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ABSTRACT: Research on rare-earth phosphates has recently received substantial interest because of their unique physical and
chemical properties. In recent years, because of their low solubility, research interest has been built on developing methodologies
to prepare nanostructures and grow single crystals of inorganic rare-earth phosphates. The chemistry of rare-earth
organophosphates, however is still at a latent stage. Contrary to the traditional hydrothermal route, we report rare examples of
the synthesis of discrete pentanuclear lanthanide (III) organophosphate clusters assembled from a sterically encumbered mono-
ester of phosphoric acid under mild reaction conditions. Single crystal X-ray analysis reveals that all the compounds possess a
similar core structure [Lns(p;-OH)(dipp)s(CH;0H)«(H,O)y]>* [Ln= Nd (1), Sm (2), Eu (3), Gd (4), Tb (5), Dy (6), Ho (7), Er (8), Tm
(9)], where the charge balance is maintained by the presence of
chelating nitrate anions, protonated tmeda, or dipp* ligands.
The vacant coordination sites on the metal ions are satisfied by
coordinated methanol or water molecules. The core structure
of these clusters is built on a [Lns(p;-OH)(dipp)e] triangle
where the phosphate ligands bridge to two further Ln(III) ions.
The complexes display lanthanide contraction along the series,
with  Ln(Ill) ions displaying different coordination
environments/geometries as we move along the series. All the
compounds have been characterized by both analytical and
spectroscopic techniques. Magnetic studies reveal the presence
of weak antiferromagnetic magnetic exchange through the
bridging p;-hydroxo moiety and organophosphate groups for
the {Gd",} analogue, with a significant magnetic entropy
change (25.8 ] kg™ K*, AH = 7 T). The anisotropic complexes
reveal an absence of slow relaxation of magnetization, except
for Nd (1), Dy (6) and Er (8) which show slow relaxation in an
applied DC field.

[Ln=Nd (1), Sm (2), Eu (3), Gd(4), Tb (5), Dy (6), Ho (7), Er (8), Tm (9)]

Introduction

Lanthanide coordination complexes have attracted
great interest in the recent past owing to their potential
applications in a wide variety of areas such as gas adsorption,!
catalysis,> luminescence,3 magnetic resonance imaging,4
sensors,5 etc. Recently there has been a huge thrust in the
chemistry of rare earth complexes in view of the interesting
single molecule magnet (SMM) behavior arising from the
inherently large single-ion magnetic anisotropy and large
ground spin state of several lanthanide ions.®7 Furthermore,

isotropic gadolinium complexes have been investigated for
their potential application as molecular coolants in the field of
magnetic refrigeration.® Although numerous ligands such as
carboxylates, Schiff bases, P-ketonates, hydrazine, amine
polyalcohol, macrocycles, etc. have been employed for the
synthesis of rare earth complexes, the coordination chemistry
of organophosphates is still to be well explored.

Research on rare-earth inorganic phosphates
(LnPO,) have been reported in recent times highlighting the
capability of this class of materials for applications in diverse
fields.9 This class of material possesses some remarkable



properties such as high thermal® and chemical stability, low
thermal conductivity®, high refractive index,3 low water
solubility* and hydrophobicity’s among others. These unique
features have led to the utilization of LnPO, in a variety of
applications such as ceramics,9 ¢ catalysis,”” and proton
conductors.”® Further, LnPO, has been used as a host matrix
for doping with other members of the family to reveal more
interesting properties such as phosphors.’9 However, the low
solubility of these materials prevent smooth crystallization
and thus different methods have been reported to prepare
single crystals of LnPO,, most recently being the stringent
solvothermal route® One alternate method for the
preparation of single crystals of lanthanide phosphates is to
use the organic derivatives or esters of ortho-phosphoric acid,
which aid the solubility in organic solvents and hinder fast
nucleation. However, research on discrete lanthanide ion
complexes derived from mono-esters of ortho-phosphoric
acid are relatively unknown, although the chemistry of
organophosphate ligands with transition metals has been well
established.>»2223 While organophosphates (e.g. tri-tert-butyl
phosphate) have been used in the past for the extraction of
lanthanides and actinides ions,>4 only in very rare instances
has the crystallographic structures of polymeric lanthanide
organophosphate (di- or tri-esters)> or discrete actinide
complexes®® been established. This is due to the fact that
lanthanide phosphates have very low solubility products,
impeding the structural characterization of this type of
material.'4

Examples of 4f and 3d-4f complexes of
organophosphonates (structural analogue to
organophosphates) exhibiting various metallic topologies
have recently been reported with some of these clusters
exhibiting interesting magnetocaloric effects behaving as
molecular magnetic coolants.?” In lanthanide phosphonate
chemistry stringent solvothermal routes are often employed
for the synthesis and growth of single crystals.>” However in
the case of organophosphate esters, the situation is more
complicated by the inherent ability of lanthanide ions to
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hydrolyze and cleave the ester P-O bonds leading to the
formation of insoluble inorganic phosphates.?® Interestingly,
metal ions have also been reported to cleave the P-C bond in
the case of organophosphonates during the solvothermal
reaction conditions.> Thus, in order to prevent hydrolysis in
the course of the reaction, we have precisely selected a
sterically encumbered mono-ester of phosphoric acid - 2,6-di-
iso-propylphenyl phosphate (dippH.,), where the isopropyl
group imparts additional solubility and provides a protective
hydrophobic pocket near the hydrolytically susceptible -P-O
bond of the ester. A preliminary account of this study,
describing the isotropic Gd(III) derivative and its interesting
magnetocaloric effect property has recently been reported.8f
Building on our earlier efforts, the synthesis, structural
characterization and investigation of the magnetic properties
of an extended series of discrete polynuclear lanthanide
complexes using the mono-ester of phosphoric acid namely
dippH2 are reported.

Results and discussion
Synthetic aspects

The synthesis of lanthanide organophosphates was
carried out under mild reaction conditions under an ambient
aerobic atmosphere. Tetramethylethylene diamine (tmeda)
was employed as the base for the deprotonation of the -P-OH
groups of the phosphate ligand, dippH.. The reaction of
Ln(NOs);-xH,O, with dippH, in the presence of tmeda (1:1:2
molar ratio) in a methanolic solution at 6o °C, leads to the
formation of a family of pentanuclear lanthanide(III)
phosphates [Ln = Nd (1), Sm (2), Eu (3), Gd (4), Tb (5), Dy (6),
Ho (7), Er (8), Tm (9)] in quantitative yield (Scheme 1).
Although the basic metal ion architecture is essentially same,
small differences on the peripheral ligands result in the
isolation of three unique structures as shown in Scheme 1.
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Scheme 1. Synthesis of pentanuclear lanthanide phosphates (1-9).

Single crystals of each complex were obtained via
slow evaporation of the solvent. In order to obtain pure

products, the reaction mixture kept for crystallization was
repeatedly filtered until no precipitation was observed during



the evaporation. The compounds were obtained as block
shaped crystals from the reaction mixture in one to two weeks.
The molecular structures of all the clusters have been
established by single crystal X-ray diffraction studies. All the
new compounds have been characterized by means of both
spectroscopic and analytical techniques. The molecular
composition of the compounds deduced are listed in Table 1.

Table 1. Molecular composition of the pentanuclear
lanthanide phosphates (1-9).

No Molecular composition of single crystal

1 [Nds5(p5-OH)(NO5).(dipp)s(CH;0H),(H,0),]-4CH;OH-H.O

2 [Smi5(ps-OH)(NOs)(dipp)s(CH;0H)7(H.0),4]-5CH;OH

3 [Eus(p5-OH)(NOs)(dipp)s(CH;OH),(H.0),]-5CH;0H

4 [Gds(ps-OH)(NO5)2(dipp)s(CH;0H),(H-0) ;]-5CH;OH™

5 [Tbs(ps-OH)(NO;).(dipp)s(CH;0H),(H.0),]-4CH;0H-H.O

6 [Dys(p3-OH)(NOs);(dipp)s(CH;0H)s(H-O).][tmedaH.]o 5-5CH;0H-2H.O
7 [Hos(p3-OH)(NO3);(dipp)s(CH;0H)5(H.O).][tmedaH.]o.5-5CH;0H-2H.O
8 [Ers(ps-OH)(NOs);(dipp)s(CH;0H)5(H.O). ] [tmedaH.]o 5-5CH;0H-2H.O

9 [Tms(p3-OH)(dipp)7(CH;0H),(H.0).]-5CH;0H-3H.0

FTIR spectroscopy and thermogravimetric analysis

The FTIR spectra of compounds 1-9 were recorded as
transparent discs that were diluted with KBr. Compounds 1-9
don’t show a broad absorption band at ~2300 cm™ in the
infrared spectra indicating complete deprotonation of the
phosphate ligands and hence the absence of any free P—OH
groups in the molecular structure (Figure S1). The strong
absorption for the P=O stretching vibrations and the
symmetric and anti-symmetric M-O-P stretching vibrations
are observed in the region 100 and 1050-950 cm?, respectively
(see experimental section for details).

The stability of 1-9 has been analyzed by thermal
decomposition analysis under an N, atmosphere at a heating
rate of 10 °C min™. All compounds reveal a similar type of
weight loss (Figures S2). The first weight loss of about 10 % of
the sample weight, up to 200 °C, is due to successive losses of
lattice and coordinated solvent molecules. On further heating
the sample up to 500 °C, there is loss of about 35-40 % of the
total mass corresponding to the loss of most of the organic
groups of the molecule. No major weight loss was observed
between 500 °C and 8oo °C.

Structural features of lanthanide organophosphates
Single crystal X-ray diffraction analysis reveals that
compounds 1-9 each display similar metal ion core
architectures, built on a central triangle, [Ln;(p;-OH)(dipp)s),
where the three Ln(IIl) ions are bridged by a p;-hydroxo
anion. The phosphate dianion embraces the central Ln;(p;-
OH) unit, forming a bridge from the triangle to the two
peripheral lanthanide cations. The charge balance of each
complex is maintained by the presence of chelating nitrate
ions (1- 8), protonated tmeda (6- 8) and a terminal dipp*
ligand (9), the vacant coordination sites on the metal ions are
satisfied by coordinated methanol or water molecules.
Compounds 1-8 crystallize in the triclinic space group, P1,
while the thulium complex (9) crystallizes in the monoclinic
space group, P2/n. A summary of the crystallographic
refinement details is presented in Table 5 and 6. There are
three distinct coordination environments found for this family
of compounds, namely, 1 - 5, 6 - 8 and 9, respectively.
Representative compounds, viz. 1 (Nd), 6 (Dy'") and ¢ (Tm!")

are described in detail. The molecular structure of 4 has been
described before.®f Compound 1 and 5 differ from 2, 3 and 4
only by a replacement of lattice methanol solvate by water
molecule (compounds (1 and 5); (2, 3 and 4); (6, 7 and 8) are
isomorphous).

Molecular structures of 1-5

Compounds 1-5 reveal an identical metal ion
arrangement and coordination environment. All crystallize in
the triclinic space group, P1. Compound 1 will be described in
detail. The asymmetric part of the unit cell in 1 contains five
metal ions, six phosphate ligands, one p;-OH and two nitrate
groups at the core with coordinated methanol (seven) and
water (four) molecules. In addition to this, there are four
methanol and a water molecule in the crystal lattice. A
perspective view of the molecular structure of 1 is shown in
Figure 1. Complex 1 is therefore a discrete pentanuclear
lanthanide organophosphate complex, enclosed by an organic
sheath of aromatic rings around the periphery (Figure 2).
Compound 1 contains a p;-OH centered metal trinuclear unit,
[Nd;(ps-OH)(dipp)s], where the three metal centers are
bridged by the six phosphate ligands (Figure 3), which
embrace two more metal centers at the periphery of the
cluster to complete the pentanuclear trigonal bipyramidal
construct (Figure 1). The average metal-oxygen distance in the
trinuclear unit [Nd,(u;-OH)] is 2.463 A, whereas the average
metal-metal distance is 4.017 A. The distance of O25 from the
mean plane of Nd1, Ndz2, Nd3 is 0.832 A. The angles around the
p;-OH oxygen atom with the metal centres are Nd3-Oz25-
Nd2--109.63(2)°, Nd3-025-Ndi---108.96(2)° and Nd2-O25-
Nd1--109.03(2)°. The core structure of the metal trinuclear
unit, [Nd;(p5-OH)(dipp)e] resembles the [Ln(p;-OH)], cubane
structure with the absence of one Ln(III) ion, as observed in
other lanthanide complexes (Figure 3).8% 30

Figure 1.
neodymium organophosphate, 1. Isopropyl groups, lattice
solvates and most hydrogen atoms are removed for clarity.

Molecular structure of the pentanuclear



Figure 2. Polyhedral diagram showing the inorganic core
wrapped within the organic part of the phosphate ligands in 1.
Yellow and pink polyhedra represent the coordination
environment of the NdA(III) ions and phosphorous atom,
respectively.

Figure 3. View of the [Nd;(p5-OH)(dipp)s] triangle for 1. The
organic part of the phosphate ligands has been removed for
clarity.

Of the six phosphate ligands that are present there are two
sets of three phosphates, each that bind to the Ln(III)-ions in
a [3au] and [3.2u] fashion, respectively (Figure 4)3'
Phosphates P1, P2 and P3 bind, through the O-atoms in the
[3.211] fashion on one side of the complex, bridging Nd1, Nd2
and Nd3 with the peripheral Nds ion. Phosphates P4, P5 and
P6 bind in the [3.11] fashion on the other side of the complex,
bridging Ndi, Nd2 and Nd3 with Nd4. The metal-metal
distances between the terminal and the central neodymium
ions vary in the range of 5.467-5.838 A. The metal-metal
distance between the two peripheral neodymium ions is
10.266(2) A. The two nitrate anions chelate to the peripheral
Nd4 and Nds ions. The coordination spheres of the central
and outer neodymium ions are completed by coordinated
solvent (MeOH and H,O) molecules. Four of the neodymium
atoms (Ndi, Nd3, Nd4, Nds5) are eight coordinate, whereas
Nd2 is seven coordinate. The coordination environment
around the rare-earth metal ions were analyzed by SHAPE 2.1
software3? (Table S17 and S18). The {NdOs} environment built
around Nd1, Nd3 and Nds shows least deviation from the ideal
C,y symmetry occupying a distorted biaugmented trigonal

prism geometry, the {NdOs} environment around Nd4 shows
least deviation from the ideal D.q symmetry adopting a
triangular dodecahedron geometry (Figure s5). The {NdO,}
environment around Nd2 displays a capped trigonal prismatic
geometry with least deviation from the ideal C2v symmetry
(Figure 5).
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Figure 4. Binding mode of the phosphate ligands in 1.

Figure 5 (a-e). Polyhedral representation of the distorted
coordination geometry around the Nd(III) ions in the crystal
structure of compound 1.

Along with the coordinated and lattice solvent
molecules, the coordinated nitrate ions are involved in
extensive intermolecular and intramolecular H-bonding,
leading to the formation of two-dimensional self-assembled
hydrogen bonded networks of the pentanuclear complexes
(Figure 6).

The structural features of 2-4 are similar to those of
1, with the metal ions displaying similar coordination
environments (Table S2-S4). As we move along the series it is
observed that the Ln-O25 and Ln*+*Ln distances in the central
triangular unit gradually decrease (Table 2).



Figure 6. Intermolecular and intramolecular H-bonding in 1 leading to the formation of two-dimensional hydrogen bonded
networks of the pentanuclear rare-earth phosphate complexes.

Table 2. Ln-Oz25 and Ln++Ln distances (A) in the central triangular unit [Ln;(p;-OH)(dipp)s] in 1-9.

1 2 3

Ndi-O25 2.455(4) Smi-O25 2.421(4) Eu-O25 2.403(3)
Nd2-O25 2.437(4) Sm2-O25 2.403(4) Eu2-O25 2.393(3)
Nd3-O25 2.499(4) | Sm3-O25 2.474(4) | Eu3-O25 2.456(3)
Ndi-Nd2 3.998(7) Smi-Sm2 3.927(7) Eui-Eu2 3.905(8)
Ndi-Nd3 4.034(6) Smi-Sm3 3.979(6) Eui-Eu3 3.956(7)
Nd2-Nd3 4.018(6) Sm2-Sm3 3.965(6) Eu2-Eu3 3.942(7)

Ndi-O25-Nd2 109.64(1) | Sm1-O25-Sm2 | 109.00(2) | Eu1-O25-Euz 109.05(1)
Ndi-O25-Nd3 109.03(1) | Sm1-O25-Sm3 108.71(1) Eu1-O25-Eu3 109.03(1)
Nd2-025-Nd3 | 108.96(1) | Sm2-O25-Sm3 | 108.75(2) | Eu2-O25-Eu3 108.77(1)

4 5 6
Gdi1-Oz25 2.398(5) Th1-O25 2.400(4) Dy1-O25 2.365(3)
Gd2-O25 2.375(5) Tb2-O25 2.363(4) Dy2-O25 2.340(3)
Gd3-O25 2.448(5) | Tb3-O25 2.438(4) | Dy3-O25 2.390(3)
Gdi-Gd2 3.886(8) | Tbi1-Tb2 3.870(7) Dy1-Dy2 3.820(5)
Gdi-Gd3 3.940(9) | Th1-Tb3 3.930(6) | Dy1-Dy3 3.900(5)
Gd2-Gd3 3.919(8) Tb2-Tb3 3.898(6) | Dy2-Dy3 3.852(4)

Gd2-025-Gd1 109.02(2) | Tb1-O25-Tb2 108.68(1) | Dy1-O25-Dy2 108.59(1)
Gd2-025-Gd3 108.70(2) | Tb1-O25-Tb3 108.64(1) | Dy1-O25-Dy3 110.21(1)
Gdi-025-Gd3 108.79(2) | Tb2-O25-Tb3 108.58(1) | Dy2-O25-Dy3 109.05(1)

7 8 9
Ho1-O25 2.361(4) Eri-Oz2s 2.350(3) Tm1-O25 2.31(s)
Ho2-O25 2.319(4) Er2-Oz5 2.324(3) Tm2-O25 2.332(5)
Ho3-O25 2.391(4) Er3-O25 2.369(3) Tm3-025 2.312(5)
Hoi-Hoz 3.803(8) Eri-Er2 3.793(6) Tm1-Tm2 3.742(7)
Hoi-Hos 3.896(9) | Er-Er3 3.874(7) Tmi-Tm3 3.749(6)
Ho3-Ho2 3.849(8) | Er2-Er3 3.835(6) Tm2-Tm3 3.756(5)
Ho1-O25-Ho2 108.69(1) | Er-O25-Er2 108.49(1) | Tm1-O25-Tm2 | 107.4(2)
Ho1-O25-Ho3 110.17(1) Er1-O25-Er3 110.34(1) Tmi-O25-Tm3 | 108.4(2)

Ho2-O25-Ho3 | 109.58(1) | Er2-O25-Er3 109.60(1) | Tm2-O25-Tm3 | 108.0(2)




Molecular structures of 6-8

Single crystal X-ray diffraction studies reveal that the
isomorphous compounds 6-8 crystallize in the triclinic space
group, P1. Unlike in compounds 1-5, the asymmetric unit
contains an anionic pentanuclear lanthanide
organophosphate unit, with six phosphate ligands, one p;-OH
group at the core, three chelating nitrate groups along with
five coordinated methanol and two water molecules. The
presence of a half molecule of a doubly protonated cationic
(tmedaH,)>* group balances the overall charge of the
asymmetric unit. In addition to this, there are five non
coordinating methanol and two water molecules in the crystal
lattice. A perspective view of the molecular structure of
compound 6 as a representative example is shown in Figure 7.
Compounds 6-8 contain a similar p;-OH centered metal ion
trinuclear unit as seen for 1- 5 - [Dy;(p5-OH)(dipp)s). The
triangular metal ion unit (Dy1-Dy3) is connected to the two
peripheral metal ions (Dy4 and Dys) via the six phosphate
ligands. Again the six dipp> ligands display two unique
bridging modes - [3.11] or [3.211], again as seen for 1-5. The
average metal oxygen distance in the trinuclear [Dy;(p;-OH)]
unit is 2.365 A, whereas the average metal-metal distance is
3.857 A. The bridging p;-OH lies 0.794 A above the mean plane
formed by Dy1, Dyz and Dys3. The angles around the p;-OH are
in the range 0f108.64(1) - 110.24(1)°. The metal-metal distances
between the peripheral and the central dysprosium ions vary
in the range 5.236-5.605 A and the metal-metal distance
between the peripheral dysprosium ions is 9.833(1) A. The
three nitrate anions chelate to Dy1, Dy4 and Dys. This differs
from 1, where the nitrates are chelated to the peripheral Nd!!
ions only (Nd4 and Nds). The coordination of Dyz is supported
solely by chelating nitrate anion and phosphate oxygen atoms
unlike in the previous cases (1-5). While the coordination
number of the central metal ions remain same, that of the
peripheral Dy(III) ions are reduced by one with one solvent
molecule less (Table S20).

Figure 7. Molecular structure of 6 showing the anionic
pentanuclear dysprosium organophosphate cluster with the
charge balancing protonated cationic tmeda molecule. The
full tmeda molecule of the unit cell is shown. Isopropyl

groups, lattice solvates and most hydrogen atoms are removed
for clarity.

Figure 8 (a-e). Distorted coordination geometry around the
five Dy(IlI) ions with ligating oxygen atoms in 6.

Two Dy(Ill) ions are eight coordinate and three Dy(III)
ions are seven coordinate (Table S17 and S18). This differs from
1 - 5 where four are eight coordinate and one is seven
coordinate. The eight coordinate Dy1 and Dy3 sites adopt
distorted triangular dodecahedron and biaugmented trigonal
prismatic geometries, respectively. The seven coordinate Dy2
and Dyg sites display the distorted capped trigonal prismatic
environment. Dys shows least deviation from the ideal Dy,
symmetry showing small distortion from the pentagonal
bipyramidal geometry (Figure 8).

Figure 9. The role of the protonated (tmedaH,)>* cation in
forming H-bonded dimers in 6.

The doubly protonated (tmedaH,)>* molecule
facilitates strong intermolecular H-bonding forming a dimer
of the pentanuclear rare-earth organophosphate complexes
(Figure 9). In addition to the (tmedaH,)**moiety, the
coordinated and lattice solvent molecules are also involved in
extensive intermolecular and intramolecular H-bonding
leading to the formation of two-dimensional self-assembled



hydrogen bonded networks similar to that observed for 1 - 5
(Figure Ss).

Molecular structure of 9

Unlike 1-8, compound ¢ crystallizes in the
monoclinic space group P2,/n. The asymmetric part of the unit
cell contains five thulium ions, seven doubly deprotonated
phosphates, one bridging p;-OH and coordinated methanol
(seven) and water (two) molecules. Contrary to compounds 1-
5, where in addition to the p;-OH and six dipp> ligands the
cationic charge is balanced by two chelating nitrate ions, for 9
the charge is balanced by an extra coordinated dipp* ligand,
instead of the two chelating nitrate anions. In addition, there
are five non-coordinating methanol and three water
molecules present in the lattice. The molecular structure of 9
is depicted in Figure 10, with the same metal ion core observed
for 1 - 8. The average metal-oxygen distance in the trinuclear
[Tm,(p;-OH)(dipp)s] unit is 2.315 A, whereas the average
metal-metal distance is 3.747 A. The deviation of O25 from the
mean plane formed by Tmi, Tmz, and Tm3 is 0.842 A. Of the
seven phosphate ligands present six are bridging and one lies
terminal. The six bridging phosphate ligands again bind with
the [3.m] or [3.21] modes, whereas the lone terminal
phosphate ligand binds in [1.100] mode (Figure 11).3'The metal-
metal distance between the peripheral and central thulium
vary over the range 5.315-5.354 A and the distance between the
two peripheral thulium atoms (Tm4 and Tms) is 9.699 A.

Figure 10. Molecular structure of pentanuclear thulium
organophosphate 9. Isopropyl groups, lattice solvates and
most hydrogen atoms are removed for clarity.

As we move along the lanthanide series, the
coordination number of the thulium ions are further reduced
compared to 1 - 8. Tmi-Tmy4 are seven coordinate, while Tms
is six coordinate (Table Si9 and Figure 12). Tmu displays a
distorted capped trigonal prismatic environment, Tm2 and

Tm3 adopts a pentagonal bipyramidal geometry and Tmg4
shows least deviation for the C;, symmetry with a distorted
capped octahedron environment. Tms adopts an octahedral
geometry, showing least deviation form Oy symmetry.

Complex g forms a one-dimensional chain of pentanuclear
units, a consequence of the hydrogen bonding between the
terminal phosphate and MeOH/H,O groups, in contrast to the
two-dimensional sheets formed in the previous examples 1-8
(Figure 13).

P1 P4
T Tmd
Tm5 Tm4
Tm2 T2 Tm3 P

[3.211] [3.111] [1.100]
Figure 11. Binding modes of the phosphate ligands in 9.

Figure 12 (a-e). Polyhedra showing the coordination
environment of the five Tm(III) ions in 9.

Figure. 13. Intermolecular H-bonding in 9 leading to the formation of linear polymer of pentanuclear rare-earth phosphate

clusters.



Lanthanide Contraction: Analysis of Ln-(p;-OH) bond
lengths and Lng---Lns distances

It is a well-known fact that the ionic radius of Ln(III)
ions decrease with increasing atomic number, an effect of
weak shielding by f-electrons in the diffused f-orbitals
(lanthanide contraction). This effect commonly results in the
reduction of the coordination number around the central
Ln(III) ion as we move along the series and can also alter the
binding mode of the ligand. This, in turn, results in the
alteration of the topological structure of the product that
results from the reaction. However, apart from the Ln(III)
ionic radii, the deviation in structural features across the
series also depends on the nature and denticity of the
coordinating ligands. In the present scenario, the Ln(III) ions
in the pentanuclear lanthanide phosphate compounds 1-9,
show variable coordination numbers ranging from eight to six,
decreasing along the series. This can be correlated to the
decrease in ionic radii of the respective lanthanide ions with
increasing effective nuclear charge. The structural differences
in compounds 1-9, however, impede the evaluation of
lanthanide contraction by the quadratic relationship using
Slater’s model of ionic radii. Although 1-9 are not isomorphous
and isostructural due to the varying nature of charge
balancing species and coordinating solvent molecules, the
average Ln-(p;-OH) bond lengths in the central triangle was
considered for examining the decrease in Ln-O bond lengths
(Table 3). In Figure 14, the dependence of the average Ln-
0O25(p;-OH) bond length on electronic configuration reveals a
steady decrease in the Ln-O distance with increasing atomic
number, as one would expect as a consequence of lanthanide
contraction. The average Ln-O25 distance varies in the range
2.467-2.327 A. The decrease in the Ln-O25 bond length in turn
results in the reduction of Ln--Ln distances within the
trinuclear [Ln;(p;-OH)(dipp)s] unit (Table 3 and Figure 15).
Additionally, the combined effect of the decrease in Ln-O
bond distances in the pentanuclear lanthanide phosphates
results in the decrease of the overall distance between the
peripheral Ln(III) ions (Table 3) in the range of 10.266-9.669
A as depicted in Figure 14. The sudden drop in the Lng---Lns
distance after compound 5 is due to the change in the core
structure where an additional nitrate anion chelates to one of
the Ln(IIl) ion of the central Ln-O(p;-OH) triangle. Table 3
lists the average Ln-O25 bond lengths and overall Ln--Ln
distances in compounds 1-9.

Table 3. Average Ln-(p;-OH) bond distance and Ln--Ln
distances (A) within the trinuclear [Ln,(p;-OH)(dipp)s] unit
and the distance between the peripheral lanthanide ions (A)
in the pentanuclear lanthanide organophosphate series.

Compound | av.Ln-O25 | av.Ln:-Ln | Lng...Lns
1 (N 2.464 4.017 10.266

2 (Sm!M) 2.433 3.957 10.212

3 (Eu'll) 2.414 3.934 10.184

4 (GdM) 2.407 3.915 10.149

5 (Tbh!) 2.397 3.899 10.106

6 (Dy™) 2.364 3.857 9.834

7 (Ho!) 2.361 3.849 9.846

8 (Er'll) 2.347 3.834 9.802

9 (Tm'") 2.323 3.749 9.699
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Figure 14. Plot of the distance between the peripheral
lanthanide ions (A) and the average Ln-O(u;-OH) bond
distance for 1 - 9, highlighting the effect of lanthanide
contraction.
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Figure 15. Plot of the average Ln-Ln distance in the central

triangular unit for 1 - 9, highlighting the effect of lanthanide

contraction.

Magnetic Properties

Rare-earth metal complexes have played a major role
in the advancement of molecular magnetism in the last few
years. The magnetic properties of these rare-earth phosphates
have been investigated via dc and ac magnetic susceptibility
measurements, between 1.8 to 300 K. The dc magnetic
susceptibility data were measured with an applied field of 1.0
T in the temperature range 2-300 K. Figures 16 and 17 show the
temperature dependence of ymT (ym = molar susceptibility)
and the field dependence of magnetization of 1-9, respectively.
The expected value for non-interacting Ln! ions and the
magnetization (up) values at 2 K are presented in Table 4. The
xmT values obtained experimentally for all the complexes are
in agreement with calculated values for five non-interacting
lanthanide ions at 300 K, except for complex 2 (Sm!") (Table
4). The dc susceptibility of the pentanuclear gadolinium
cluster, 4, was reported in the preliminary communication,
where the interactions among the Gd jons in the central
[Gd;(ps-OH)(dipp)e] unit and the interaction of the central



Table 4. Summary of the static magnetic susceptibility measurement data in cm3 K mol™, and effective magnetic moments, in ps,

at3o0 K
4fion 1L, Expected perr | Expected  xumT | Experimental per | Experimental yuT | Magnetization

values  (ug) | value for all ions | values (ug) value (cm3 Kmol?) | (Nps) at 2 K and
for all ions (cm3 K mol?) 50T

1 NI 4o 8.10 8.20 8.21 8.41 7.66

2 Sm!!! °Hs, | 1.90 0.45 3.65 1.66 0.36

3 Eul 7F, 0 0 7.37 6.80 0.28

4 Gd! 885 17.76 39.40 17.80 39.58 29.62

5 Tb!! 7F¢ 21.75 59.05 21.75 59.06 24.72

6 Dy!ll °His, | 23.83 70.90 23.76 70.47 27.52

7 Holll 51g 23.74 70.35 23.68 70.03 27.38

8 Er!! 4Lis/a 21.44 57.40 21.48 57.64 25.98

9 Tm!!! 3H, 16.92 35.75 17.00 36.07 15.39

Gd" ions with the two peripheral ions, both being
antiferromagnetic.3f The best fit parameters obtained for the
pentanuclear gadolinium phosphate cluster were J, = —o.on
cm™ and J, = —0.001 cm™ (where J, is the magnetic exchange
interaction among the central Gd;-O(p;-OH) unit and J, is the
magnetic exchange interaction between the Gd!' ions of the
central triangle with the peripheral Gd""ions). Due to these
weak magnetic exchange interactions between the isotropic
ions, 4 reveals a significant entropy change (-ASp) of 25.8 ]
kgt K-, at AH = 7 T.8f

The ymT value of 8.41 cm3 K mol—at 300 K for 1is in
good agreement with the expected value for five non-
interacting Nd™ ion (S =3/2, L = 6, ] = 9/2, g = 8/11; ground term
symbol 4ly.,) and remains almost constant to 150 K. Further
cooling below 150 K shows a gradual decrease in ymT value
reaching a value of 3.43 cm3 K mol™ at 2 K. The magnetic
behavior of anisotropic lanthanide ions is often very complex
and difficult to interpret without advanced analysis
(theoretical and experimental). The behavior is an interplay of
ligand field and spin-orbit effects, which determines a
spectrum of my states intrinsically active in Boltzmann
population dynamics. It is not a trivial task to determine the
energy and nature of such states. For polynuclear complexes
magnetic exchange interactions must also be considered,
further complicating the analysis. The decrease in the ymT
value as the temperature is reduced is commonly attributed to
depopulation of the m; magnetic states (i.e. thermal
depopulation of the Nd(III) Stark sub levels of the term, 4Iy/,),
which is likely the case here, however, the decrease also offers
the possibility that antiferromagnetic interactions between
the Nd(III) ions are active (dominant). Unfortunately, given
the complexity of the system, the profile of the temperature
dependence of the magnetic susceptibility cannot be
rationalized by “simple” speculation. We can, however, use
the data obtained from our analysis of the isotropic {Gd's}
system, complex 4, which revealed antiferromagnetic
interactions between nearest neighbor ions, as a guide. This
therefore, indicates that the decrease in the yuT product is a
consequence of single ion thermal depopulation effects and
dominant inter-ion antiferromagnetic interactions.

In contrast to 1, the ymT value 1.66 cm3 K mol~ at 300 K for 2
is much higher than that expected for five non-interacting
SmMions (S =5/2, L =5,] = 5/2, g = 2/7; ground term symbol
%H,.), a situation frequently observed in many Sm'"-based
complexes due to the presence of low-lying excited

multiplets.33 The ymT value shows a linear dependence on
temperature reaching a value of 0.09 cm3 K mol—at 2 K.

Compounds 5-9 display similar behavior in the temperature
dependence of ymT values. The experimental ymT values are in
good agreement with the corresponding values for five non-
interacting ions (see Table 4). These values gradually decrease,
a little, down to ~50 K before decreasing sharply on further
cooling down to 2 K. The arguments provided for the magnetic
behavior of 1 holds true for these anisotropic Tb (5), Dy (6),
Ho (7), Er(8) and Tm (9) ions. We can, again, tentatively
conclude from the data that single ion depopulation and
antiferromagnetic interactions are responsible for the yuT(T)
profiles. The magnetization versus field data plots for
compounds 1-9 (Fig 17), at 2 K, reveal no clear saturation up to
a field of 5.0 T, except perhaps for 6 (Dy) which suggests the
presence of magnetic anisotropy in these compounds (Figure
17).
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Figure 16. Temperature dependence of the yyT product under
an applied field of 1.0 T. (Symbols - experimental points; the
black line is the best fit to 4 and coloured lines are guides to
the eye).
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Figure 17. Field dependences of the magnetization at 2 K.

Solid lines are guides to the eye.
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Figure 18. Temperature dependence of the real component of
the ac susceptibility (x') for 6 under an applied dc field of 2500
Oe with a 3.5 Oe oscillating ac field.

1.6 —=—50 Hz
] —e—100 Hz
1.44 —a—250 Hz
1.2 —v— 500 Hz
v | —+— 997 Hz
g 1.0 —<— 1488 Hz
“e 0.8
(2]
- 0.61 Hgc = 2500 Oe
= 0.4
0.2 -
0.0
5 10 15 20
T/K

Figure 19. Temperature dependence of the imaginary
component of the ac susceptibility (x”) for 6 (Dy'") under an
applied dc field of 2500 Oe with a 3.5 Oe oscillating ac field.

In order to probe for the presence of magnetic anisotropy
and SMM behaviour, ac magnetic susceptibility

measurements were carried out. Compounds 1 - 5and 7 - 9
revealed an absence of out-of-phase susceptibility signals
down to 1.8 K, indicating no slow relaxation of the
magnetization is observed above this temperature.
Compound 6 (Dy™) on the other hand revealed non-zero out-
of-phase ac susceptibility signals (x), however no maxima are
observed as a function of frequency, (Figure Si0). As a
consequence, no relaxation times can be extracted. If
magnetic relaxation via quantum tunneling of the
magnetization (QTM) is active then this relaxation process is
generally very fast for lanthanide based complexes, often
much faster than the thermally activated process at very low
temperatures. The application of an applied field can slow the
relaxation time of this process, therefore, allowing for the
observation of the thermally activated mechanism. Upon the
application of dc field of 2500 Oe, clear temperature
dependent out-of-phase (xm") components of the
susceptibility were observed at different frequencies, but the
maxima are obscured by a second increase at the lowest
temperatures (Figure 19). This behavior clearly indicates the
presence of significant QTM, which cannot be quenched even
in a 2500 Oe magnetic field. Similar field induced slow
magnetic relaxation behavior was observed for 1 and 8 (Figure
S8 and S12), again indicating QTM is the most efficient
magnetic relaxation mechanism.

We note that a number of pentanuclear lanthanide clusters
have been reported recently, containing various numbers of
hydroxo bridges and various chelating/bridging ligands, and
with core {Ms} geometries usually different to that seen here.
The magnetic behaviors are similar to those described here
and some of the reported {Dys} complexes display SMM
behavior. 34

Finally we note that the central triangle {Dy;(yu;-OH)} in 6 is
reminiscent of that in the archetypical single molecule
toroidal (SMT) complex [Dy;(OH),-(vanillin);].35 There is no
evidence of SMT behaviour in 6 with the M vs H plot (Figure
17), for example, not showing S-shaped behaviour.

Conclusions

We have reported the synthesis of a series of
pentanuclear lanthanide phosphate complexes derived
from the monoester of the phosphoric acid, 2,6-
diisopropyldihydrogen phosphate and lanthanide nitrate
salts. The molecular structures have been determined by
single crystal X-ray diffraction analysis and these
compounds have been fully characterized both by
analytical and spectroscopic techniques. Compounds 1-8
show extensive H-bonding in the solid-state leading to
formation of a 2D sheet of pentanuclear clusters, whereas
9 displays formation of an H-bonded linear polymer. This
series of compounds represent the first family of any
discrete lanthanide organophosphate complexes using a
sterically encumbered phosphate ligand. The effect of the
lanthanide contraction was evident from the reduction of
the metal ion coordination number and the contraction
of metal-ligand bond length as we moved along the series
Nd-> Tm. Magnetic studies reveal the presence of weak
antiferromagnetic magnetic exchange through the
bridging p;-hydroxo and organophosphate ligand for the
isotropic {Gd"s} complex. This {Gd"} cluster revealed a
significant entropy change (-ASn) of 25.8 ] kg K+, at AH
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=7 T. The anisotropic lanthanide complexes revealed no
clear SMM properties above 2 K due, most likely, to the
presence quantum tunneling of magnetization. However,
complexes Nd (1), Dy (6) and Er (8) show evidence for
slow magnetisation relaxation in applied DC fields.

Experimental section
Instruments, methods and materials

All the compounds prepared in this study and the
starting materials used are air and moisture stable. Hence
all the operations were carried out under aerobic
conditions. Solvents were distilled prior to use.3® Fourier
transform infrared spectra were obtained on a Perkin
Elmer Spectrum One FT-IR spectrometer as KBr diluted
discs.  Microanalyses were performed on a
ThermoFinnigan (FLASH EA 1m2) microanalyzer.
Thermogravimetric analysis was carried out on a Perkin
Elmer Pyris Diamond TG/DTA analysis system under a
stream of nitrogen gas at a heating rate of 10 °C/min. The
metal content in the samples were measured by
inductively  coupled plasma atomic  emission
spectroscopy (ICP-AES). The samples were digested in
nitric acid and diluted with distilled water. The magnetic
measurements were carried out on a Quantum Design
MPMS-XL SQUID magnetometer equipped with a 7 T
magnet. The molar susceptibilities have been calculated
using the formulae listed in Table 1. Alternating current
(ac) susceptibility measurements were carried out in an
oscillating ac field of 3.5 Oe and frequencies ranging from
o.1to 1500 Hz.

Eu(NO,);5H,0, Tb(NO5);xH.O, Ho(NO,);6H,O,
Er(NO;);-5H.O, Tm(NOs;);-5H,O were procured from
Sigma Aldrich. TMEDA was purchased from
Spectrochem. Hydrated nitrate salts of neodymium,
samarium and dysprosium were prepared by dissolving
the corresponding oxides in 50 % aqueous nitric acid and
evaporating the solution on a steam bath. 2,6-Di-iso-
propylphenyl phosphate was synthesized as described
previously in the literature.3”

X-ray crystallography

Block shaped crystals obtained in the reaction were
found to slowly lose transparency when kept outside
mother liquor at ambient conditions. Suitable single
crystals of each compound were selected and mounted on
a Rigaku Saturn 724+ CCD diffractometer, using Paratone
oil for unit cell determination and intensity data
collection. Data integration and indexing were carried
out using Rigaku suite of programs CrystalClear and
CrystalStructure.3® The structures were solved using
direct methods (SIR-97).39 Structure refinement and
geometrical calculations were carried out using programs
in the WinGX module.4° The final structure refinement
was carried out using full least squares methods
on F>using SHELXL-2014.4 The structure refinement
details are summarized in Table 5 and 6. Some H-atoms
in the solvent molecules could not be refined but their
contribution has been included in the molecular formula.
Disordered atoms or groups have been handled using
PART instructions. In case of 5, high density peaks around
the disordered methanol molecule near Tbs could not be

modeled and hence left untreated. The diffuse electron
density in solvent-accessible regions in g was found to be
highly disordered and could not be modeled. SQUEEZE
procedure of the PLATON program+>was employed that
suggests 273 electrons per unit cell occupying a volume of
u8o A°®3. This corresponds approximately to two
methanol and three water solvates per molecule.

General procedure for synthesis of compounds 1-9. To
a solution of Ln(NO5);xH,O (0.1 mmol) in methanol (10
mL), a solution of dippH. (26 mg, 0.1 mmol) in methanol
(10 mL) was added. The solution was stirred well and
tmeda (23.2 mg, 0.2 mmol) was added to it. The reaction
mixture was heated at 6o °C for 2-3 h and then cooled to
room temperature. Any solid insoluble portion formed
was discarded. The solution was then filtered and the
clear filtrate was kept for crystallization at room
temperature. The solution was filtered repeatedly until no
further precipitation was observed during crystallisation.
Crystals from the clear mother liquor was obtained within
a period of two-three weeks.

Characterization of 1. Yield: 34 mg (72%, based on
dippH,). M.p: > 250°C. Anal. Calcd. (Found) for
Cs3Hi5;Na.NdsO4;P6: C, 35.07 (35.36); H, 5.57 (5.73); N, 0.99
(1.27); Nd, 25.38 (25.57). FT-IR (KBr, cm™): 3574 (s), 3429
(m), 2967 (vs), 2870 (s), 1621 (m), 1467 (s), 1442 (s), 1384
(vs), 1362 (m), 1335 (s), 1256 (s), 177 (vs), 1143 (vs), 1047
(vs), 1003 (s), 913 (vs), 882 (s), 8oo (m), 771 (vs), 748 (s),
662 (s), 599 (s), 544 (s), 520 (s). TGA: Temp. range °C (%
Weight loss): 30-111 (5.4); 111-190 (3.9); 190-281 (10.1); 281-
801 (29.3).

Characterization of 2. Yield: 36.5 mg (76%, based on
dippH.). M.p: > 250°C. Anal. Caled. (Found) for
Cs4HisoN204;P6Sms: C,34.95 (34.59); H, 5.55 (5.23); N, 0.97
(1.19); Sm, 26.04 (26.18). FT-IR (KBr, cm™): 3577 (s), 3435
(m), 2966 (vs), 2931 (s), 2870 (s), 1621 (s), 1467 (vS), 1441
(vs), 1384 (v8), 1362 (m), 1335 (5), 1256 (s), 147 (¥s), 1047
(s), 1005 (vs), 914 (vs), 882 (s), 8oo (m), 770 (vs), 748 (s),
663 (m), 600 (m), 545 (s), 520 (s). TGA: Temp. range °C
(% Weight loss): 30-14 (5.3); 14-188 (4.2); 188-272 (9.3);
272-800 (30.0); 800-1000 (2.5).

Characterization of 3. Yield: 30 mg (62%, based on
dippH,). M.p: >250°C. Anal. Calcd. (Found) for
CsHisoEusN2O4;Ps: C,34.85 (34.72); H, 5.54 (5.68); N, 0.97
(1.07); Eu, 26.25 (26.52). FT-IR (KBr, cm™): 3589 (s), 3423
(m), 2966 (s), 2869 (m), 1623 (m), 1466 (s), 1440 (s), 1383
(w), 1362 (m), 1336 (s), 1257 (s), 1153 (vs), 1116 (vs), 1047 (8),
1003 (vs), 912 (vs), 880 (m), 770 (vs), 748 (m), 663 (m), 621
(m), 598 (m), 545 (s), 520 (s). TGA: Temp. range °C (%
Weight loss): 30-150 (7.5); 150-265 (11.2); 265-408 (27.7);
408-800 (3.3).

Characterization of 5. Yield: 27 mg (56%, based on
dippH,). M.p: > 250°C. Anal. Caled. (Found) for
Ca3Hi5;N20,47P6Ths: C, 34.19 (33.80); H, 5.43 (5.66); N, 0.96
(1.23); Tb, 27.25 (27.65). FT-IR (KBr, cm™): 3564 (s), 3418
(s), 3067 (w), 2966 (vs), 2931 (s), 2869 (s), 1622 (M), 1467
(s), 1441 (vs), 1384 (vs), 1362 (m), 1335 (8), 1310 (M), 1256 (5),
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1187 (vs), 1155 (vs), 1046 (vs), 1014 (vs), 9018 (vs), 882 (s), 8oo
(m), 768 (vs), 750 (s), 664 (s), 613 (s), 601 (s), 546 (s), 526
(s). TGA: Temp. range °C (% Weight loss): 30-132 (4.2);
132-200 (4.8); 200-274 (7.8); 274-800 (30.2).

Characterization of 6. Yield: 41 mg (82%, based on
dippH,). M.p: > 250°C. Anal. Caled. (Found) for
CssHi60DysN,O,48Ps: C,33.98 (34.36); H, 5.37 (5.63); N, 1.86
(2.27), Dy, 27.04 (27.26). FT-IR (KBr, cm™): 3558 (s), 3418
(m), 3064 (m), 2966 (vs), 2870 (s), 2626 (m), 2457 (m),
1618 (m), 1465 (s), 1440 (s), 1384 (s), 1335 (s), 1256 (M), 1155
(vs), 1047 (m), 1013 (vs), 916 (s), 882 (m), 8oo (m), 770 (s),
749 (s), 663 (m), 600 (s), 546 (s), 523 (s). TGA: Temp.
range °C (% Weight loss): 30-102 (2.3); 102-200 (4.4); 200-
269 (7.4); 269-800 (32.2).

Characterization of 7. Yield: 29 mg (58%, based on
dippH,). M.p: > 250°C. Anal. Caled. (Found) for
CssHieoHosN,O4sPs: C,33.84 (34.02); H, 5.35 (5.11); N, 1.86
(2.21), Ho, 27.34 (27.46). FT-IR (KBr, cm™): 3564 (s), 3434
(m), 2966 (vs), 2931 (s), 2870 (s), 1621 (s), 1467 (vs), 1440
(vs), 1384 (vs), 1362 (5), 1335 (vS), 1256 (5), 1155 (vs), 1047
(vs), 1015 (vs), 917 (vs), 882 (s), 800 (s), 770 (vs), 750 (s),
664 (s), 601 (s), 546 (s), 523 (s), 476 (m). TGA: Temp.
range °C (% Weight loss): 30-100 (2.4); 100-199 (4.1); 199-
277 (8.4); 277-800 (30.3).

Characterization of 8. Yield: 42 mg (84%, based on
dippH,). M.p: > 250°C. Anal. Caled. (Found) for
CssHicoErsN,O,sPs: C,33.71 (33.80); H, 5.33 (5.39); N, 1.85
(1.47); Er, 27.62 (27.91). FT-IR (KBr, cm™): 3546 (s), 3401
(m), 2966 (vs), 2870 (vs), 1615 (m), 1468 (s), 1440 (s), 1384
(s), 1335 (s), 1256 (s), 1155 (vs), 1047 (vs), 1015 (vs), 919 (vs),
882 (s), 800 (s), 770 (vs), 750 (s), 664 (s), 630 (s), 601 (S),
547 (s), 523 (s). TGA: Temp. range °C (% Weight loss): 30-
100 (2.4); 100-200 (4.7); 200-274 (8.0); 274-800 (31.4).

Characterization of 9. Yield: 16 mg (36%, based on dippH.).
M.p: > 250°C. Anal. Calcd. (Found) for Cg¢H,;80,6P,Tms:
C,36.84 (37.21); H, 5.73 (5.82); Tm, 26.99 (27.26). FT-IR (KBr,
cm™): 3584 (s), 3393 (m), 3067 (m), 2967 (vs), 2870 (s), 1621 (m),
1466 (s), 1440 (s), 1384 (s), 1362 (M), 1336 (s), 1256 (s), 1158 (VvS),
1128 (vs), 1047 (8), 1013 (vs), 921 (vs), 799 (m), 8oo (m), 770 (vs),
752 (m), 662 (m), 633 (s), 601 (s), 547 (s), 522 (s), 481 (m). TGA:
Temp. range °C (% Weight loss): 30-78 (2.9); 78-187 (3.0); 187-
251 (9.0); 251-800 (32.8).
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Table 5. Data Collection and Structure Refinement details for 1-5.

Compound 1 2 3 5

CCDC 1520605 1520606 1520607 1520608

Identification code SKG420 SKG421 SKG424 SKGs546R

Empirical Formula Cs3His;N.NdsO,,Ps Cs4Hi50SmsN,O,;Ps Cs4HisoEusN,O4,Ps Cs3Hi5;N.O,P6Ths
Temp. (K) 150(2) 150(2) 150(2) 150(2)

Crystal system Triclinic Triclinic Triclinic Triclinic

Space group Pa P P Pa

a(A) 14.219(2) 14.157(2) 14.125(3) 14.124(2)

b (A) 17.081(3) 17.015(3) 16.970(4) 16.848(3)

c(A) 25.463(4) 25.380(4) 25.374(5) 25.418(4)

o (°) 99:330(2) 99:338(3) 99.462(3) 99.442(3)

B () 90.523(3) 90.6540(10) 90.702(3) 90.785(3)

y () 105.789(3) 105.732(4) 105.645(4) 105.199(3)

Volume (A3) 5863.0(16) 5796.7(16) 5767(2) 5747-6(16)

Z 2 2 2 2

p (mm™) 2.339 2.660 2.847 3.208

Crystal size (mm3) 0.20 X 0.18 X 0.10 0.12 X 0.10 X 0.04 0.15 X 0.13 X 0.08 0.24 X 0.16 X 0.16
Reflections collected 43876 43224 43281 42877

Independent reflections 20432 [R(int) = 0.0378] 20130 [R(int) = 0.0304] 20070 [R(int) = 0.0250] 19999 [R(int) = 0.0275]
Data / restraints / parameters 20432 / 22 /1309 20130 / 34 / 1344 20070 /19 / 1381 19999 / 1394 / 1398
Goodness-of-fit on F> 1.073 1124 1.076 1128

Final R indices [I>2sigma(I)] R1=0.0479, wR2 =0.1170 | Ri1=0.0425, wR2=0.0956 | R1=0.0316, WR2 =0.0780 | R1=0.0424, wR2 =0.1034
R indices (all data) R1 = 0.0493, wR2 = 0.1181 R1=0.0440, wR2=0.0968 | R1=0.0326, wWR2=0.0787 | R1=0.0432, wR2 =0.1039
Largest diff. peak and hole (e.A3) | 3.377and -2.940 2.968 and -1.902 2.525 and -1.356 3.664 and -2.159

Table 6. Data Collection and Structure Refinement details for 6-9.

Compound 6 7 8 9

CCDC 1520609 1520610 1520611 1520612

Identification code SKG422 SKG586 SKG427 SKG620

Empirical Formula CssHieoDysN4O,sPs CssHisoHosN,O,8Ps CasHisoErsN,O,sPs CosHi78046P,Tms
Temp. (K) 150(2) 150(2) 150(2) 150(2)

Crystal system Triclinic Triclinic Triclinic Monoclinic

Space group P P-1 P11 P2,/n

a(A) 15.213(2) 15.264(4) 15.253(3) 14.8572(16)

b (A) 15.987(2) 15.993(4) 16.025(3) 34.890(4)

c(A) 26.093(4) 26.040(6) 26.013(5) 24.726(3)

a (%) 94.125(2) 93-585(4) 93.779(3) 90

B () 99.124(3) 99.456(3) 99.260(2) 90.716(2)

y (©) 106.545(2) 106.490(3) 106.619(2) 90

Volume (A3) 5960.2(14) 5972(3) 5971(2) 12816(3)

Z 2 2 2 4

p (mm™) 3.261 3.438 3.640 3.586

Crystal size (mm3) 0.21X0.19 X 0.13 0.13X 0.12 X 0.07 0.15 X 0.10 X 0.08 0.20 X 0.20 X 0.16
Reflections collected 44056 44551 44898 76915

Independent reflections 20642 [R(int) = 0.0260] 20667 [R(int) = 0.0398] 20785 [R(int) = 0.0326] 22993 [R(int) = 0.0912]
Data / restraints / parameters 20642 / 21/ 1426 20667 /32 /1432 20785 /18 / 1410 22993 / 51 /1388
Goodness-of-fit on F> 1.07 1115 1.0069 1105

Final R indices [[>2sigma(I)] Ri=0.0298, wR2 = 0.0737 | R1=0.0412, WR2 = 0.0984 | R1=0.0384, WR2 = 0.091 | Ri=0.0531, wR2 = 0.1263
R indices (all data) Ri = 0.0309, wWR2 = 0.0747 | R1=0.0430, wR2 = 0.1004 | R1=0.0404, WR2=0.0929 | R1=0.0656, wR2 = 0.1291
Largest diff. peak and hole (e.A3) 1.815 and -2.053 1.627 and -2.108 2185 and -1.405 1.822 and -1.155
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Table of Contents Graphic and Synopsis

[Ln= Nd (1), Sm (2), Eu (3), Gd(4), Tb (5), Dy (6), Ho (7), Er (8), Tm (9)]

The present study describes a series of primary structurally characterized pentanuclear rare-earth organophosphates
[Lns(y15-OH) (dipp)s(CH;OH)x(H:0),J** [Ln= Nd (1), Sm (2), Eu (3), Gd (4), Tb (), Dy (6), Ho (7), Er (8), Tm (0)]
assembled from a sterically encumbered mono-ester of phosphoric acid under mild reaction conditions. The magnetic
properties are described. Insights into the structure make the effect of the lanthanide contraction evident from the
reduction in the coordination number around Ln ions and shortening of Ln-O bonds.
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