by very similar bond
distances between the cesium atom and the oxygen atoms (range
of Cs—0 3.265(9)—3.302(8) A (1), 3.250(3)—3.301(3) A (2),
3.281(7)—3.359(7) A (3), and 3.261(7)—3.338(7) A (4)).

The [Cs{Ln(Ph,acac),}] moieties described assemble line-
arly and are infinitely repeated along the b-axis to give the
chainlike 1D-coordination polymers 1—4 (Figure 2). In all four
cases, there are no hydroxy and/or oxo ligands present in the
coordination sphere of the lanthanide atoms. This appears
surprising since we and numerous groups have shown that
experiments applying similar reaction conditions with differing
stoichiometries give multinuclear cluster comspounds possessing
a certain content of hydroxy or oxo ligands.”> >%3%3138742

In contrast to compounds 1—4, the heterobimetallic 1D-
coordination polymers [Cs{M(hfa);}] (M = Y,*® Eu,** Am;**
hfa = hexafluoroacetylacetonate) are not aligned in a linear but in
a zigzag fashion, which is reflected by bond angles between the
backbone members of Cs—Eu—Cs 153.466(8)°** and
Cs—Y—Cs 154.399(10)°,* respectively (in 1—4: 180.0°). An-
other contrast to the herein reported polymers 1—4 is indicated
by the coordination environment of the cesium atom in
[Cs{Y(hfa),}], which is exclusively made up by ligand-derived
fluorine atoms, and the four hfa ligands solely chelate the yttrium
atom with their oxygen atoms in k*-mode.” In [Cs{Eu(hfa),}]
and [Cs{Am(hfa),}], the europium and americium atoms are
also chelated by each hfa ligand in x*-mode. Two out of the four
hfa ligands bridge adjacent metal atoms in w:k*:c*-mode,

o
RE

“ g
» U

Figure 1. Thermal ellipsoid plot of one monomeric unit of the
molecular structure of [Cs{Ln(Ph,acac),}],, exemplified for 3. Thermal
ellipsoids are drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity. Semitransparent atoms belong to adjacent mono-
meric unit. Polymers 1, 2, and 4 are isostructural with 3. Selected
distances [A] and angles [deg] for 1—4: 1 (Ln = Pr) Pr—Cs 3.9589(15),
Pr—012.429(7), Pr—02 2.439(7), Pr—03 2.428(8), Pr— 04 2.457(8),
Cs—O1 3.302(8), Cs—02 3.267(8), Cs—O3 3.265(9), Cs—04
3267(9); Pr—Cs—Pr 180.0, O1—-Pr—02 69.0(2), O3—Pr—04
68.3(2), Pr—O1—Cs 862(2), Pr—02—Cs 86.8(2), O1—Cs—02
49.7(2), 03—Cs—04 49.2(2), Cs—O3—Pr 86.8(2), Cs—O4—Pr
86.3(2); 2 (Ln = Nd) Nd—Cs 3.9474(10), Nd—O1 2.414(3), Nd—O2
2.445(3), Nd—0O3 2.431(3), Nd—04 2.416(3), Cs—O01 3.250(3),
Cs—02 3272(3), Cs—03 3.258(3), Cs—04 3.301(3); Nd—Cs—Nd
180.0, 01—Nd—02 68.91(10), O3—Nd—04 69.14(10), Nd—O1—Cs
87.04(9), Nd—02—Cs 86.05(8), O1—Cs—02 49.86(7), 03—Cs—04
49.58(7), Cs—03—Nd 87.09(8), Cs—04—Nd 86.35(9); 3 (Ln = Sm)
Sm—Cs 4.0040(12), Sm—O1 2.387(6), Sm—02 2.416(6), Sm—03
2.405(6), Sm—04 2.396(6), Cs—O1 3.311(7), Cs—02 3.299(7),
Cs—033.281(7), Cs—04 3.359(7); Sm—Cs—Sm 180.0, 01—Sm—02
69.5(2), 03—Sm—04 69.7(2), Sm—01—Cs 87.2(2), Sm—02—Cs
87.4(2), 0O1-Cs—02 4874(15), 03—Cs—04 48.77(15),
Cs—03—Sm1 88.2(2), Cs—04—Sm 86.5(2); 4 (Ln = Dy) Dy—Cs
3.9518(12), Dy—O1 2.351(6), Dy—02 2.348(6), Dy—03 2.340(6),
Dy—04 2.344(6), Cs—O1 3.261(7), Cs—02 3.338(7), Cs—O3
3295(7), Cs—04 3.277(7); Dy—Cs—Dy 180.0, O1—Dy—02
71.1(2), 03—Dy—04 70.6(2), Dy—0O1—Cs 88.3(2), Dy—02—Cs
86.5(2), 01—Cs—02 48.86(15), 03—Cs—04 48.7(2), Cs—03—Dy
87.4(2), Cs—04—Dy 87.8(2).

whereas the other two ligands adopt the u:x*-mode.** As a
consequence, the cesium atom is “only” coordinated by a total of
six oxygen atoms (compared to eight in compounds 1—4), in
addition to six hfa-derived fluorine atoms.

As we succeeded in preparing novel polymeric coordination
compounds 1—4 by using a cesium containing base and slightly
modifying the reaction stoichiometry compared with that for the
known tetra- and pentanuclear hydroxy clusters, > 30333394344
we investigated the scope of other possible alkali metal derived
backbone members. Furthermore, striking differences in ionic radii
when comparing cesium (1.84 A; CN = 6)* with, for example,
potassium (1.52 A; CN = 6)* regarding the same coordination
numbers ought to effect certain structural changes. In this context, it
appeared desirable to determine the size-related frontiers in co-
ordination chemistry for obtaining lanthanide-based polymeric
coordination compounds, such as 1—4.

For this purpose, reaction of one equivalent of various
lanthanide trichloride hydrates [LnCly- (H,0),,] (m = 7 for
Ln = Pr; m= 6 for Ln = Nd, Sm) with four equivalents of
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Figure 2. Assembly of several monomeric units of 1—4 makes up the polymeric domain along the b-axis. Semitransparent atoms denote peripheries of

adjacent monomeric units. Hydrogen atoms are omitted for clarity.

Scheme 2. Synthesis of [K{Nd(Ph,acac),}], 5 and Fortuitous Syntheses of [Ln,(tt3-OH),(Ph,acac);,] with Ln = Pr, Sm*®

o} o}

[LNCly (H;0)] + 4
Ln=Pr, Nd, Sm PhoacacH

m =6 (Nd, Sm)

m=7(Pr)

MeOH, rt.

S KCI 1/n [K{Nd(Ph,acac)s)ln

5

[Ln4(pa-OH)z(Phzacac)so]
Ln=Pr, Sm

dibenzoylmethane (Ph,acacH) was performed under the same
conditions as for 1—4, but using four equivalents of potassium
tert-butoxide (KOtBu) instead of Cs,COj;. Considering the
conversion involving the neodymium salt, the solution of the
corresponding solid state structure revealed the formation of a
novel one-dimensional coordination polymer of formula
[K{Nd(Ph,acac),}], (5) (Scheme 2). In contrast, the reaction
of the praseodymium and samarium containing compounds
resulted in the formation of the literature known clusters
[Ln,(u3—OH),(Phyacac) o] (Ln = Pr, Sm).*® Surprisingly, the
polymeric shape was solely retained in the case of neodymium-
(111), which possesses an ionic radius lying between the radius of
praseodymium(III) and samarium(III) when considering same
coordination numbers (for CN =6, 1.153 A (Pr**), 1.135 A (Nd*"),
1.104 A (Sm>")).* The photophysical properties of these com-
pounds is discussed later (see below).

The solid state structure of § was established by single crystal
X-ray diffraction. It reveals that compound $ also exhibits a hetero-
bimetallic backbone composed of alternating neodymium and po-
tassium atoms which are bridged by the Phjacac ligands. In analogy to
cesium compounds 1—4, the monomeric unit of § can be best
described as an ate-complex, as the monoanionic [Nd(Ph,acac),] -
moiety is electrostatically balanced by the potassium cation. Since in
the solid state the potassium cation is directly coordinated by the
[Nd(Ph,acac),] -moiety, 5 may also be considered as a polymeric
arrangement of contact ion pairs. The coordination periphery of both
metal atoms is made up by four Ph,acac ligands.

Polymer § crystallizes in a monoclinic crystal system in the
space group C2/c, having four molecules in the unit cell, whereby
the asymmetric unit contains half a formula unit. As in com-
pounds 1—4, the Nd—K—Nd angle is 180.0°, which is indicative

of its linear arrangement. The interatomic distance between the
potassium and the neodymium atom of 3.955(2) A in compound
5 is by only 0.01 A shorter than for the cesium based polymer 2.
As this contraction lies in the error range of crystallographically
obtained distance values, it appears negligible and cannot be
related to the much larger ionic radius of the cesium cation
compared to the potassium cation.*® The coordination sphere of
the neodymium atom is made up by four x”-chelating Ph,acac
ligands. In contrast to 1—4, a square antiprismatic arrangement
with Dy, point symmetry of the donating oxygen atoms around
the neodymium atom is not possible, since the Phjacac ligands
are inclined sideways. This geometric distortion is attributed to
the asymmetric u:x’:k'-coordination mode of the Phjacac
ligands, which allows only one out of the two Phyacac oxygen
atoms to bridge the neodymium atom with the above lying
potassium atom. In consequence, the coordination polyhedron
displayed by the oxygen atoms surrounding the neodymium
atom can rather be described as a dodecahedron (Supporting
Information Figure S4). Since the potassium atom is also
surrounded by four Phjacac ligands but only singly coordinated
by each ligand, it provides a total of four bonds to Ph,acac oxygen
atoms (K—O1 2.890(5) A and K—04 2.914(5) A) forming a
distorted tetrahedron.

As observed for 1—4, no hydroxy and/or oxo ligands are
accommodated in the coordination environment of the neody-
mium atom. In the same fashion as in 1—4, the [K{Nd-
(Ph,acac),}] moieties assemble linearly and are infinitely con-
tinued along the crystallographic b-axis to give the chainlike 1D-
coordination polymer § (Figure 3).

Furthermore, both types of polymeric ate-complexes feature
an incorporation of the cations of the bases into their backbone,
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Figure 3. Assembly of several monomeric units of 5 makes up its polymeric domain along the b-axis of the unit cell. Semitransparent atoms denote
peripheries of adjacent monomeric units. Hydrogen atoms are omitted for clarity. Selected distances [A] and angles [deg]: Nd—K 3.955(2), Nd—O1
2.428(5), Nd—02 2.464(5), Nd—03 2.449(5), Nd—04 2.409(5), K—01 2.890(5), K—04 2.914(5); Nd—K—Nd 180.0, 01—Nd—02 69.6(2),
03—Nd—04 69.1(2), Nd—01—K 95.8(2) Nd—04—K 95.52(15), 01—-K—01' 75.4(2), 04—K—04' 74.7(2); ¢ = (01-K—01';04—K—-04') =

50.068(6).

that is, the bases themselves provide an essential building block
for the construction of the polymeric domains in 1—S§. This is
obviously supported by the bridging capability and the oxophi-
licity of the alkali metal atoms, which allows them to act as
competitive metal centers in the presence of the trivalent lanthanide
ions for Phyacac coordination. As some groups have reported some
years ago, use of various amine bases such as triethylamine,** 2-hydro-
xyethylamine,”” N,N-dimethylbenzylamine®” and pyrrole?” in the
presence of dibenzoylmethane and an europium(IIl) source exclu-
sively yielded mononuclear charge separated ammonium ate-com-
plexes of formulas [HNEt;][Eu(Ph,acac),] % [H;NC,H,OH]-
[Eu(Ph,acac),],"” [HNMe,Bn][Eu(Phyacac),],"” and [H,NC,H,]-
[Eu(Phyacac),].*” Furthermore, some alkali metal atoms have been
shown to connect transition metal based ate-complexes in several spa-
tial directions for building up 2D and 3D metal organic frameworks.**

Subsequent electrospray ionization mass spectrometry (ESI-
MS) investigations were carried out with equimolar DMF
solutions of 1—5 (Supporting Information Figure SS—15).
The resulting mass spectra for all the five compounds revealed
the polymeric structure to be broken up upon dissolution in
DMF, giving the monoanionic [Ln(Phyacac),] -fragments as
the predominant detectable species in solution (e.g., Supporting
Information Figure SS). This finding provides evidence for the
instability of such lanthanide-based polymeric ate-complexes in
solution. For all compounds, an equilibrium between the mono-
meric and some oligomeric species is observed, irrespective of
either applying the negative (e.g., Supporting Information Figure
S6) or the positive mode (e.g, Supporting Information Figure
S7) on the mass spectrometer. In the case of the neodymium
compounds 2 and §, identical signal sets derived from both the
cesium (2) and the potassium-based polymer ($) in positive and
negative mode indicate that their behavior in DMF solution
remains unaffected by the individual alkali metal atom.

Since the tetra- and pentanuclear Phjacac ligated lanthanide
hydroxy clusters [Ln(u3-OH),(Phsacac),o] and [Lns(u4-OH)-
(u3-OH),(Phyacac) 5] have been shown to exhibit very promis-
ing photophysical”>** and especially magnetic properties,”**° we
were very interested in exploring the physical properties of
compounds 1-35.

¥[10%m™)
4 85 8 ok 20 11 10
A L
— -=[Cs{Pr{Ph,acac) )] (1)
~ == [Cs{Nd(Ph,acac) }], (2)
— —[Cs{Sm(Ph,acac) }], (3)
=-==[Cs{Dy(Ph,acac) }], (4)
===« [K[Nd(Ph,acac) }] (5)
——DMF
probe
= o
~
300 400 500 900 1000 110e
% [nm]

Figure 4. Steady absorption spectra of DMF solutions of 1—5. The blue
arrow denotes the excitation wavelength of 388 nm and the red marked
region denotes the probe wavelength regime.

Femtosecond Laser Spectroscopy. Time-resolved femtose-
cond laser spectrospcopic experiments were performed with
samples of 1—S5 dissolved in DMF. This project was targeted
on gaining first insights into ultrashort-time dynamics of such
species, as certain photoinduced processes are exclusively ob-
servable on the picosecond scale. It is well-known that coordina-
tion compounds of the lanthanides in which the metal centers are
coordinated by electron-rich organic ligands can show an en-
hanced luminescence behavior compared to free Ln>" cations via
the so-called “antenna effect”.'®***° Considerable efforts have
been made to increase the luminescence quantum yields by
choosing suitable ligands for the lanthanide of interest.’' ~>*
Therefore, ultrafast absorption spectroscopy can be crucial for a
better understanding of the various pathways of energy relaxation
and mechanisms of energy transfer between sensitizing ligands
and central lanthanides. In principle, this method is supposed to
temporally resolve each of these elementary steps by a time
dependent change of the relevant absorption cross sections.
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Figure S. Time-resolved transient absorption profile of 1 in DMF after
excitation with 4., = 388 nm. Probing wavelengths were 4 = 550, 630,
720, and 900 nm. Symbols denote experimental values and solid lines the
corresponding exponential fits.

UV —vis absorption spectra of DMF solutions of 1—§ were
recorded as depicted in Figure 4, where the optical density (OD)
is plotted against the wavelength A. The samples uniformly gave
an absorption maximum at a wavelength of approximately
350 nm suggesting a common ¥ <— 7T transition derived from
delocalized 7-electrons of the Ph,acac ligands. Beyond the almost
indistinguishable absorption behavior of these compounds, photo-
physical degradation has been revealed to occur within approxi-
mately one week (see Supporting Information Figure S16).

On the basis of this absorption behavior, subsequent laser
excitation of DMF solutions of 1—S was carried out with an
excitation wavelength of 388 nm. Temporal profiles resolved up
to the femtosecond scale were recorded via pump/probe experi-
ments. Figure 5 exemplifies the transient response of 1 after
excitation with 388 nm in the region of the first excited singlet
state (S;) of the Ph,acac ligands. The inset of Figure S represents
the transients at shorter time delays in more detail. AOD denotes
the time dependent change of the optical density of the samples.
Basically a biexponential decay behavior is observable that can be
related to two different time constants on the subpicosecond (7,)
and the picosecond (7,) time scale, respectively. These time
constants were found to be independent of the probe wave-
lengths. While 7; can tentatively be assigned to ligand relaxation
processes, T, obtained at different probe wavelengths (550, 630,
720, and 900 nm) is about 26 ps for 1 and can be related to
lanthanide-polymer dynamics. See below for a more thorough
discussion.

The transient responses of 2-4 (Figure 6) unambiguously
show that the general relaxation behavior of these compounds
after excitation of the Ph,acac ligands exclusively depends on the
individual lanthanide atom involved. Evaluation of the transients
gave the following time constants for the relaxation of the
lanthanide compounds: Pr, (26 £ 4) ps; Nd, (7 & 2) ps; Sm,
(21 &+ 1) ps; Dy, (288 =+ 50) ps (for a complete set of time
constants please refer to the Supporting Information).

‘When comparing the relaxation behavior of the potassium and
the cesium containing neodymium compounds 2 and $, again the
same time constant of about 7 ps is observed which apparently is
not influenced by the alkali metal atom (Figure 7). As previously
stated by the ESI-MS findings, this aspect underlines the
independence of the individual alkali metal atoms on the

O [Cs{Nd(Ph,acac) )], (2)
O [Cs{Smi{Ph,acac) )], (3)
- © [Cs{Dy(Ph,acac) }], (4)
[=]
o
-E! 20
0.0 =
0 20 a0 60 g0 100
t[ps]

Figure 6. Time-resolved transient absorption profiles of 2, 3, and 4 in
DMF after excitation with 4., = 388 nm and probed at 900 nm. Symbols
denote experimental values and solid lines the corresponding
exponential fits.

O [Cs{Nd(Ph,acac),}], (2)
104 @ ~—[K{Nd(Ph,acac) }], (5)

AOD (norm.)

tlps]

Figure 7. Time-resolved transient absorption profiles of 2 and $ in
DMEF at a pump/probe wavelength combination of 388/630 nm. For
easier comparison the values were normalized with respect to their
maximum AOD value.

dissociation behavior of the polymer compounds 1—S5. It further
shows that the spectroscopic properties of the dissolved species
remain unaffected as well.

To verify the specific time constants of the polymeric lantha-
nide compounds, we performed a comparative experiment by
using the literature known cluster compounds [Lny(¢3-OH),-
(Phsacac) ;o] (Ln = Pr (6), Nd (7)).>® Therefore, initial UV —vis
spectra were recorded showing the same absorption behavior as
1, 2 and § (Figure 8), underlining the presence of * ~— 7
transitions from the Phyacac ligands.

Applying a pump/probe combination of 388/1065 nm 6 and 7
exhibit the same lanthanide atom specific relaxation behavior as
for 1, 2, and § (Figure 9). This issue has been underlined by
identical time constants (Pr = 26 ps; Nd = 7 ps) as observed for
the dissolved polymer compounds 1, 2 and 5. In consequence,
the processes which are responsible for this kind of dynamic can
be assumed to be the same in the {Ln},-cluster compounds as in
the polymeric compounds. This allows the conclusion that some
kind of energy transfer between ligand and central lanthanide
atom is observed.
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Figure 8. UV—Vis spectra of [Ln,(u3-OH),(Phyacac) o] (Ln = Pr (6),
Nd (7)) in MeOH showing maxima at A = 250 and 350 nm. The blue
arrows denote the excitation wavelengths.
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Figure 9. Temporal profiles of [Ln,(u3-OH),(Ph,acac) o] (Ln = Pr
(6),Nd (7)) in MeOH at a pump/probe combination of 388/1065 nm.

When exciting with a 258 nm pulse into the second excited
singlet manifold (S,) of the ligand, 6 and 7 show a similar
temporal behavior as in the case of excitation with 388 nm,
resulting in the same time constants of 26 ps for 6 and 7 ps for 7
(Supporting Information Figure S17). This observation once
more suggests an energy transfer on an ultrafast time scale which
is further confirmed by the different temporal behavior of the
corresponding potassium salt [K(Phjacac)] in methanol, as
shown in Figure 10. For [K(Ph,acac)], only a fast monoexpo-
nential decay within 300 fs occurs upon excitation with 388 nm.

The ultrafast decay at short pump/probe delay times in the
transients of 1—7 can now be related to a fast ligand-related
relaxation dynamic followed by a much slower dynamic related to
a specific energy transfer between ligand and the central lantha-
nide atom. At some probe wavelengths a second maximum of the
AOD values after approximately 1 to 2 ps appears (as in Figure 9
for Aprobe = 1065 nm).

The mechanism of intramolecular energy transfer from elec-
tron-rich organic ligands to a central metal atom described above
utilizes the “antenna effect”.>>~>® A proposed interpretation of
this mechanism is allowed based on time-resolved experiments:
an initial ultrashort excitation of the individual solution promotes
the Ph,acac ligands from the singlet ground state (S,) into their
first excited vibrational hot singlet state S; (Figure 11), from
which vibrational relaxation into the S;-vibrational ground state
can occur. In case of [K(Ph,acac) ], the S; state can be depopulated

0_‘
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fa) 4 3
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E
]
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Figure 10. Temporal profile of [K(Phyacac)] in MeOH at a pump/
probe combination of 388/1065 nm.

after photoexcitation via radiationless decay or fluorescence into
the Sy ground state. Alternatively, intersystem crossing to the
triplet level (T,) can arise. The quantum yield of phosphorescence
from the T state apparently depends on the configuration of the
ligands and whether they coordinate to metal atoms or not. In this
context, it has been shown that the ligand-derived quantum yield
drops down notablgf when going from the free ligand PhyacacH to the
corresponding Nd”* coordination complexes [Nd(Phacac);].> Tt is
known that -diketonates with an energy gap between S; and T of
about 5000 cm ™ exhibit efficient intersystem crossing. Based on the
temporal profiles of 1—7, an ultrafast intersystem crossing into the
first triplet state of the ligand within one to two picoseconds (ps) can
be assumed, from which the desirable ligand-to-metal charge transfer
(LMCT) to an acceptor state of the lanthanide metal atom can occur.

Inspecting the time constant, T;, at various wavelengths and
lanthanide systems (see Supporting Information, Tables S2—S7)
reveals independence from the lanthanide system, but it is close
to the decay of the pure ligand system, which is shown in
Figure 10. Therefore, 7; is assigned to excited state dynamics
of the ligand S, state (at 388 nm excitation) or S, state (258 nm
excitation). On the other hand, the assignment of the time
constant 7, is more complex and does depend on the coordinated
polymeric lanthanide compound indicating energy transfer be-
tween ligand and the central lanthanide. Due to a variable energy
gap between ligand-donor and lanthanide-acceptor states, 7, is
determined by the individual lanthanide ion (praseodymium-
(111), neodymium (I1T), samarium(III) or dysprosium(III)). From
Supporting Information Tables S2 to S7, it is clear that 7, is
independent of the probe wavelengths throughout the visible and
near-infrared spectral region and depends on the central lantha-
nide atom. Additionally, triplet excitation from T, into higher
excited triplet states of the ligands may also play a role, especially in
the visible region. Here, recording transient absorption spectra
would be desirable, but were not possible in this work due to low
overall signal intensities. Therefore, 7, should be interpreted as
being due to a superposition of ligand-lanthanide energy transfer
(LMCT) as well as the lanthanide excited state lifetime and/or
triplet excitation within the ligand. For example, in the case of the
praseodymium compound, T, amounts to 26 ps, for the neody-
mium compound 7, is 7 ps and for the samarium coordination
compound a value of 21 ps is found. The strikingly longer time
constant in the case of dysprosium compound 4 (several hundreds
of ps) questions the efficiency of the LMCT process to the Dy-
acceptor energy levels. Furthermore, temperature dependent
measurements have revealed that the energy transfer from ligand
to lanthanide is more efficient at low temperatures,”® which
indicates an energy back transfer due to thermal deactivation.’"
As required by Dexter,”” energy transfer and thermal deactivation
strongly depend on the energy gap between the donor-T) state of
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Figure 12. Temperature dependence of the in-phase (left) and out-of-phase (right) components of the ac magnetic susceptibility, for 4 under zero

dc field.

the ligand and the 4f acceptor level of the lanthanide, which is
preferably about 2500—3500 cm ™ ".'® For Dy-compound 4, this
energy gap seems to be small enough to efficiently promote an
energy back transfer to the Ph,acac ligands, resulting in a strikingly
larger time constant when comparing with the related compounds
1—3 and 5. Moreover, the spatial distance between ligand and
metal atom plays an important role, not only for the LMCT
process but also for the intersystem crossing transfer rate kisc,
which is enhanced in the vicinity of heavy lanthanides (heavy atom
effect).®® As the differences in bond distances between the Phyacac
derived oxygen atoms and the lanthanide atoms lie, however, in a
negligible range, the elongation of the time constant of compound
4 cannot be attributed to this heavy atom effect. From these
considerations, we assign the time constant 7; to be at least part of
kisc and 7, to derive from the donor—acceptor transition in the
lanthanide compounds 1—7.

We end in pointing out that stimulated emission was also expected
to be an important process besides excited state absorption (e.g,, in case
of Nd at 1055 nm arising from a laser-induced transition from the *Fs
into the I, /, state), which would have resulted in negative AOD
values. However, such negative values were not observed irrespective of
individual conditions chosen (not even by application of a spectral
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confinement of the probe wavelength). On the basis of these
observations, we conclude that the oscillator strength for absorption
of the prepared excited states into the manifold of higher lying states is
predominant. This issue might depict a general problem for accessing
electronic properties in lanthanide-based coordination compounds
using this method. The oscillator strength for emission could be
enlarged by using ionic solvents instead of standard solvents.****

Magnetism. Magnetic studies were performed on a polycrys-
talline sample of 4. As each dysprosium(III) ion is spaced by one
cesium ion with a separation of 7.9 A, the magnetic interactions
between dysprosium(IIl) ions are likely to be very weak or
negligible. The room temperature ¥ T product of 13.82 cm® K mol '
under an applied dc field of 0.1 T is consistent with the expected
value for one isolated dysprosium(III) ion (S = 5/2,L = 5,g=4/3,
C=1417 cm® K mol ") (Supporting Information Figure S18).
The xT product continuously decreases from room temperature
until 1.8 K mainly as a result of thermal depopulation of the °H 5,
ground state of the dysprosium(IIl) ion. The field dependence
of the magnetization at 2 K shows that the magnetization increases
rapidly at low field and follows a linear slope above 1 T and finally
reaches 5.5 uB at 7 T, indicating some anisotropy in the system
(Supporting Information Figure S18, inset).

98 dx.doi.org/10.1021/ic201157m |Inorg. Chem. 2011, 50, 11990-12000



Inorganic Chemistry

007 Ts

R ———————

-0.5 1

A .
-0.06 -0.04

002 0 002 004
oM (T)

0.06

-0.5 4

‘1 7 - T T - T T T
-0.06 -0.04 -002 0 002 0.04
HoH (T)

0.0€

Figure 13. Normalized magnetization (M being normalized at the saturated magnetization Ms) of 4 vs applied field («,H). The loops are shown at
different temperatures at a field sweep rate of 0.017 T/s (left) and at 0.04 K at several field sweep rates (right).

The magnetic dynamics in 4 were tested using ac susceptibility
measurements under zero dc field. A nonzero frequency depen-
dence of out-of-phase components below 6 K was detected,
indicating slow relaxation of its magnetization under these
conditions (Figure 12). Since no superexchange magnetic inter-
action is appreciable between dysprosium(III) ions, the observa-
tion of slow relaxation of the magnetization in 4 cannot be
described as arising from SCM behavior but rather from the
single-ion which can thus be assigned as SMM behavior origi-
nated from the Ising-type of magnetic anisotropy of single
dysprosium(III) ion. In mononuclear lanthanide-based com-
plexes exhibiting SMM behavior, the magnetic anisotropy re-
quired for observing slow relaxation of the magnetization arises
from the zero-field splitting of the lanthanide ion J ground state
when it is placed in a certain ligand field (LF).%® A few mono-
nuclear lanthanide SMM:s reported so far have demonstrated that
the optimum LF can be prompted if the trivalent lanthanide ion is
placed in an eight-coordinate square-antiprism ligand field.®*®
As described in the structural part, the geometry of the dyspro-
sium atom in 4 corresponds to D,y LF symmetry displaying an
even square antiprismatic arrangement. Therefore, we believe
that the origin of slow magnetic relaxation observed in 4 is related
to the magnetic anisotropy induced by the exact symmetry of
dysprosium(I1I) ions in such an optimum ligand field. The micro-
SQUID measurements below S K reveal that a small hysteresis loop
opens only below 0.5 K (Figure 13). The temperature and field sweep
rate dependence show superparamagnetic-like behavior, that is, the
hysteresis increases for decreasing temperature and increasing field
sweep rate. For completely isolated dysprosium(III) ions, one would
expect a strong quantum tunneling resonance at zero field. However,
we observed a continuous increase for the hysteresis, typical for SCMs.
Unfortunately, these interactions are too weak to be studied in detail.

B SUMMARY

In conclusion, two structurally related 1D coordination poly-
mers of formulas [Cs{Ln(Ph,acac),}], (Ln = Pr, Nd, Sm, Dy)
and [K{Nd(Phjacac),}], were obtained upon reaction of the
corresponding lanthanide chloride hydrate with PhyacacH and
either cesium carbonate or potassium tert-butoxide under hydro-
Iytic conditions. Both polymer compounds highlight a hetero-
bimetallic backbone consisting of alternating lanthanide and
alkali metal cations which are fused by bridging Ph,acac ligands.
ESI-MS investigations on corresponding DMF solutions have
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disclosed that the dissolution of the polymers is accompanied by
auniform dissociation to their monomeric (mainly [ Ln(Ph,acac),] )
and some oligomeric compounds, irrespective of individual
lanthanide and alkali metal atoms. Pump/probe experiments of
these DMF solutions applying femtosecond laser spectroscopy
have revealed a lanthanide specific relaxation behavior, which is
reflected in the individual temporal profiles. As shown for
[Cs{Dy(Phyacac),}],, these investigations also demonstrate
the necessity of certain energy differences between ligand-donor
and lanthanide-acceptor levels, since undesirable energy back
transfer (from ligand to metal) reduces luminescence quantum
yields in these systems notably. Magnetic studies on dysprosium
compound [Cs{Dy(Ph,acac),}], 4 have shown the presence of
superparamagnetic-like behavior.
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© Ssupporting Information. Details of the ESI-MS studies,
femtosecond laser spectroscopy, magnetic measurements, and
X-ray crystallographic files in CIF format for the structure
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