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ABSTRACT

Single-ion magnets (SIMs) have attracted wide attention in recent years. Despite tremendous progress on late
lanthanide SIMs, report on early lanthanide exhibiting SIM characteristics is scarce. A series of five novel 18-
crown-6 encapsulated mononuclear early lanthanide(IIl) organophosphates, [{(18-crown-6)Ln(dippH);} {(18-
crown-6)Ln(dippH),(dippH,)}]-[I5] [Ln= Ce (1), Pr (2), Nd (3)] and [{Ln(18-crown-6)(dippH),(H,0)}-{I5}],
[Ln= Sm (4) and Eu (5)] have been synthesised in the present study. 18-crown-6 coordinates to Ln(III) ions in an
approximate equatorial position while the axial positions are occupied either by three phosphate moieties in 1-3
or two phosphate moieties and one water molecule in 4 and 5, resulting in a muffin-shaped coordination geometry
around the Ln(III) centres. Magnetic susceptibility measurements reveal that Ce and Nd complexes as field-
induced single-ion magnets with significant barrier heights. Furthermore, the ab initio CASSCF/RASSI-
SO/SINGLE_ANISO calculations on complexes 1 and 3 reveal significant QTM in the ground state rationalising
the field-induced single-ion magnetism behaviour of these complexes.
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Introduction

We live in an era where a large amount of information is stored in electronic form. These data are saved
in the conventional devices where the binary language (1 and 0; called bit information unit) is employed.
Unfortunately, the development of data storage devices cannot meet the rate of exponential production of the data,
due to different factors such as dimensions of the nanoparticle used, limited thermal activation barriers and smaller
blocking-temperature. Singe-molecule magnets (SMMs)! can be an alternative and better option in this context as
they provide the opportunity to store data at the molecular level, which can reduce the size of the devices by at
least ten times. SMMs are molecules with a bistable ground spin state exhibiting slow relaxation of magnetisation
below the blocking temperature (7g). The work of Donati ef al., on storing data in single holmium atoms adsorbed
on a magnesium oxide film grown on a silver substrate, proved that it is possible to store data even at an atomic
level.>? At the molecular level, the strategy of designing high-performing SMMs has shifted from clusters to
mononuclear complexes, known as single-ion magnets (SIMs).*¢ A high-performing SMM is characterised by
two parameters namely the barrier height of spin reversal (U.g) and blocking temperature (7). In the past two
decades, trivalent lanthanide(III) ions based SIMs have gained unprecedented interest, over the transition metal
ion SIMs, due to their strong spin—orbit coupling as well as large intrinsic magnetic anisotropy. Among Ln(III)
ions, the oblate-shaped Dy(III) based SIMs are leading the race in achieving higher 7y that surpasses liquid
nitrogen temperature (80 K).3- 724 In the context of designing single-ion magnets, late Ln(IIT) ions, such as Dy(III),
Er(IlT) and Tb(III), have been heavily explored while early Ln(IIl) ions are scarcely studied due to smaller
magnetic momentum (J = L-S) and weaker spin-orbit coupling.?>?” Interestingly, lighter lanthanides, especially
samarium and neodymium, are used in classical hard magnets for industrial use (e.g. SmCos and Nd,Fe4B).?
Moreover, the magnetic properties of Nd,Fe;4B can be enhanced by doping such as dysprosium(IIl) and
cerium(III) ions .?° Thus, early Ln(III) ions also have the potential to exhibit SIM behaviour.

With the rapid progress of this field, it is convincible that designing a suitable ligand field (LF) for a
given metal ion is the most crucial task: an axially stressed LF is best for oblate-shaped Ln(II) ions while
equatorially stressed LF is for prolate-shaped Ln(IIT) ions.>® On placing a Ln(III) ion in a suitable LF, the inherent
magnetic anisotropy can be enhanced to a large extent. Being oblate, Ce(III) ion (configuration: f'; ground state:
2Fs),) requires an axially stressed LF, where the six-fold degenerate ground state is split into three sets of Kramers
pairs, |J,| = 5/2, 3/2, and 1/2, where J, sublevels with higher electron density along z axis (e.g. |J,| =1/2) are
destabilised more than |J,|=5/2 sublevels.’! To realise an easy axis anisotropy, other oblate shaped early Ln(III)
ions, such as Pr(III), Nd(III) etc., also need the same strategy as Ce(IIl) ion. Employing such a strategy, a number
of Ce and Nd ion based singe-ion magnets have been successfully designed (Tables 1 and 2).

The selective metal encapsulation chemistry of crown ethers (e.g.: Li* in 12-crown-4, Na* in 15-crown-
5, and K* in 18-crown-6 etc.), due to their precise cavity size with the metal ions, offers an opportunity for axially
stressed C, (n=4, 5, 6) symmetric LF. Like K*, the Ln(III) ions are the best fit for the cavity of 18-crown-6, while
in the case of smaller crown ethers, Ln(III) ions sit out of the cavity. As crown ether oxygen ceters interact only
weakly with the Ln(III) centres, a ligand field comprising of strong axial ligands and weak equatorial 18-crown-
633 would be expected the ideal strategy for designing high-performance SIMs derived from oblate
lanthanides.33-38

Based on these earlier observations and building up on our recent results on phosphorus ligand based
SIMs, 342 we report here a series of early Ln(IIT) (Ln: Ce, Pr, Nd, Sm and Eu) organophosphate complexes [ {(18-
crown-6)Ln(dippH);} {(18-crown-6)Ln(dippH),(dippH,)}]-[I5] [Ln= Ce (1), Pr (2), Nd (3)] and [{Ln(18-crown-
6)(dippH),(H,0)} - {I3}], [Ln= Sm (4) and Eu (5)], derived from 2,6-diisopropylphenylphosphates (dippH,) as
axial ligands, incorporating 18-crown-6 ligand in the equatorial positions. Hexadentatel8-crown-6 produces a
pseudo hexagonal equatorial plane around the Ln(III) centre. A number of oblate-shaped Ln(IIl) ion (specially
Dy(III) ion) based single-ion magnets with hexagonal equatorial plane are found to have significantly high barrier
heights of spin reversal 3233 4348 Such complexes with local hexagonal bipyramidal geometry fulfill the strong
magnetic axiality and high coordination number providing the air stability to the complexes.
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Table 1. Ce(Ill) based single-ion magnets
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(Ukfrac represents the barrier obtained from ac, S}bs%i%f}g@g% Online

1206A

measurements; U ca represents the barrier obtained from computational studies, C and n are the parameters
obtained from the fitting of temperature dependence of relaxation time plot using Raman process):

S1 | Ce(III) SIMs C.N.* Orbach Process | OQTM Raman H/O¢ Ref
no. Ueff, ac] %/ Ueff, ca Tqrm C n
/K /K | /s /s K™
1 Compound 1 9 164 | 6.0x | 671 | 0.079 - — | 350 This
1073 work
16.3 0.0025
2.2%
10°¢
2 Li(DME);[Ce™(COT"),] | 16 30 1.2x | — - - - 400 49
(1) 10
3 [Ce(NO3);(18-crown-6)] | 12 314 | 1.8 x | — - - - 1000 34
30.3 | 107 - - 0.108 | 5
2.3 x
1077
4 [Ce(NO3)5(1,10-diaza-18-| 12 44 23x | - - - - 1000 34
crown-6)] 44 108 - - 052 |5
2.6 x
1077
5 [Ce(NO;);(HLY)3] 12 375 | 2776 x | 501 | 0.076 | 0.154 | 7.36 | 3000 30
1078
6 Ce(fdh);(bpy) 8 333 | 1.8x | - - 040 |6 2000 31
107
7 [Ce(NO;);L%] 9 215 | 27%x | 317 | - - - 200 2
- 107 - 144 | 6.8 | 200
8 [Ce(ntfa);(MeOH),] 8 464 | 8.13 x| 460 | — - 2.98 | 200 33
10-10
9 [Ce(ntfa);(5,5"-Me,bipy)] | 8 13.6 | 3.53 x| 371 | — - 8.01 | 200 3
10
10 | [Ce(ntfa);(bpy).] 8 22.7 | 1.61 x | 468 | — - 1.28 | 200 3
10
11 | [Ce(dppb0,),Cl;] 6 54 2x10°| 420 | — 31 34 | 100 4
10

Where, COT"": bis(trimethylsilyl)cyclooctatetraenyl dianion; HL!= 2-methoxy-6-[(E)-phenylimino-methyl]phenol;
fdh: 1,1,1-fluoro-5,5-dimethyl-hexa-2,4-dione; bpy: 2, 2'-bipyridine; L?: ‘BuP(O)(NHPr),; Ntfa: 4,4,4-trifluoro-1-
dppbOy:

(naphthalen-2-yl)butane-1,3-dionato,

5,5

-Me,bipy:

bis(diphenylphosphino)benzene dioxide; *C.N. = coordination number

Table 2. Nd(III) based single-ion magnets

5,5'-dimethyl-2,2"-dipyridyl;

1,2-

(Uerac represents the barrier obtained from ac susceptibility

measurements; U ca represents the barrier obtained from computational studies, C and n are the parameters
obtained from the fitting of the temperature dependence of relaxation time plot using Raman process):

Sl Nd(ITI) SIMs CNA Uurac | 7/ s Ustt, et | Zoma | C n | H/Oe | Ref
no. /K /K /s /s1K™
1 Compound 3 9 6 1.0x 1075 | 259 - 501 3 1500 | This
work
2 | [NdTps] 9 |4 26x10°%] 165 |- |- 100 |
3 | [Li(DME),][Nd™(COT",] |16 |21 55x10° - I - 1000 |
s)
4 | [Nd(NO3)y(18-crown-6)] 12 299 |29x107°]- B - 1000 |
30.9 2.2 x107° - 4.1 5 1000
5 | [Nd(NOy)s(1,10-diaza-18- | 12 | 69 211019 - I - 1000 |
crown-6)] 73 1.4 x 10719 - - 0.00107 9 1000
6 | [Nd(NO,),L’]PFs.MeCN 10 |36 | 44x10° |- ~ 28 5 1000 |
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7 | [L,Nd(H,0)s][1];* LY+ (H,0) | 7 16.1 | 2.6x10*| 302 0.001f 42 x 1015 | 0_10;;/ S oben
24.7 5.0 x 10 0
39.2 8.9 x 107 0.0292 5 2000
8 | [Nd(CyPh,PO),(H,0)s]l;5 7 |- - 0.005] - 5120 59
-2(CyPh,PO)-3EtOH 6.54 | 2000
[Cp*,Nd(BPhy)] 10 417 [14x10° _ 0.0286 | 52 | 1000 |
10 | [Nd"(TTA)3(MeOH),]):0.5A] 8
Z0-py) 19.7 | 3.8 x107 0.008| - - 1000 | ©
Before heating 27.3 8.5x 1078 - -
After heating
11 | C; symmetric 9 30.7 1.1x 107 - 0.89 6.08 | 1500 | ©
[C(NH,);]5[Nd(CO3)4(H,0)]-2 1500
H,0
12 | C4 symmetric 9 9.25 | 2.1x10° - 413.85 3.63 | 1500 | ©2
[C(NH>)3]4[H;0][Nd(CO5)4(H
0)]-9.5H,0

Where, Tp—: trispyrazolylborate; L3: a single helical hexadentate Schiff base ligand; TTA=
thenoyl(trifluoro)acetonate and Azo-py = 4,4’-azopyridine; and *C.N. = coordination number

Experimental Section

Instruments and Methods: All the reactions were performed at ambient reaction conditions. Fourier-
transform infrared spectra were recorded on a Perkin Elmer Spectrum One spectrometer using KBr diluted pellets.
Microanalyses were performed on a Thermo Finnigan (FLASH EA 1112) microanalyser. Powder X-ray
diffractions were recorded on a Philips X’pert Pro (PANalytical) diffractometer using Cu Ko radiation (A =
1.54190 A). The magnetic properties of the polycrystalline samples were measured using a Quantum Design
MPMS-XL SQUID magnetometer equipped with a 7 T magnet in the temperature range 2-300 K. The data were
corrected for the background contribution and consequently the Pascal's constants. Alternating current (ac)
susceptibility measurements were performed with an oscillating ac field of 3.5 Oe oscillating at indicated
frequencies between 0.1 and 1500 Hz.

Materials: Commercial grade solvents were purified by employing conventional procedures.®
Lanthanide iodides were prepared from Ln(IIl) oxides and Hydriodic acid. 2,6-Diisopropylphenol and
phosphorous oxychloride were procured from commercial sources and used as received. 2,6-Diisopropylphenyl
phosphate was synthesised as described previously in the literature.%*

General procedure for the synthesis of compounds 1-5. To the solution of hydrated Lnl;.xH,O, (Ln=
Ce(1), Pr(2), Nd(3), Sm(4) and Eu(5) (0.1 mmol) in ethanol (5 mL), 18-crown-6 (0.2 mmol, 53 mg) was added
and stirred for an hour at room temperature, which produces a dark brown precipitate. To this reaction mixture,
methanol (10 mL) is added and stirred till the solution becomes clear yellow. A solution of 2,6-
diisopropylphenylphosphate (0.3 mmol, 77.5 mg) in methanol (5 mL) was added into it and stirred for 2 hours at
60 °C and then cooled to room temperature. The reaction mixture was filtered and the resultant yellow clear
solution was left for crystallisation at ambient temperature through slow evapoaration of the solvent to yield the
respective metal phosphats as block shaped reddish-brown crystals after 1 week.

Characterisation of [{(18-crown-6)Ce(dippH);}{(18-crown-6)Ce(dippH),(dippH)}]-[I;] (1): m.p. > 250 °C ;
FTIR (KBr, cm™): 3061 (w), 2961 (s), 2868 (m), 2356 (br), 1667 (br), 1466 (s), 1439 (s), 1382 (m), 1352 (m),1335
(s), 1255 (s), 1173 (s), 1091 (vs), 1046 (m), 964 (s), 944 (s), 912 (m), 880 (m), 840 (m), 799 (m), 769 (s), 746
(m), 660 (m), 592 (m), 548 (s), 513 (s); Anal. Found (Calculated) for CogH,5513036PcCe;,: C, 41.97 (42.20); H, 5.57
(5.72).

Characterisation of [{(18-crown-6)Pr(dippH);}{(18-crown-6)Pr(dippH) (dippH,)}]-[I5] (2): m.p. > 250 °C;
FTIR (KBr, cm™): 3062 (w), 2964 (s), 2868 (m), 2358 (br), 1658 (br), 1466 (s), 1439 (s), 1383(m), 1352 (m),1335
(s), 1255 (s), 1175 (s), 1090 (vs), 1047 (m), 963 (s), 940 (s), 908 (m), 881 (m), 840 (m), 799 (m), 764 (s), 744
(m), 655 (m), 593 (m), 540 (s), 514 (s); Anal. Found (Calculated) for CogH;5513034P¢Pry: C, 41.96 (42.11); H, 5.93
(5.71).
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Characterisation of [{(18-crown-6)Nd(dippH);}{(18-crown-6)Nd(dippH) ,(dippH)}|'[1;] (3): m.p. > 02150 ;’ggg‘?gl‘gg&e

FTIR (KBr, cm™): 3065 (w), 2959 (s), 2868 (m), 2357 (br), 1626 (br), 1467 (s), 1445 (s), 1383(m), 1349 (m),1333
(s), 1252 (s), 1176 (s), 1103 (vs), 1084 (s), 960 (s), 883 (m), 835 (m), 803 (m), 770 (s), 749 (m), 661 (m), 594
(m), 542 (s), 514 (s); Anal. Found (Calculated) for CocH5513036PcNd,: C, 42.09 (42.08) ; H, 5.54 (5.70).

Characterisation of [{Sm(18-crown-6)(dippH),(H,0)}-{I3}] (4): m.p. > 250 °C; FTIR (KBr, cm™): 3065
(W), 2964 (s), 2869 (m), 2355 (br), 1624 (br), 1466 (s), 1442 (s), 1384(m), 1362 (m), 1350 (m), 1334 (s), 1256
(s), 1178 (vs), 1105 (vs), 1084 (s), 959 (vs), 835 (m), 799 (m), 770 (s), 749 (m), 662 (m), 593 (m), 538 (s), 513
(s); Anal. Found (Calculated) for C43H79150,5P3Sm;: C, 32.78 (33.01); H, 4.69 (4.62).

Characterisation of [{Eu(18-crown-6)(dippH) ,(H,0)}-{I3}] (5): m.p. > 250 °C; FTIR (KBr, cm'): 3078
(W), 2952 (s), 2867 (m), 2348 (br), 1626 (br), 1466 (s), 1445 (s), 1383 (m), 1350 (m), 1332 (s), 1253 (s), 1176
(vs), 1105 (vs), 1083 (s), 961 (vs), 836 (m), 805 (m), 771 (s), 750 (m), 661 (m), 595 (m), 545 (s), 514 (s); Anal.
Found (Calculated) for C43H79I30,3P3Eu;: C, 32.26 (32.52); H, 4.79 (4.70).

Single crystal X-ray crystallography: Single crystals of 1-5 suitable for diffraction studies were selected
under an optical microscope and mounted on a Rigaku Saturn 724+ CCD diffractometer for unit cell determination
and intensity data collection. Data integration and indexing were carried out using CrysAlisPro software. Using
Olex software%’, the structure was solved with the ShelXT® structure solution program using Intrinsic Phasing.
The complete refinement of the structures was carried out with the ShelXL¢ refinement package using Least
Squares minimisation. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were refined
isotropically as rigid atoms.The frequency dependent ac susceptibility plots, cole-cole plots and 1/t vs 1/T plots
are fitted with CC-FIT2 software®.

Computational Details: The ab initio calculations were performed using MOLCAS 8.2 program package
using the atomic position obtained from X-ray structure. The anions were excluded from the calculations. The
basis set for our calculations was taken from the ANO-RCC library as implemented in the MOLCAS program
package. We have used the following basis sets in our calculations; [Ce.ANO-RCC...8s7p5d3f2glh.] for Ce,
[Nd.ANO-RCC...8s7p5d3f2glh.] for Nd, [P.ANO-RCC...4s3pld.] for P, [O.ANO-RCC...3s2p1d.] for O,
[C.ANO-RCC...352p.] for C and [H.ANO-RCC...2s.] for H. The Douglas-Kroll-Hess (DKH) Hamiltonian was
employed to take into account the scaler relativistic effect. The disk space of our calculations was reduced by the
Cholesky decomposition technique. The spin-free states of complexes 1 and 3 were generated by CASSCF
(complete active space self-consistent field) method with CAS(1,7) and CAS(3,7) active space, respectively.
Within this active space, we have computed the energies of 7 doublets for 1 and 35 quartets and 112 doublets for
3. The spin-orbit coupling between these spin-free states was considered perturbatively by the restricted active
space state interaction (RASSI) method. We have not performed CASPT?2 calculations due to the dominant ionic
character of the Ln-ligand bond. Finally, the g tensor, magnetic moment, QTM/TA-QTM, blocking barrier etc.,
were computed from the SINGLE ANISO module of MOLCAS.

Results and Discussion

Synthetic aspects: Considering the perfect fitting of Ln(III) ions in the void of 18-crown-6 as well as
oxophilicity nature of Ln(III) ions, an organophosphate monoester (2,6-diisopropylphenylphosphate, dippH,) and
18-crown-6 are used to design a suitable ligand field around the mentioned early Ln(III) ions. Fully deprotonated
organophosphates (ArOPOs%) generally act as polydentate ligands which produce either polynuclear clusters or
polymers.3*-40 Such polymerisation is controlled in this work by stopping dippH, from fully deprotonation, by
carrying out the reaction in the absence of any base. This strategy successfully yields mononuclear 18-crown-6
ether encapsulated Ln(III) organophosphates. The reactions between Lnl;.xH,0, 18-crown-6 and dippH, (1:2:3)
were carried out at 60 °C in a solvent-mixture of ethanol and methanol (Scheme-1). On evaporation of the reaction
mixture, compounds 1-5 are obtained as air-stable blocked shaped reddish-brown crystals within a period of 1-2
weeks. All the five compounds were characterised by means of different analytical and spectroscopic techniques.
Further, the molecular structures of all the molecules are have been established by the single crystal X-ray
diffraction studies. The phase purity of all the complexes is confirmed with the help of powder X-Ray diffraction
studies on polycrystalline samples.
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Scheme-1: General synthetic scheme of 1-5

Molecular structure of 1-3: Slow evaporation of the respective reaction mixtures from the reaction
between respective hydrated Ln(III) iodides, 18-crown-6 and dippH, in a solvent mixture of methanol and ethanol
yield air-stable reddish-brown coloured good quality crystals under ambient conditions. Single crystal X-ray
diffraction studies reveal that all the three mononuclear complexes crystallise in a triclinic space group P1, (1 and
2 are isostructural).

In all the three cases, Ln(III) centre fits perfectly at the void of 18-crown-6 and thus it wraps the Ln(II)
ions through the equatorial plane in a non-planar fashion, as all the atoms of the crown are sp® hybridised (figure
1b, 1c). The three monocoordinated organophosphate ligands coordinate to the Ln(III) centre through axial
positions in “Y” fashion. The lattice triiodide ion is present at the centre of inversion, which is shared by two
symmetrically equivalent Ln-moeities. Thus, the asymmetric unit has half of I;” ion along with one Ln complex.
Thus, the full molecule of this class can be represented as [{(18-crown-6)Ln(dippH);}{(18-crown-
6)Ln(dippH),(dippH,)}]-[15] (Ln: Ce(1), Pr(2) and Nd(3) ). The asymmetric unit and molecular structure of 1 is
shown as representative example of 1-3. The asymmetric units and molecular strutures of 2 and 3 are also shown
in figure S3 and S5. The average axial Ln-O(P) bond distances are shorter as compared to the average equatorial
Ln-O(crown) distances in 1-3 (Table-3), expecting an axially stressed ligand field around the metal centres. Such
an axially stressed ligand field is suitable for all the three Ln(III) ions (Ce(III), Pr(III) and Nd(III) as they possess
oblate-shaped f-electron cloud. The selected bond lengths and bond angles of 1-3 are listed in table S1-S3
respectively.


https://doi.org/10.1039/d3dt01206a

Page 7 of 18 Dalton Transactions

View Article Online

DOI: 10.1039/D3DT01206A

-

Figure 1. Molecular structure of 1. (a) The asymmetric unit and (b) full molecule of 1. (¢) Muffin shaped
coordination polyhedra around the nine-coordinated Ce(III) ion. (d) The side view and (e) top view of the binding
mode of 18-crown-6 to Ce(IIl) centre, coordinates in a wavy fashion. The hydrogen atoms (except H11 present in
the spatial position) and the solvent molecules are omitted for clarity. The coordination mode of 18-crown-6 and
muffin shaped cordiantion polyhedra are same for all the three complexes, hence those of 1 are shown as
representative case.

Molecular structure of 4 and 5: By employing the same reaction strategy of 1-3, reddish brown coloured
crystals of 4 and 5 were obtained by slow evaporation of the solvent from the reaction mixture. The solid-state
structures of both the complexes determined by single-crystal X-ray diffraction studies reveal that both 4 and 5

Published on 24 May 2023. Downloaded by INDIAN INSTITUTE OF TECHNOLOGY BOMBAY on 5/27/2023 3:31:16 PM.

are mononuclear complexes, crystallise in triclinic P1 space group. The asymmetric unit of 4 contains one
complete molecule of 4 along with one I3~ anion and one water molecule in the lattice. The asymmetric unit of 5
has two complete molecules along with two I3~ anions, along with lattice ethanol molecule in the lattice. The
molecular structure of 5 is shown in Figure 2a. The core structure of 4 and 5 are slightly different from 1-3. Instead
of three axial arylphosphates in 1-3, in case of 4 and 5, two arylphosphates along with one water molecule occupy
the three axial positions. Despite the fact that the same stoichiometry of metal and ligand was maintained
(metal:ligand = 1:3) throughout the synthesis of all the five complexes, the resultant products have significant
differences in the coordination environment. This can be attributed to the relatively smaller size of Sm(III) and
Eu(III) as compared to Ce(III), Pr(III) and Nd(III). The smaller size prevents the third arylphosphate moiety from
binding to the metal centres in 4 and 5. Both the arylphosphates are mono-deprotonated (dippH™) and the triiodide
ion present in the lattice maintains the charge neutrality.
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b)

d)

0

Figure 2. (a) Molecular structure of 5. The hydrogen atoms and the solvent molecules are omitted for clarity. (b)
The side view and (c) the top view of the binding mode of 18-crown-6 to the Eu(III) centre, coordinates in a wavy
fashion. (d) The coordination environment of nine-coordinated Eu(III) ion. The molecular structure of 4 is added
in ESL.

Due to the presence of bulky organophosphate ligands, the cyclic crown ethers, large triiodide ions and
the other lattice solvent molecules facilitate the long separation of the Ln(III) ions, ranging from 9.8 to 10.8 A
(Table S7). The lattice arrangement in 2 and 5 are depicted in figure 3 (See ESI for 1, 3 and 4). The large distance
between any two Ln(III) ions reduces the probalilty of any intermolecular magnetic interactions.

Figure 3. Lattice arrangement of (a) 2 and (b) 5 viewed along b-axis. H atoms are omitted for clarity, disordered
I; ions with largest occupancy is shown here. Colour code: Pr, orange; P, pink; O, red; black, carbon and I, violet.
Due to the bulkiness in the phenyl rings and lattice triiodide anions and solvent molecules, Ln(III) centres are
separated by at least 9.83 A (in 2) and 10.84 A (in 5).

SHAPE analysis of 1-5. The coordination environments around the nine-coordinated Ln(III) ions have
been analysed by continuous SHAPE measurements using SHAPE 2.1 software®. The continuous SHAPE

/D3DT01206A
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measurements reveal that the {LnOo} cores in 1-5 has minimal deviation from the ideal Cs symmetry, f&?&?@f}%@%‘%ﬁ%ﬁ
a muffin shaped geometry around the Ln(III) ions in all the five complexes 1-5. The muffin shaped polyhedra of
1 and 5 are shown in Figures 1c¢ and 2d (also see ESI). The deviation from the perfect geometry in {LnOy} core

is listed in table S8.

Effect of lanthanide contraction: The difference in axial coordination in 1-3 (three phosphates) from 4,
5 (two phosphates and one water molecule) is consistent with the lanthanide contraction. Due to the gradual
decreasing ionic radii from Ce(IIl) to Eu(Ill), three sterically hindered phosphates are not able to find enough
room for coordination to Ln(IIl) centres in 4 and 5, instead, the third position is occupied by a sterically dwarf
water molecule. To understand the effect of size of the Ln(III) ions, we have sanalysed the effect of lanthanide
contraction on the average Ln-O bond lengths. It has been observed that the average Ln-O bond lengths decreases
gradually from 1-5 with the same trend of decreasing ionic size. The decreasing Ln-O distance and the ionic radii
due to lanthanide contraction is portrayed in Figure 4 and Table 3.

Table 3: Ln-O bond comparison in 1-5.

Complex Average Average Average Ionic radii of
Ln-O (axial) /A Ln-O (equatorial) /A Ln-O /A Ln(III) /A
1 2.383 2.654 2.564 10.10
2 2.362 2.622 2.535 9.90
3 2.351 2.608 2.522 9.83
4 2.324 2.559 2.481 9.58
5 2.292 2.560 2471 94.7
2.58 - =@~ Ln(III) ionic radii
2.56 (s} =@— Average Ln-O bond distances
2.54+ \o
2.52- o
« 2501 \
g;- 2.48 1 o— °
= T o
8 100 T~
.9 0-"-'-—-_.
85 0.984 0\
0.96 )
\0
0.94 4
0.92 T T T T T
1 2 3 4 5

Complex

Figure 4. The plot of average Ln-O bond lengths in 1-5 (red) and ionic radii of different Ln(III) ions in octahedral
symmetry (black). The variation in the average Ln-O bond lengths exactly follows the lanthanide contraction trend.
The ionic radii of trivalent lanthanide ions are taken from Shannon-Prewitt ionic radius.”

Power X-ray diffraction studies of 1-5: In order to confirm the phase purity of the compounds in bulk
amount, powder X-Ray diffraction (PXRD) analysis were being carried out on the polycrystalline samples of 1-
5. The agreement of the experiemantal PXRD pattern with the simulated PXRD pattern obtained from the single
crystal X-ray diffractometer analysis confirms the purity of these compounds in the bulk phase (Figure S11).

Magnetic properties of 1-4: The static and dynamic properties of the crown-ether-based lanthanide
organophosphates have been investigated with the help of direct current (dc) and alternating current (ac) magnetic

9
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susceptibility measurements using an MPMS-XL SQUID magnetometer equipped with a 7.0 T magnet, %j‘%%i‘?‘gl%ggi

magnetic measurements of 1-4 were carried out on the phase pure powered polycrystalline samples.

The temperature dependence of magnetisation is carried out in the temperature range of 2-300 K under an
applied field of 1000 Oe. The y,,T values obtained experimentally for 1-4 are 0.94 cm? K mol ™!, 1.45 cm? K mol™!,
1.48 cm*K mol ™' and 0.48 cm?*Kmol ™, respectively. These values are in good agreement with the calculated values
for the respective isolated non-interacting lanthanide ions, except Sm(III), at 300 K [Ce(III) ion: ground state term:
2F’s, calculated yy,T value: 0.81 cm3 K mol™!; Pr(IIl) ion: ground state term: 3Hy, calculated y,,7 value: 1.60 cm3K
mol~!; Nd(IIT) ion: ground state term: “lo,, calculated y;,T value: 1.64 cm3 K mol™!; Sm(III) ion: ground state term:
%H;,, and calculated yT value: 0.09 ¢cm?® K mol-']. The temperature dependence of magnetisation is depicted in
Figure S12. The room temperature y,,T value for 4 is higher than the calculated y,,T value for an isolated non-
interacting Sm(III) ion (S = 5/2, L =5, J = 5/2, g;=2/7). The ground-state multiplet (J = 5/2) of the free ion Sm(III)
is separated from the first excited multiplet (/ = 7/2) by only a small energy separation. In consequence, the
susceptibilities observed are usually higher in the case of the samarium complex due to the admixture of states, as
witnessed in some reported complexes of samarium(IIT).”!

To investigate the existence of magnetic anisotropy, ac susceptibility measurements have been carried out
on the polycrystalline samples of 1-4 in the presence of an oscillating field of 3.5 Oe within a frequency range of
0.1-1500 Hz. None of the compounds shows frequency-dependent out-of-phase ac susceptibility signals (¥'") in the
absence of any static magnetic field. This indicates that strong quantum tunnelling of magnetisation (QTM) is
operative. As QTM can be quenched or partially suppressed by the application of an external magnetic field, the
ac measurements were performed in the presence of the applied field. The field required to quench the QTM varies
from molecule to molecule. At a specific external field, called an optimum field, QTM is suppressed to the greatest
extent. The ac susceptibility measurements were carried out in the presence of various external fields in the range
of 50-4000 Oe at 1.8K to determine the optimum magnetic field. Non-zero frequency dependent out-of-phase ac
susceptibility signals (y'") were observed for 1 and 3. Still, there was no out-of-phase signals in the case of 2 and 4,
indicating that 1 and 3 behave as field-induced single-ion magnets. At the same time, 2 and 4 do not possess any
such behaviour even on the application of a high dc magnetic field.

In the case of 1, a small dc field of 350 Oe is enough to quench the undesired tunnelling to the greatest
extent. Thus, all the ac susceptibility measurements have been carried out in the presence of this optimum dc
magnetic field. Under the optimum magnetic field, there exists frequency dependence of out-of-phase magnetic
susceptibility (') signals in the temperature range of 1.8 K-3.6 K. The frequency dependent in-phase (y') and
out-of-phase susceptibility (y'') components are shown in Figure 5a. There are two distinct relaxation pathways
observed corresponding to the high-frequency peaks (fast relaxation, FR) and low-frequency peaks (slow
relaxation, SR).” The two semicircular shaped Cole-Cole plot (¥’ vs ') of 1 also confirms the existence of two
relaxation processes (Figure 5c). Thus the plot is well-fitted to a modified Debye model, by considering two
relaxation pathways, indicating the presence of a narrow distribution of relaxation time (0.11<a;<0.17 and
0.18<0,<0.27) (table S9). The temperature dependence of relaxation time ( 7) associated with 1 has been estimated
by plotting 1/7vs 1/T (5e, 5f). The nonlinearity of the 1/7 vs 1/T plot indicates the existence of more than one
relaxation process in the relaxation dynamics of 1. The dependency of relaxation time on temperature is different
for different types of relaxation processes, except quantum tunnelling of magnetisation (QTM), which is not
dependent on temperature. This can be summarised as follows:

1/7=1/tqrm + AT + CT" + 1, exp (~UettkpT) «ovvvvnvnnenn Equation-1

Where the first term on the right-hand side of equation-1 denotes the relaxation of magnetisation through
QTM, the second and third terms represent the relaxation via direct and Raman processes respectively, and the
last term corresponds to the thermally-assisted Orbach relaxation pathway.

The high temperature region of 1/z vs T plot is linearly fitted well using the Arrhenius equation, 7! = z,’!
exp(—U.s/kgT), estimating U= 16.4(9) K, 7o = 6(1) x 1073 s for fast relaxation (FR) and U= 16.3(2) K, 7y =
2(1) x 107 s for slow relaxation (SR). The overall 1/7 vs T plot can be best fitted by considering Orbach and QTM
pathways (tgrm= 0.079 s in FR and 0.0025 s in SR). Even if the barrier heights for both the FR and SR are same,
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there are two distinct relaxation processes (figure 5a and 5c). This is likely due to two structurally Blérlnllgrl § %@3‘?&%3
monomers possibly having different extents of dominance of QTM and Orbach processes in the overall relaxation
dynamics of 1. These barrier heights associated with 1 are comparable with the previously reported Ce(III) based

single-ion magnets (Table 1).3% 49527375 The fitting of the nonlinear plot of 1/z vs T is depicted in Figure Se-5f.

Similar to 1, y" signals were absent in the case of 3 in the absence of any bias magnetic field. Thus, the
optimum field is determined by collecting %'’ signals at 1.8 K in the frequency range of 0.1-1500 Hz from 0 to
4000 Oe (figure S14). The QTM functioned on 3 is suppressed/quenched to the greatest extent in the presence of
the optimum dc field, viz. 1500 Oe. Under this optimum field, frequency and temperature dependence y" signals
were observed up to a temperature range of 1.8-2.6 K. Frequency-dependent in-phase (y’) and out-of-phase
susceptibility (y”) components for 3 are depicted in Figure 5b which clearly show a single maximum over the
whole frequency range which shift towards higher frequency on increasing temperature. The Cole-Cole plot of 3
confirms that the single relaxation process is operative throughout the relaxation, unlike 1. The Cole-Cole plot is
fitted with a generalised Debye equation (Figure 5d). The fitting shows a very narrow distribution of relaxation
time with a range of 0.08 to 0.11 (Table S10). The temperature dependence of relaxation time (7) for 3 can be
obtained by plotting 1/7vs T. The linear plot of 1/7vs T can be well fitted by the Orbach process, considering the
Arrhenius equation, with U= 6.0 K and z,= 1.0 x 1075 s. However, at the low temperature range (up to 3K), the
Raman as well as the QTM are operative over the Orbach process. Attempts to fit the plot considering different
combinations of relaxation processes other than Orbach were not successful. This plot can be best fitted by
considering only Raman process with the parameters C= 1027® s~ K and n=3(2). Thus, the slow relaxation of
magnetisation dynamics in 3 is dominated by the Raman process.
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Figure 5: Frequency-dependent in-phase and out-of-phase susceptibility signals of (a) 1 and (b) 3 at the indicated
temperature range in the presence of an external magnetic field (350 Oe for 1 and 1500 Oe for 3). The cole-cole
plot of (¢) 1 and (d) 3. The plot of 1/zvs T for (e-f) 1 and (g) 3. The plots for 1 are well fitted by considering
Orbach (dotted red) and QTM (dotted green) (5e corresponds to SR and 5f corresponds to FR), while that of 3 are

well fitted by considering Raman process.

The ac susceptibility measurements on 2 and 4 were also carried out to find whether these molecules can
possess any slow relaxation of magnetisation behaviour. However, there is no significant frequency dependence in
phase and out-of-phase magnetic susceptibility signals observed even in the presence of an external magnetic field.
This suggests that 2 and 4 do not behave as single-ion magnets.
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Theoretical calculations. To get further insight into the magnetisation relaxationD Otp?ofgéj‘g%@‘gl%g;
CASSCF/RASSI-SO/SINGLE ANISO calculations were performed on complexes 1 and 3 using MOLCAS 8.2
program package. The Ce(IIT) and Nd(III) ions possess 4! and 4f3 electron configurations, resulting in the 2Fs, and
4Ty, ground states, respectively. The ab initio calculations unveil axial anisotropy in both complexes with relatively
large g, values (Table 4-5). We have estimated the crystal field parameters in both complexes using Stevens

Zi tzB%Oz, where Bf is the crystal field parameter (CFP) and Of is the Stevens

operator. The probability of QTM becomes higher when non-axial terms (k = 2, 4, 6 and q # 0) are larger or

Hamiltonian, H¢p = Zk —246 2

comparable to the axial terms (k =2, 4, 6 and q = 0). Here, the negative B 9 values indicate the significant axiality
in both complexes (Table 4). The computed g tensor (g, = 0.553, g, = 0.784 and g, = 3.670 for 1 and g, = 0.590, g,
=1.041 and g, = 5.390 for 3, see Table 4-5) reveals significant transverse anisotropy in the ground KD which is
also reflected in the calculated non-negligible QTM values of ca 0.20 w5 (see Figure 6a-6d). The ground state of
complexes 1 and 3 are found to possess a dominant contribution from my = [+5/2> and m; = [£9/2>, respectively,
where non-negligible mixing among other states explains the field-induced SIM behaviour of both complexes. The
orientation of the computed g,, axis is shown in Figure 6. Basically, it is oriented in such a way that it avoids the
oblate 4f electron density in the ground state and 4f electron density lies along the longest metal-ligand bond. A
very large QTM computed reveals that these molecules are unlikely to exhibit SIM behaviour at zero-field, as
observed in the experiments. However, if a very large magnetic field is applied, this may partially quench the QTM
at the ground state allowing relaxation via the first excited state. As demonstrated in the experiments, the optimum
field for 1 and 3 are 350 Oe and 1500 Oe, respectively. We have then extended the mechanism to the first excited
state, assuming complete quenching of the ground state QTM, though this is expected to overestimate the

theoretical barrier height.
© B ®
e .

0,82 0.18[£1/2: .84[47/2>+0.001£5/2>+0,05[+3/2.
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Figure 6: The computed g,, axis of the ground state of complex (a) 1 (c) 3 (e) 1a, (g) 3a. Colour code: Ce-blue
white, Nd-yellow, P-green, O-red, C-grey. Hydrogens are omitted for clarity. The mechanism of magnetisation
relaxation of (c) 1 (d) 3. Here, the red arrows denote the QTM via the ground state and TA-QTM via the first
excited state. The blue arrow denotes the Orbach process, and the green arrow signifies the most probable pathway
of magnetisation relaxation. The blue characters represent the m; composition of a KD.

The computed three KDs (belonging to 2Fs,) for 1 are found to span up to 978.8 cm’!, while the five KDs
(belonging to *Io),) for 3 span up to 480.0 cm!. The first excited KDs show significant mixing among my states (m;
= |£3/2> and |£7/2> is dominant for 1 and 3 respectively) which leads to the very large transverse anisotropy (g, =
0.134, g,=0.947 and g, =2.523 for 1 and g, = 3.180, gy = 1.906 and g, = 0.357 for 3, see Table 4-5). This promotes
significant TA-QTM (thermally assisted QTM) for magnetisation relaxation. On the other hand, the g,, axis of the
first excited KDs strongly deviates from the ground KDs, reinforcing the magnetisation relaxation via the first
excited KDs (Table 4-5). This results in the U, value of 467.0 and 185.3 cm! for complexes 1 and 3, respectively.
The computed U, values are significantly overestimated compared to the experimental U, values, as expected.
The larger U, value of 1 compared to 3 can be explained by the larger value of BY CFP in the former compared to
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the latter (Table S11). This is also correlated with the computed Loprop charges, where the charf%:él;rll ot_}11c% osas ol

ether are lower in 1 compared to 3, resulting in a stronger stabilisation of the oblate electron density in the former
(see Table S12).

To determine the role of equatorial crown ether in the magnetisation relaxation dynamics, we have
removed 18-crown-6 from complexes 1 and 3, resulting in models 1a and 3a, respectively (Figures 6e and 6h). The
ab initio calculations on model 1a and 3a reveal quenching of QTM in the ground KDs, which is reflected in the
negligible transverse anisotropy (gx = 0.063, g, = 0.134, g, = 4.089 for 1a and g, = 0.049, g, = 0.062, g, = 6.096
for 3a, see Figures 6f and 6h, Tables S13-14). This is also reflected in large BY CF parameter and almost pure my;
ground state (Tables S11 and S13-14). Furthermore, the computed KDs are found to span 2179.1 and 830.3 cm’!
in 1a and 3a, respectively, two times larger than 1 and 3 (Figures 6f and 6h). The magnetisation relaxation occurs
via second excited KDs due to the significant TA-QTM and large deviation of the g, axis with the ground state.
This results in the Uy, value of 1128.2 and 449.6 cm! for 1a and 3a, respectively. A large increase in the Uy, value
in the model complexes can be ascribed to a large equatorial ligand field from six oxygen donor atoms of the crown
ligand and also its non-planarity. Therefore to increase the blocking barrier, the number of donor atoms in the
crown ligand can be decreased. Removing one of the organophosphates at the axial position by employing a bulkier
phosphate would also significantly strengthen the axiality and improve the SIM characteristics.

Table 4. The CASSCF/RASSI-SO/SINGLE_ANISO calculated g tensor, m; composition and g,, angles of three
ground state KDs of 1.

Energy (cm™) 8« gy gz mjy composition Angle between g,, of higher
KDs with KD1 (°)
0.0 0.553 0.784 3.670 0.96|£5/2>
467.0 0.134 0.947 2.523 0.83]£3/2>+0.13|+1/2> 46.5
978.8 0.589 1.642 3.261 0.85|+1/2>+0.13|+3/2> 76.7

Table 5. The CASSCF/RASSI-SO/SINGLE_ANISO calculated g tensor, m; composition and g,, angles of three
ground state KDs of 3.

Energy S« 8y . mjy composition Angle between g,, of
(cm™) higher KDs with KD1 (°)
0.0 0.590 | 1.041 | 5.390 0.85[+9/2>+0.06|+1/2>
185.3 3.180 | 1.906 | 0.357 0.48|£7/2>+0.35[£5/2>+0.11]+3/2> 27.5
256.1 0.570 | 1.704 | 4.250 0.42[£3/2>+0.39[£5/2>+0.06|+7/2> 111.3
366.0 0.029 | 0.889 | 4.019 0.54[£1/2>+0.24[£3/2>+0.12|+7/2> 90.2
480.0 0.343 | 0.866 | 4.432 | 0.30[+7/2>+0.28|+1/2>+0.20|+5/2>+0.18|+ 94.6
3/2>
Conclusions

Placing an equatorial ligand-field through hexadentate 18-crown-6 and facilitating further coordination by a bulky
phosphate (dippH,) or water ligand in the axial positions, five new mononuclear early Ln(IlI) organophosphate
have been synthesised and characterised. Single-crystal X-ray diffraction studies reveal that Ln(IlI) centres in all
the five complexes are in muffin-shaped coordination sphere, where the equatorial plane is occupied by 18-crown-6
molecule while three phosphates are present in the axial positions in 1-3 or two phosphates along with one water
are present in the axial positions in 4 and 5. Such structural modifications are attributable to the lanthanide
contraction. Both dc and ac susceptibility measurements carried out on 1-4 reveal that 1 and 3 exhibit slow
relaxation of magnetisation in the presence of applied magnetic field. The relaxation dynamics associated with the
slow relaxation of magnetisation of 1 and 3 have been investigated in detail, unveiling a rare pair of field-induced
Ce and Nd SIMs with a performance similar to a handful of examples reported so far. The CASSCF calculations
reveal that the ligand stabilises the highest m; as the ground state for both the Ce and Nd complexes, but the
transverse anisotropy is significant that facilitates strong ground state QTM effects. Efforts are underway in our
laboratory to improve the SIM characteristics further by designing bulkier organophosphate ligands.
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