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The reaction of LnCls-6H,0O with a multidentate flexible Schiff base ligand (LH,), H,OsP‘Bu and trifluoro-
acetic acid (tfaH) afforded a series of homometallic tetranuclear complexes, [Ln4(LH2)2(OsP'Bu)a(p2-
n'ntfa),l[2CL (Ln = Dy" (1), Tb" (2) and Gd"" (3)). The tetranuclear lanthanide core contains two structu-
rally different lanthanide centres, one being in a distorted trigonal dodecahedron geometry and the other
in a distorted trigonal prism. Complexes 1-3 were investigated via direct and alternating current (DC and
AC) magnetic susceptibility measurements. Only 1 revealed a weak single-molecule magnet (SMM)
behaviour. Alternating current (ac) magnetic susceptibility measurements on 1 reveal a frequency-depen-
dent out-of-phase signal. However, the absence of distinct maxima in the 4" peak (within the tempera-
ture/frequency range of our experiments) prevented deduction of the experimental energy barrier for
magnetization reversal (Uegr) and the relaxation time. We have carried out extensive ab initio (CASSCF +
RASSI-SO + SINGLE_ANISO + POLY_ANISO) calculations on complexes 1-2 to gain deeper insights into
the nature of magnetic anisotropy. Our calculations yielded only one exchange coupling parameter
between the two Ln" centres bridged by the ligand (neglecting the exchange between the Ln"" centres
that are not proximal wrt each other). All the extracted J values indicate a weakly antiferromagnetic coup-
ling between the metal centres (J = —0.025 cm™ for 1 and J = —0.015 cm™ for 2). Calculated exchange

1

coupled Ug, values of ~5 and ~1 cm™ in 1 and 2 respectively nicely corroborated the experimental
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observations regarding weak and no SMM characteristics. Our calculations indicated the presence of a
net single-molecule toroidal (SMT) behaviour in complex 2. On the other hand, fitting the magnetic data
(susceptibility and magnetization) in the isotropic cluster 3 revealed weak AFM exchange couplings of

rsc.li/dalton J1=0.025cm™ and J, = —0.020 cm™~ which are consistent with those for Gd" ions.
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Introduction

Research on lanthanide complexes is experiencing an unpre-
cedented renaissance in view of the potential applications of
many of these compounds in molecular materials in general
and molecular magnets in particular.' Owing to the fact that a
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number of lanthanide ions have a large spin-orbit coupling
and a reasonably large ground-state spin, two factors that are
deemed important in the design of single-molecule magnets,
lanthanide complexes are being increasingly investigated for
their single-molecule magnet (SMM) behaviour.” The latter is
characterized by the blocking of magnetization below a certain
blocking temperature (Tg).> Furthermore, SMMs are character-
ized by a double-well energy potential with an effective energy
barrier (Ueg).> Multiple mechanisms of relaxation of magneti-
zation are known which include Orbach, Raman and quantum
tunnelling processes.* In addition to SMMs, in recent years,
there has also been attention on single molecule toroics
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where the arrangement of the individual moments around the
metal ions leads to an overall toroidal moment because of
a wheel-like topology.”* Since the toroidal nature can be
manipulated by means of an electric field, such compounds
have the potential to be used as multiferroic materials.>

Among the various types of homometallic lanthanide com-
plexes studied thus far the structural range has been quite
impressive.”® The nuclearity has also varied from 1 to 60.°
Among such complexes, we have been focusing on tetranuclear
complexes and have found that depending on the type of struc-
ture the details of the SMM behaviour vary considerably.”
Several types of molecular topologies are now known among
the tetranuclear complexes: square-grid,*** cubane,®® tetra-
gonal planar,® Y-shaped,” rhombus, see-saw,*” linear,*” etc.
In addition to very interesting structural features, such com-
plexes also reveal fascinating magnetic properties such as
multi-step relaxation of magnetization.®° Thus, in a rhombus-
shaped complex two different U values were extracted and
were correlated with distinct coordination environments and
coordination geometries around the lanthanide ions.* More
recently we have observed an interesting toroidal magnetic
moment in [Dy,(LH), ("' Piv)(n*Piv)(is-OH),] [LH, = 6-((bis
(2-hydroxyethyl)amino)methyl)-N"-(2-hydroxy-3-methoxybenzyl-
idene)picolino-hydrazide].? Examples from the literature
reveal that [Dy,(ps-OH),(bmh),(msh),CL]"° (bmh = 1,2-bis
(2-hydroxy-3-methoxybenzylidene)hydrazone; msh = methoxy-
salicylaldehyde hydrazone) and [Dy,K,O(O'Bu);,]*” possess
exceptionally high energy barriers for magnetization reversal.

One of the challenges in the preparation of multi-nuclear
complexes with distinct structures and nuclearity is the lack of
reliable synthetic methods. Moreover, SMT demands to have
an arrangement where all the spin centres reside in a plane
with a closed loop structure. From a synthesis point of view,
aroyl hydrazine based ligands are very promising in view of
their capability of directing all the lanthanide centres in a
planar arrangement with assistance from enolisable oxygen.’*
We have pioneered the use of phosphonate ligands for the
preparation of lipophilic transition metal ensembles.'*® The
versatile coordination modes and strong binding capabilities of
the phosphonate and organophosphate family of ligands result
in a variety of 3d,"” 3d-4f''“ and 4f''* assemblies with
interesting properties such as proton conduction,'*“? mag-
netic refrigerants,"*“” etc. It was of interest to us to examine if
suitable phosphonate ligands can be deployed as co-ligands in
assembling polynuclear lanthanide complexes. A perusal of
the literature revealed that the use of phosphonate ligands in
lanthanide chemistry has been sparse. However, the available
examples, Ln,P,,"* Ln,P,,"?” LngP, '** and Ln,,P,,"* already
point to the interesting synthetic possibilities that exist for
using the phosphonate ligands.

Accordingly, in the following, we report our findings on the
use of a multi-component synthetic strategy involving a lantha-
nide salt, a phosphonate ligand, a trifluoroacetate (tfa) ligand
and a multi-site-coordination ligand, LH,. Thus, the reaction
of LH,, (LH; = 6-((bis(2-hydroxyethyl)amino)methyl)-N'-((8-
hydroxyquinolin-2-yl)methylene)picolinohydrazide), LnCl;-6H,0,
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Scheme 1 Synthesis of Lh, complexes 1-3.

H,O;PBu and tfaH in the presence of triethylamine in the
stoichiometric ratio 1:2:1:1:4 afforded homometallic
tetranuclear complexes, [Ln,(LH,),(O3P'Bu)y(p,-n'n'tfa),]-2Cl-
*MeOHyH,0 [1,Ln =Dy™, x =2,y =2;2, Lln=Tb"™, x =2,y =
2; 3, Ln = Gd", x = 2, y = 2] (Scheme 1). The synthesis, mole-
cular structure and magnetic properties of 1-3 and ab initio
studies of 1-2 are described herein.

Results and discussion
Synthetic aspects

Aroyl hydrazine-based multidentate Schiff base ligands have
been shown to be quite effective in assembling homometallic
lanthanide complexes.”® Utilizing flexible features such as
keto-enol tautomerism™ in ligands such as (6-hydroxymethyl)-
N'-((8-hydroxyquinolin-2-yl)methylene)picolinohydrazide, — we
have previously assembled a series of rhombus-shaped Ln,
complexes, [(LH),Ln,(1,-0)4(H,0)s] (Ln = Dy™ and Ho™)
(Scheme 2) whose Dy™ analogue exhibited SMM behaviour
with a two-step relaxation of magnetisation.®®

Motivated by the above result, we have customized the
above ligand further with the replacement of the pendant
-CH,OH group by a diethanolamine arm while keeping the
rest of the skeleton intact. Complexes thus formed from this
ligand will be devoid of the exogenous O~ group. The choice
of the diethanolamine group is based on literature
precedence,’®” which reveals that in its protonated form, this

This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Synthesis of rhombus-shaped [(LH),Ln4(5-0)4(H,0)g].59

arm can serve as a chelating ligand, while in its deprotonated
form it can function as a potential bridging ligand among the
metal centres. The ligand LH, was prepared by following a
two-step synthetic protocol which involves the synthesis of G5
and subsequent reaction with 8-hydroxyquinoline-2-carbalde-
hyde to afford the final ligand, LH, (Scheme 3).

The multidentate flexible ligand LH, contains divergent
coordination sites: in its doubly deprotonated form two
unsymmetrical coordination pockets can be discerned, one of
these is tetradentate and comprises a hydroxy, a 8-hydroxy-
quinoline pyridine, an imine N, and hydrazine O while the other
is pentadentate, consisting of a common hydrazone oxygen, a
diethanolamine and a pyridine N (Fig. 1). We anticipated that
[LH,]*~ would be able to encapsulate two lanthanide ions
affording a dinuclear motif which can be bridged by two phos-
phonate ligands to afford a tetranuclear compound. The use of
phosphonate ligands in bridging dimeric motifs and affording

Ln =Dy" and Ho"

1>

Fig. 1 The two potential coordination pockets of [LH,.

tetranuclear complexes has been shown by us in several
instances involving transition metal chemistry."'* We also
used trifluoroacetic acid (tfaH) with the intention of utilizing
the bridging coordination capability of tfa. Accordingly, the
reaction of LH,4, LnCl;-6H,0, H,O;P‘Bu and tfaH in the pres-

ence of triethylamine with the stoichiometric ratio of
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Scheme 3 Synthesis of LH4.
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1:2:1:1:4 fostered the formation of homometallic tetranuc-
lear complexes, [Lny(LH,),(05P‘Bu),(p,-n'n'tfa),]-2Cl-xMeOH-
YH,O[1, Ln =Dy™, x =2,y =2; 2, Ln = Tb"™, x = 2, y = 2; 3,
Ln=Gd"™, x=2,y=2]

X-ray crystallography

X-ray diffraction study reveals that complexes 1-3 are isostruc-
tural and dicationic and crystallize in a triclinic system in the
space group P1 with Z = 1. Each of the three complexes contains
two chloride counter anions to compensate for the overall
charge. The asymmetric unit of these complexes comprises
one-half of the total molecule viz. [Dy,(LH,)(t-BuPOj3)(tfa)][Cl]

Fig. 2 Asymmetric unit (top) and molecular structure (bottom) of 1 as
thermal ellipsoids at 50% probability level (selected hydrogen atoms,
chlorides and the solvent molecules have been omitted for clarity).
Colour codes: N = blue; O = red; C = aqua; Dy = dark green; P = pink;
F = bright green and H = black.

Table 1 Selected bond distances (A) and bond angles (°) of 1
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and the full molecule is generated as a result of an inversion
centre inside the molecule (Fig. 2(top)). In view of their
similarity, we describe the molecular structure of 1 as a
representative example. A perspective view of 1 is given in
Fig. 2(bottom) and those of 2 and 3 are given in the ESI
(Fig. S1 and S27). Selected bond lengths and bond angles of 1
are given in Table 1 while those of 2 and 3 are given in
Tables S1 and S2.}

The homometallic tetranuclear ensemble in 1 is assembled
in the following manner. First, the enol form of [LH,]*~ encap-
sulates two lanthanide ions in its two coordination pockets, P1
(20, 2N) and P2 (30, 2N) (Fig. 1). The enolate oxygen of the
ligand forms a bridge between the two lanthanide centres to
generate the dimeric subunit [Dy,(LH,)]*". Two such dimeric
subunits are stitched together by two doubly deprotonated
-BuPO;”~ and two tfa ligands to afford the homometallic tetra-
nuclear complex 1 (Fig. 2). While each of the phosphonate
ligands binds to all four lanthanide centres in a p, binding
mode the two tfa ligands are involved in bridging a pair of
lanthanide ions belonging to the two sub-units. The coordi-
nation mode of the phosphonate ligand is reminiscent of its
behaviour in transition metal complexes as exemplified in
Fig. 3. Thus, the cumulative and varied binding modes of
[LH,]*~, [t+BuPO;]*~ and tfa (Fig. 3) make the assembly of 1
possible.

The tetranuclear assembly can be envisioned as a tetra-
gonally compressed octahedron whose basal plane (rectangle)
is formed by the four coplanar Dy™ (Dy1, Dy1*, Dy2 and Dy2*)
while the two axial vertices are constructed by the two P (P1
and P1*) of the two t-BuPO;>~ ligands which are displaced
1.98 A on either side of the basal plane (Fig. 4a). Further ana-
lysis of the molecular structure of 1 reveals some interesting
features. The basal plane can be categorized as a rectangle as
deduced from the two equal bond distances, Dyl-Dy2 =
4.059 A and Dy1-Dy2* = 4.232 A. Interestingly, the inclusion of
the enolate oxygen in the core renders it an approximately
rugby-ball shaped topology (Fig. 4b).

1 contains two different types of Dy"™ centres: Dy1 and Dy1*
are eight-coordinated and are surrounded by a similar coordi-
nation environment (60, 2N) and possess a distorted trigonal
dodecahedron geometry whereas both Dy2 and Dy2* are nine-
coordinated in a distorted tricapped trigonal prismatic geome-
try (70, 2N) (Fig. 5).

The Dy-O bond lengths fall in a very narrow range,
2.346-2.392 A. In contrast, Dy-Opnosphonate bond lengths lie in

Bond distances around Dy1

Dy(1)-0(6) 2.285(4) Dy(2)-0(7)
Dy(1)-0(4) 2.334(4) Dy(2)-0(1)
Dy(1)-0(9) 2.343(4) Dy(2)-0(3)
Dy(1)-0(2) 2.366(4) Dy(2)-0(10)*
Dy(1)-O(8)* 2.382(4) Dy(2)-O(8)*
Dy(1)-0(5) 2.398(4) Dy(2)-0(2)
Dy(1)-N(4) 2.562(5) Dy(2)-N(2)
Dy(1)-N(5) 2.683(5) Dy(2)-N(1)

6424 | Dalton Trans., 2019, 48, 6421-6434

Bond distances around Dy2

Dy(2)-0(6)* 2.651(4)

2.250(4)

2.347(4) Bond angles around Dy

2.381(4) Dy(1)-0(6)-Dy(2)* 117.87(15)
2.392(4) Dy(1)-0(2)-Dy(2) 112.21(15)
2.495(4) Dy(1)*-O(8)-Dy(2)* 112.67(14)
2.524(4)

2.540(5)

2.549(4)

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Tetragonally compressed octahedron core of 1; (b) rugby ball shaped core of 1.
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the range of 2.254-2.651 A. All the Dy-N bond lengths fall in a
very narrow range, 2.539-2.562 A, except for the Dy-
Niethanolamine (2-683 10\) which is slightly longer and consistent
with the values found in the literature.>®® The Dy-Ohydrazone=
Dy bond angle is 112.19° which is almost similar to the Dy-
O8phosphonate=Dy bond angle, 112.65°, but shorter than the Dy-

This journal is © The Royal Society of Chemistry 2019

(b)

Fig. 5 (a) Distorted triangular dodecahedron geometry around Dy"'. (b) Distorted tricapped trigonal prismatic geometry around Dy"".

O6phosphonate=Dy bond angle, 117.86°, as anticipated from the
larger Dy2-Dy1* distance (Fig. 4a).

Several intramolecular and intermolecular interactions are
persistent in complexes 1 and some of these render the for-
mation of remarkable supramolecular motifs which are por-
trayed in the ESL

Dalton Trans., 2019, 48, 6421-6434 | 6425
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As mentioned vide supra while homometallic Ln, complexes
with diverse topologies are known, those containing phos-
phonate ligands are rare.'>*” Two such examples were
furnished by the research group of Winpenny and coworkers.
Interestingly, while [Dy4(O3P"Bu),(0,C'Bu)4(NO;)(H,0),]>~
(ref. 12b) is a SMM, [pyH]4[Dys(ps-OH)(OsP‘Bu);(HO;P'Bu)
(0,C™BU),(NO;)6]"** is not.

Magnetic studies

DC studies. The direct-current (dc) magnetic susceptibility
measurements of complexes 1-3 were performed in the
2-300 K temperature range and under an applied magnetic
field of 0.1 T (Fig. 6). At 0.1 T applied magnetic field, the
observed room temperature y,7 values 58.25, 47.92 and
32.72 em® K mol ™, for 1-3 respectively, are close to the calcu-
lated values of 56.68, 47.25 and 31.5 cm® K mol™" for the
ground state of the four magnetically non-interacting Dy™
ions (4f° J=15/2, 8 = 5/2, L = 5, g = 4/3; ®Hy5)5), Tb'™ ions (4f®,
J=6,8=3,L=3,g=3/2; 'F¢) and Gd™ ions (4f", ] = 7/2, S =
7/2, L =0, g = 2.0; %S,),) respectively. At 0.1 T applied magnetic
field, the y\T product for complexes 1 and 2 steadily decreases
from room temperature (300 K) to 50 K (Fig. 6). This arises
due to the thermal depopulation of the |+M;) sublevels with a
pronounced depopulation effect in 1 compared to 2. In both
the aforementioned complexes, the yuT value drops rapidly
below 50 K to reach values of 46.76 and 37.28 cm® K mol™" in
complexes 1 and 2 respectively at 5 K followed by a further
decrease to 43.19 and 32.69 cm® K mol™" at 2 K. For complex
3, under a 0.1 T magnetic field, y\T reduces to 20 K (30.95)
with a small increase to 31.39 cm® K mol™" at 5 K (Fig. 6). The

w— eXp.-complex-1 — eXP.-cOMplex-2 —Xp.-cOMPlex-3

s cal.-complex-1 ws cal.-complex-2 s cal.-complex-3
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Fig. 6 Temperature-dependent ymT plot for complexes 1-3 where
blue, deep blue and violet represent experimental (0.1 T) data for com-
plexes 1-3 respectively, whereas, light green and red imply ab initio
simulations using only one exchange interaction (J) and constant inter-
molecular interaction (zJ) of —0.002 cm™ for 1-2 respectively. On the
other hand, grey data fitted via matrix diagonalization employing PHI
programme with zJ = 0.003 cm™ and two isotropic exchange
interactions.
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small plateau at low temperature for complex 1 is maybe due
to the intermolecular interaction between the molecules at a
very low magnetic field. When a high magnetic field of 1.0 T is
applied, this plateau disappears producing a smooth curve
(see S10 ESIT).

Field dependence of the molar magnetization plot in com-
plexes 1 and 2 is shown in the ESI (Fig. S11}). The lack of
fitting the magnetization curve into a single master curve for
different temperatures indicates the presence of significant an-
isotropy for complexes 1 and 2. However, the corresponding
solid lines in 3 (completely superimposed with the experi-
mental data) correspond to the best fitted data at zJ =
-0.003 cm™' and two isotropic exchange interactions. It is
noteworthy that all the J values provided in the graphs corres-
pond to the /" contribution of the total magnetic interaction
(for complexes 1 and 2).

The decrease in the yu7T product upon cooling can be
ascribed to the following combined effects: magnetic an-
isotropy (except complex 3, in both 1 and 2 owing to highly an-
isotropic intrinsic Dy™ and Tb™ ions), intermolecular dipolar
magnetic  exchange, antiferromagnetic
exchange and progressive depopulation of the excited state
|+M;) stark levels. The above observed decline in the yyuT
product at higher temperature can be attributed to the larger
splitting of the respective ground energy multiplets. In order
to evaluate the presence of magnetic anisotropy, field-depen-
dent magnetization measurements were undertaken on three
polycrystalline samples of 1 and 2 between 2 and 8 K (2, 4, 6
and 8 K) at fields ranging from 0 to 7 T (Fig. S117).
Magnetization data in 1 and 2 displayed a rapid increment in
magnetization below 2 T, beyond which a gradual increase is
observed. Magnetization reaches near-saturation slightly below
7 T with 20.60 Nug and 17.23 Nug values at 2 K for 1 and 2
respectively. At all other temperatures magnetization reaches
close to saturation under 7 T with 20.55 Nug, 20.42 Nug, and
20.22 Npug at 4, 6, and 8 K respectively for complex 1
(Fig. S11f). Similar behaviour was observed for 2 with near-
saturation magnetization values of 17.26 Nug, 17.21 Nyp
and 17.04 Nyg at 4, 6 and 8 K respectively (slightly under 7 T;
(Fig. S11t)). The measured values (at all temperatures) for both
the complexes are approximately half of the expected value for
four weakly coupled lanthanide ions, and can be attributed to
the crystal-field effects leading to significant magnetic an-
isotropy. Contrastingly, measured magnetization for 3 leads to
the expected magnetic characteristics. Here, the magnetization
reaches close to saturation under 7 T with 28.80 and 28.00 Nyug
at 2 and 4 K respectively as expected for four weakly coupled
isotropic GA™ centres (Fig. 6).

AC studies. With an aim to understand the dynamics of
magnetization, alternating current (ac) magnetic susceptibility
measurements were undertaken on complexes 1 and 2 (Fig. 7
and S12-S147). The complexes were measured at 0 and 0.15 T
static dc fields (in 3.5 Oe oscillating ac field) within the temp-
erature range of 2-22 K and variable AC frequencies of 111,
311, 511, 711 and 996 Hz. Both the complexes exhibit tempera-
ture-independent in-phase (y’) signals in the AC susceptibility

intramolecular

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Temperature-dependent out-of-phase ac susceptibility at (a) 0.15 T dc applied magnetic field for complex 1 and (b) O T dc applied magnetic

field for complex 1.

measurements at 0 and 0.15 T magnetic fields. Complex 1
shows frequency- and temperature-dependent out-of-phase (y")
AC signals at 0 and 0.15 T fields. Frequency- and temperature-
dependence of the y” component in 1 is evident only at temp-
eratures below 4 K (Fig. 7, S12 and S137). This is indicative of
the possession of SMM characteristics in complex 1 (Fig. 7 and
S147). However, the absence of conspicuous maxima in the "
peak (within the temperature/frequency range of our experi-
ments) deters the estimation of the energy barrier for magneti-
zation reversal (Ues) and relaxation time. An extremely weak
frequency dependent ' signal at 0 T field and weak tempera-
ture dependence of 4 in 0 and 0.15 T were noted in 2.
Contrarily, a clear lack of frequency-dependent out-of-phase
AC signals at 0.15 T field precludes SMM characteristics in 2

(S14%).

Ab initio calculations

To unravel the nature of the local anisotropy of the Ln™

centres and explore the pertinent electronic structural pro-
perties, ab initio calculations were undertaken on complexes
1-2. For both the complexes, we have performed two sets of
calculations: primarily, using the SINGLE_ANISO program, we
have estimated the single-ion magnetic anisotropy of the indi-
vidual Ln"™ sites; later, the POLY_ANISO program was utilised
to extract the exchange-coupled energy spectra and relevant
exchange parameters.

Single-ion analysis

The energy spectrum for eight Kramers doublets of the ground
®H,5,, multiplet for the four Dy" ions and g tensors of the
ground state in compound 1 are shown in Table S4,f with the
excited states lying at 3000 cm ™. The ground states of Dy1/Dy3
and Dy2/Dy4 sites exhibit axial type anisotropy with the extent
of axiality being predominant for Dy2/Dy4 sites (Tables 2 and
S4t). This is verified by gy, = 0.118, g, = 0.306, g;; = 19.118 and
Zxx = 0.013, g, = 0.025, g5, = 19.698 (Fig. 8, yellow dashed line
denotes g,, orientation) for Dy1/Dy3 and Dy2/Dy4 sites respect-
ively in their ground state energy multiplets (Tables 2 and

This journal is © The Royal Society of Chemistry 2019

Table 2 The CASSCF + RASSI-SO + SINGLE_ANISO computed energy
barrier for the magnetization reorientation (Uc,|) or Ay, of the four Dy"'/
Tb" centres along with the main values of the g-tensors of ground state
KD in complexes 1 and 2

Complex 1 centres Ueal (em™) x Gy oz
Dy1 76.7 0.118 0.306 19.118
Dy2 142.1 0.013 0.025 19.698
Dy3 76.7 0.118 0.306 19.063
Dy4 142.1 0.013 0.025 19.728
Complex 2 centres Apn (em™)

Th1 0.04 — — 17.891
Th2 0.99 — — 17.186
Th3 0.04 — — 17.871
Th4 0.99 — — 17.179

S47). This is due to the larger distortion of Dy1/Dy3 (3.516)
sites compared to Dy2/Dy4 (1.583) with respect to the idealised
eight coordinated biaugmented trigonal prismatic structure
(BTPR) around the Dy centres. This articulates the similarity
between Dyl and Dy3 magnetic centres as well as Dy2 and Dy4
sites. The ground state g,, value (yellow dashed lines corres-
pond to the alignments of the main anisotropy axes of ground
KD in all the four Dy™ sites) in all the four centres is close to
that expected for a pure |M; = +15/2) state. In all the Dy"" sites,
the angle between the g, directions of the ground and first
excited KD lies in the range of ~10-80°. This suggests that
relaxation is operative via first excited KD in all the four metal
centres. The single ion analysis afforded the computed
energy barrier (U.,) for magnetization reorientation of 77 and
142 ecm™' for two types of non-equivalent Dy centres (Dy1,
Dy3 and Dy2, Dy4) respectively (Fig. S91 for SINGLE_ANISO
based computed relaxation mechanism). The negative sign of the
B,° crystal field parameters (—1.22, —3.02 for Dy1/Dy3 and Dy2/
Dy4 sites respectively) suggests a favourable axial crystal field
surrounding the oblate type Dy'" ions (Table S5t). A compara-
tively larger magnitude of B,° for Dy2/Dy4 sites reaffirms our
earlier postulate of more axiality (less geometrical distortion).
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(b)

Fig. 8 Crystal structure of complexes (a) 1 and (b) 2 showing main anisotropy axis (yellowish orange dashed lines) on four Dy"!/Tb" ions and local
magnetization (purple arrows and light green arrows respectively in 1 and 2 respectively) in the ground state. The diagram also illustrates exchange

pathways employed for our calculations.

Considerably larger magnitudes of ground state non-axial
crystal field parameters (B,?, B, ) indicate competitiveness
between the axial/non-axial terms as well as substantial trans-
verse anisotropy contribution.

The energy spectra for the thirteen energy levels of the
ground “Fg multiplet for the four Tb™ ions and g tensors of
the ground state in compound 2 are shown in Table S6,1 with
the excited states lying at 2200 cm™". Ground (GS) as well as
excited state pseudo-doublets show an Ising type anisotropy
(17.89 and 17.19 for Tb1/Tb3 and Tb2/Tb4 respectively) for all
four metal sites ie. g, (Fig. 8, yellow dashed lines for orien-
tation of main anisotropy axis for ground pseudo-doublet in
all the four Tb™" sites) is close (~18) to that expected for a pure
|M; = £6) state. Single ion analysis indicates A, to be 0.04 and
0.99 cm™" within ground pseudo-doublets in non-equivalent
Tb"™ centres (Tb1, Tb3 and Tb2, Tb4) respectively (Tables 2
and S67). The larger tunnelling gap for Tb2/Tb4 arises due to
the larger (3.414) geometrical distortion than that of the Tb1/
Tb3 (1.662) site with respect to the ideal BTPR structure. This
is further corroborated by a more negative B,” parameter for
Tb1/Tb3 (—6.09) than Tb2/Tb4 (—2.00) sites. The substantial
tunnel splitting is supported by significant non-axial crystal
field parameters for all the four centres (Table S71). Compared
to the Dy4 analogue, where both axial/non-axial crystal field
contributions are competitive, the prevalent non-axial term in
2 completely destroys its probability to show SMM behaviour
(evident in AC studies). However, 1 is likely to show weak SMM
characteristics as also visible in our AC susceptibility studies
with the absence of clear maxima in the y” peak (frequency
dependence).

6428 | Dalton Trans., 2019, 48, 6421-6434

Relaxation mechanism including exchange coupling for 1 and 2

We have simulated the magnetic interactions between the Ln™

ions (Ln = Dy/Tb) via incorporating contributions from mag-
netic dipole-dipole and exchange interactions within an Ising
exchange Hamiltonian. We have computed the exchange inter-
action between the Ln™ ions within the Lines model,*** with
an effective Heisenberg Hamiltonian:**>

He = _Z.]i “Si+Siva

(here, J; = ]fi ipolar JEM; e, J; is the total magnetic interaction
in combination of calculated J'""*™*" and fitted J*h parameters;
this summation depicts interaction between all the neighbor-
ing Ln"™ centres). It is worth noting that in the
POLY_ANISO"*%* code, dipolar contribution is treated expli-
citly while the exchange part has been estimated from fit to
the magnetic data. Magnetic coupling between Ln™ ions incor-
porate contributions from magnetic dipole-dipole and
exchange interactions. We have also calculated the exchange
spectrum of complexes 1-2 using the POLY_ANISO program. A
good agreement between the simulated and experimental
magnetic data y,T was (Fig. 6) observed with the parameters
Joy-py = —0.025 and Jrprp, = —0.015 cm™ at intermolecular
interaction (z/) = —0.002 cm™' for 1 and 2 respectively
(Table 3).

Our calculations revealed comparatively stronger ferro-
magnetic Dy-Dy (even Tb-Tb) dipolar coupling which is in
line with conventional literature reports.

This journal is © The Royal Society of Chemistry 2019
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Table 3 Parameters of the magnetic interaction between the Dy and

Tb" ions in complexes 1-2

Complex 1 Joy-py (Cmil) Jtb-1b (Cmil)
dipolar +0.01 +0.05

ﬁxch —0.025 —0.015

Tiot ~0.015 ~0.010

z] —-0.002 —0.002

Exchange coupled analysis reveal no tunneling between
the ground state levels for 1 (Fig. S151). For 2 the magni-
tude of Ay, is significantly provoking the relaxation of mag-
netization through this state itself precluding the SMM
behaviour in zero-field and entails the application of mag-
netic field to show SMM properties'¥* (Table 4). In 2, the
first excited exchange doublet lies 1.14 ¢cm™' above the
ground state with Ay, of ~107° cm™'. Such a small energy
gap between the ground and excited exchange doublets (in
conjunction with significant A,, within first excited
exchange doublets) completely destroys the probability of
showing SMM characteristics in 2 even in the presence of
an applied field as demonstrated in the experiments
(Fig. S15t). Due to very weak antiferromagnetic exchange
interactions between the Tb™ ions (—0.015 cm™") exchange-
coupling among the metal ions is very weak and expected to
be pronounced only at low temperature. Yet as the coupling

Table 4 Crystal data and structure refinement parameters of 1-3

View Article Online
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is weak, the first excited state is very close leading to faster
relaxation at lower temperature. At higher temperature
single-ion properties are expected to dominate the relax-
ation mechanism.

Contrarily, the smaller A, value within ground exchange
doublets of 1 opens up a channel for magnetization relaxation
via higher excited multiplets. All the eight low-lying exchange
doublets in 1 possess a negligible tunnel splitting of
~107% em™" and expand within the narrow energy window of
~5 cm™'. This infers the probability of relaxation via this
level and outlines that the computed energy barrier (Ue,) for
magnetization reorientation is 5.36 cm™" in 1. This is in agree-
ment with the experimental frequency dependent y” AC signal.
However, lack of precise maxima in the y” peak at the tempera-
ture measured deters evaluation of the U value and confirms
very weak SMM behaviour.

Exchange and SMT investigation of complex 2

To investigate the toroidal nature of complex a more detailed
investigation has been performed to plot the low level toroidal
states, and has been shown in (Fig. 9). As described in the
Lines model approach above, we have extended the analysis
to complex 2 and this complex is found to possess stronger
dipolar coupling between the Tb" ions which determines
the spin projection of the magnetic anisotropy directions in
the exchange coupled state, stabilizing the toroidic ground
state.

1

2

3

Formula

Mg

Crystal system
Space group
alA

Bb/A

c/A

a(°)

£

r(®)

VIA®

zZ

pelg em™
w/mm™*
F(000)
Cryst size (mm?)
20 range (°)
Limiting indices

3

Reflns collected

Ind reflns
Completeness to 0 (%)
Refinement method
Data/restraints/params
Goodness-of-fit on F*
Final R indices [I > 26(1)]

R indices (all data)

Cs7.7N10022.3FsDysP,ClH76
2163.32

Triclinic

P1

12.2754(8)
12.9357(8)
14.5715(9)
112.8160(10)
98.8770(10)
108.9790(10)
1909.6(2)

1

1.881

4.070

1053.0

0.11 x 0.09 x 0.08
4.766 to 50.126
-12<h<14
-15<k<15
-17<1<17

12451

6718 [R(int) = 0.0249]
99.9

Full-matrix least-squares on F*
6718/13/496

1.028

R, = 0.0264

WR, = 0.0506

R, = 0.0384

WR, = 0.0542

This journal is © The Royal Society of Chemistry 2019

Cs5.62H70N10020.38F6P2Cl,Thy
2087.25

Cs5H74N10024Gd4P,FoCl,
2141.11

Triclinic Triclinic

Pi P1

12.2855 12.294(5)
12.8600(5) 12.897(5)
14.6338(6) 14.668(5)
112.5610(10) 112.258(5)
99.3550(10) 99.430(5)
108.9880(10) 108.876(5)
1906.43(13) 1924.7(13)

1 1

1.818 1.847

3.862 3.601

1015.0 1044.0

0.14 X 0.09 x 0.011 0.12 x 0.1 x 0.09
5.468 to 56.756 8.24 to 50.05
-16 <h<16 -14<h<14
-17<k<17 -15<k<15
-19<1<19 -17<1<17
29176 23430

9554 [R(int) = 0.0353] 6780 [R(int) = 0.0380]
99.8 100.0

Full-matrix least-squares on F*
9554/6/476

Full-matrix least-squares on F*
6780/3/484

1.048 1.027
R, = 0.0304 R, = 0.0284
WR, = 0.0705 WR, = 0.0656
R, = 0.0434 R, = 0.0394
WR, = 0.0749 WR, = 0.0695
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Fig. 9 Low-lying exchange spectrum in complex 2. The black bold line represents the exchange states as a function of magnetic moment. The red
dotted arrows show the tunnelling transitions (energy splitting) within each doublet state, while the green/blue arrows show the possible pathway
through TA/Orbach/Raman relaxation. On the corresponding arrows the numbers indicate the transition probability between the two levels. Each
energy level is provided with a graphical representation of one of the corresponding non-collinear Ising quantum states, where the blue thick
arrows at the Tb'"' sites indicate the magnetic moment direction in the toroidal form. It has been observed that the ground state is toroidic in nature.
Moving to the first and second excited state one anisotropic flip of spin occurs at 0.35 cm™ and 0.76 cm™ destroying the toroidal nature of
complex 2. At more higher level flipping of multiple site occurs destroying the toroidal nature completely.

Conclusions

In summary, we present here a series of tetranuclear lantha-
nide phosphonates (Ln,P,) with a tetragonally compressed
octahedron kind of topology, constructed by an aroyl hydra-
zone based Schiff base ligand, featuring coordination flexi-
bility. Overall, the tetranuclear assemblies contain two types of
lanthanide ions; one of them is eight coordinated in a dis-
torted trigonal dodecahedron geometry while the geometry
around the other is distorted trigonal prism. Magnetization
measurements reveal that room temperature y\,7 values are in
compliance with the expected values. Similarly, field-depen-
dent saturation magnetization values in 1-2 are half of that
expected while 3 reproduces the expected saturation magneti-
zation value. Ab initio calculations were carried out on the iso-
structural Ln, [Ln = Dy and Tb™] complexes 1-2 with an aim
to profoundly understand the anisotropy orientation, exchange
coupled spectrum and toroidal magnetic moments. Complex 1

6430 | Dalton Trans., 2019, 48, 6421-6434

is SMM but lacks SMT behaviour with a calculated barrier of
~5 cm~'. Complex 2 contrarily shows SMT (net toroidal
magnetic moment) behaviour but no SMM characteristics
could be detected. In all three complexes, weak antiferro-
magnetic intramolecular (two types of ) magnetic coupling was
detected.

Experimental section

Solvents and other general reagents used in this work were
purified according to standard procedures.'® Pyridine-2,6-
dicarboxylic  acid, sodium borohydride, DyCl;-6H,0,
TbCl;-6H,O and GdCl;-6H,O were obtained from Sigma
Aldrich Chemical Co. and were used as received. Hydrazine
hydrate (80%), PBrs, trifluoroacetic acid, diethanolamine,
2-methyl-8-quinolinol and sodium sulphate (anhydrous) were
obtained from S.D. Fine Chemicals, Mumbai, India. Methyl-6-

This journal is © The Royal Society of Chemistry 2019
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(hydroxymethyl) picolinate,”® methyl 6-(bromomethyl)picolina-
te,?® tertiary butyl phosphonic acid'® and 8-hydroxyquinoline-
2-carbaldehyde®” were prepared according to the literature
procedures.

Instrumentation

Melting points were measured using a JSGW melting point
apparatus and are uncorrected. IR spectra were recorded as
KBr pellets on a Bruker Vector 22 FT IR spectrophotometer
operating at 400-4000 cm™'. Elemental analyses of the com-
pounds were performed using a Thermoquest CE Instruments
CHNS-O, EA/110 model. ESI-MS spectra were recorded on a
MICROMASS QUATTRO 1II triple quadrupole mass spectro-
meter. "H NMR spectra were recorded in CDCl; and CD;0D
solutions on a JEOL JNM LAMBDA 400 model spectrometer
operating at 500 MHz. Chemical shifts are reported in parts
per million (ppm) and are referenced with respect to internal
tetramethylsilane (*H).

Magnetic measurements

Magnetic data were measured using a Quantum Design
MPMS-XL SQUID magnetometer. All samples were 3 mm dia-
meter pellets molded from ground crystalline samples.
Magnetic susceptibility measurements were carried out in the
2-300 K temperature range in a 0.1 or 1 T applied magnetic
field, and diamagnetic corrections were considered by Pascal’s
constants. Isothermal magnetization measurements were
undertaken up to 7 T at 2, 4, 6 and in some cases 8 K. The ac
susceptibility measurements under different applied static
fields were performed using an oscillating ac field of 3.5 Oe
and ac frequencies ranging from 10 to 10 000 Hz.

Computational details

The magnetic properties of all the Ln'" sites in complexes 1-2

have been studied by fragment ab initio calculations. In order
to have good illustration of the 3d or 4f ligand field states
within a fragment we need to consider the impact of neigh-
bouring metal centres. Owing to the concomitant limitations
of MOLCAS (8.0 version)'® of computing magnetic properties
of single paramagnetic metal ion at a time, we have under-
taken calculations on individual metal fragments. In both the
complexes, four types of calculations have been carried out.
For each fragmented calculation, one Ln™ ion of interest was
kept intact while the other three atoms were replaced by dia-
magnetic La™ ions. All the calculations were carried out on
X-ray crystal structures using the ANO-RCC-VDZ basis set as
embedded in the MOLCAS suite.

X-ray crystallography

The crystal data for the compounds have been collected on a
Bruker SMART CCD diffractometer (MoK, radiation, 1 =
0.71073 A). The program SMART'’“ was used for collecting
frames of data, indexing reflections, and determining lattice
parameters, SAINT'’“ for integration of the intensity of reflec-
tions and scaling, SADABS'”” for absorption correction, and
SHELXTL'”“ for space group and structure determination and

This journal is © The Royal Society of Chemistry 2019
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least-squares refinements on F>. The crystal structures were
solved and refined by full-matrix least-squares methods
against F* by using the program SHELXL-2014'7° using Olex-2
software.'” All the non-hydrogen atoms were refined with an-
isotropic displacement parameters. Hydrogen positions were
fixed at calculated positions and refined isotropically. The crys-
tallographic figures have been generated using Diamond 3.1e
software.'’® The crystal data and the cell parameters for com-
pounds 1-3 are summarized in Table 4. Crystallographic data
(excluding structure factors) for the structures in this paper
have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC
1556047-1556049.F

Synthesis

Methyl 6-((bis(2-hydroxyethyl)amino)methyl)picolinate. To a
solution of diethanolamine (1.912 g, 18.2 mmol) in dry THF
(60 mL), triethylamine (7.18 mL, 54.16 mmol) was added drop-
wise and the resulting colourless solution was stirred at room
temperature for 20 minutes. Then, methyl 6-(bromomethyl)
picolinate (4.2 g, 18.2 mmol) in dry THF (40 mL) was added
dropwise over a period of 30 minutes under vigorous stirring.
After that the solution was stirred for a further period of
24 hours at room temperature to afford a heavy white sticky
precipitate which was filtered. The colourless filtrate was evap-
orated to obtain a hazy light yellow coloured oil which was dis-
solved in dichloromethane (40 mL) followed by washing with
water (40 mL x 2) and brine solution (30 mL x 2). The com-
bined organic extracts were dried (anhydrous sodium sulphate)
and the solvent was removed to afford a yellow oil. Yield:
3.87 g, 83.42%. 'H NMR (500 MHz, CDCl;, 5, ppm): 2.84 (t,
4H, -NCH,), 3.57 (t, 4H, -CH,0), 3.94 (s, 3H, OMe), 3.97 (s,
2H, NCH,), 5.28 (s, 1H, -OH), 7.43 (d, 1H, Py-H), 7.79 (t, 1H,
Py-H), 8.01 (d, 1H, Py-H). Anal. caled for C;,H;5N,0, (254.28):
C, 56.68; H, 7.13; N, 11.02. Found: C, 56.37; H, 6.58; N, 11.51.
ESI-MS, m/z: (M + H)': 255.07.

Methyl 6-((bis(2-hydroxyethyl)Jamino)methyl)picolinohydra-
zide. 6-((Bis(2-hydroxyethyl)amino)methyl)picolinate (3.6 g,
14.16 mmol) was taken in ethanol (30 mL) and added drop-
wise to an ethanolic solution (40 mL) of hydrazine hydrate
(3.54 g, 70.8 mmol) at room temperature. The reaction mixture
was heated under reflux for 5 hours. Then, the solution was
allowed to cool to room temperature and concentrated to
20 mL in vacuo before being kept in a refrigerator overnight. A
white precipitate formed was filtered, washed with cold
ethanol 2-3 times and dried. Yield: 3.21 g, 88.93%. Anal. calcd
for Cy;H,3N,05 (254.13): C, 51.96; H, 7.13; N, 22.03. Found: C,
52.32; H, 7.52; N, 22.37. Mp: 155 °C; *H NMR (500 MHz,
CD;0D, 8, ppm): 2.71 (t, 4H, -NCH,), 3.64 (t, 4H, -CH,0), 3.90
(s, 2H, -NCH,), 7.64 (d, 2H, Py-H), 7.87 (t, 1H, Py-H). ESI-MS,
m/z: (M + H)": 255.14.

6-((Bis(2-hydroxyethyl)amino)methyl)-N'-((8-hydroxyquino-
lin-2-yl)methylene)picolinohydrazide (LH,). To an ethanolic
solution (40 mL) of methyl-6-((bis(2-hydroxyethyl)amino)
methyl)picolinohydrazide (1.5 g, 5.9 mmol) under stirring,
8-hydroxyquinoline-2-carbaldehyde (1.02 g, 5.9 mmol) also dis-
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solved in ethanol (20 mL) was added dropwise at room temp-
erature over a period of 30 minutes. The resulting orange
yellow solution was heated under reflux for 4 hours. Then, the
turbid solution was concentrated in vacuo to 20 mL and kept
in a refrigerator overnight. The yellow precipitate obtained was
filtered, washed twice with cold ethanol and diethyl ether and
dried. Yield: 1.96 g (81.2%). Anal. caled for C,;H,3N50,
(409.17): C, 61.60; H, 5.66; N, 17.10 Found: C, 61.07; H, 5.73;
N, 17.47. Mp: 164 °C. 'H NMR (500 MHz, CD;0D, 8, ppm):
2.81 (t, 4H, NCH,), 3.70 (t, 4H, CH,0), 4.00 (s, 2H, NCH,), 4.52
(br, 1H, CH,OH), 5.46 (s, 1H, OH), 7.11 (d, 1H, Ar-H), 7.36 (d,
1H, Ar-H), 7.45 (t, 1H, Ar-H), 7.70 (d, 1H, Py-H), 7.96 (t, 1H,
Py-H), 8.1 (d, 1H, Py-H), 8.26-8.29 (m, 2H, Ar-H), 8.68 (1H,
imine-H). FT-IR (KBr) cm™": 3395 (s), 3231 (s), 2957 (w), 2870
(w), 2807 (m), 1676 (s), 1583 (m), 1567 (m), 1506 (s), 1451 (m),
1463 (s), 1403 (s), 1261 (s), 1244 (m), 1210 (m), 1088 (s), 1036
(m), 993 (s), 941 (m), 922 (m), 871 (w), 848 (s), 763 (W), 725 (W)
ESI-MS, m/z: (M + H)': 410.17.

General synthetic procedure for the preparation of complexes
1-3

The synthesis of compounds, 1-3, were carried out by follow-
ing the same procedure outlined below.

To a stirred solution of LH, (0.041 g, 0.1 mmol) in metha-
nol (40 mL), LnCl;-6H,O (0.2 mmol) was added to give an
intense red coloured solution which was allowed to stir for
20 minutes at room temperature. Then, H,0;P'Bu (0.014 g,
0.1 mmol) was added followed by the addition of triethylamine
(0.04 mL, 0.3 mmol). The reaction mixture was allowed to stir
for further 15 minutes. At this stage, trifluoroacetic acid
(0.011 g, 0.1 mmol) was added dropwise along with the
addition of further triethylamine (0.014 mL, 0.1 mmol) to
afford a dark red solution which was stirred overnight at room
temperature. The reaction mixture was filtered and the solvent
was removed in vacuo affording a reddish oily mass which was
washed twice with diethyl ether and dried. This was further
dissolved in methanol and diethyl ether was slowly allowed to
diffuse. Block-shaped crystals suitable for X-ray diffraction
were obtained after 9 days. The details of each reaction and
characterization data of these complexes (1-3) are given below.

[Dy4(LH,),(0;P Bu),(p,-n'n'tfa),]-2C1-2MeOH-2H,0 (1.
Quantities: LH, (0.041 g, 0.1 mmol), DyCl;-6H,O (0.075 g,
0.2 mmol), HO;P'Bu (0.014 g, 0.1 mmol), tfa (0.011 g,
0.1 mmol), Et;N (0.054 mL, 0.4 mmol). Yield: 0.071 g, 32.56%
(based on Dy™). Mp: >250 °C (d). IR (KBr) cm™': 3396 (br),
2953 (br), 1690 (s), 1619 (w), 1591 (W), 1556 (s), 1529 (s), 1505
(w), 1456 (w), 1429 (w), 1392 (s), 1338 (s), 1306 (W), 1274 (s),
1209 (s), 1142 (s), 1103 (w), 1057 (w), 1010 (w), 997 (W), 975 (s),
938 (w), 901 (w), 835 (w), 795 (w), 770 (w), 758 (w), 720 (s),
741 (w), 656 (W), 575 (w), 505 (s). Anal. caled for
CssH76ClLDy, FeN,;00,,P, (2194.13): C, 31.75; H, 3.49; N, 6.38.
Found: C, 31.91; H, 3.28; N, 6.44. ESI-MS m/z ion: 1872.142,
(C51Hg4Dy4N10;5P, + K™ + 2H,0 + MeOH — 4H")".

[Tb4(LH,),(03P Bu),(p,-n"n'tfa),]-2Cl-2MeOH-2H,,0.
Quantities: LH, (0.041 g, 0.1 mmol), TbCl;-6H,0 (0.074 g,
0.2 mmol), HO;P'Bu (0.014 g, 0.1 mmol), tfa (0.011 g,
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0.1 mmol), Et;N (0.054 mL, 0.4 mmol). Yield: 0.069 g, 31.76%
(based on Tb™). Mp: >250 °C (d). IR (KBr) em™*: 3391 (br),
2950 (br), 1695 (s), 1613 (W), 1595 (w), 1557 (W), 1529 (s), 1503
(w), 1451 (w), 1427 (w), 1388 (s), 1331 (s), 1303 (w), 1279 (s),
1212 (s), 1140 (s), 1103 (W), 1052 (W), 1007 (w), 992 (W), 971 (s),
942 (w), 901 (w), 833 (W), 799 (W), 771 (W), 756 (W), 721 (s), 746
(w), 654 (w), 572 (w), 501 (s). Anal. caled for
CssH75CLFeN;,0,,P,Th, (2181): C, 31.93; H, 3.60; N, 6.42.
Found: C, 32.33; H, 3.78; N, 6.11. ESI-MS m/z ion: 1789.046
(C51He4N100;5P,Th, + K" — 4H')".

[Gd4(LH,),(0;P Bu),(p,-n'n'tfa),]-2Cl-2MeOH-2H,, 0.
Quantities: LH; (0.041 g, 0.1 mmol), GdCl;-6H,O (0.075 g,
0.2 mmol), HO;P'Bu (0.014 g, 0.1 mmol), tfa (0.011 g,
0.1 mmol), Et;N (0.054 mL, 0.4 mmol). Yield: 0.067 g, 31%
(based on Gd™). Mp: >250 °C (d). IR (KBr) cm™": 3399 (br),
2954 (br), 1692 (s), 1611 (w), 1594 (w), 1553 (s), 1526 (s), 1501
(w), 1459 (w), 1433 (w), 1397 (s), 1339 (s), 1301 (w), 1273 (s),
1212 (s), 1147 (s), 1109 (w), 1053 (w), 1013 (w), 991 (w), 978 (s),
931 (w), 895 (w), 830 (w), 797 (w), 767 (w), 758 (w), 720 (s),
748 (w), 651 (w), 574 (w), 503 (s). Anal. caled for
CssH74CLFeGd N (0., P, (2171.11): C, 32.09; H, 3.44; N, 6.45.
Found: C, 31.81; H, 3.50; N, 6.69. ESI-MS m/z ion: 1886.105,
(Cs5,HgoF3Gd4N;,O16P, + H,O + CH;CN — 2HY)".
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