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Abstract

We hereby report a dinuclear Dy(Ill) complex, [Dy(LHs3)Cl;].-2Et,O (1) (LH4 = 2,3-
dihydroxybenzylidene)-2-(hydroxyimino)propanehydrazide) where both the metal centres are
in a pentagonal bipyramidal (PBP) geometry with the axial positions being occupied by
negatively charged CI" ions. The complex as well as it’s 10% diluted analogue (1;0) do not
show zero-field SMM behaviour. However, in the presence of small optimum dc fields the
slow relaxation of magnetization was displayed. The effective energy barrier for 1o at 800
Oe of applied field was extracted as 83(17) K with %= 2(4)x10™? s. Through a combined
experimental and ab initio electronic structure calculations studies we have thoroughly
analysed the role of the ligand field around the Dy(lll), present in pentagonal bipyramidal

geometry, in contributing to the slow relaxation of magnetization.

Introduction

The discovery that [Mn;,012(CH3C0O0);6(H20)4] displayed single-molecule magnet (SMM)
behaviour® kicked off intense activity in this area in a truly interdisciplinary manner with the
participation of researchers of various backgrounds encompassing experimental and
theoretical aspects of chemistry, physics and materials science.? Although the initial interest

was primarily focused on polynuclear transition metal complexes,®®

it soon spread to
heterometallic polynuclear 3d/4f complexes’™® as well as polynuclear complexes containing
lanthanide ions.***? More recently, there has also been interest in coordination complexes

1321 as well as those that contain actinide metal ions?*%, SMMs

containing 4d/5d metal ions
possess a distinctive bistable ground state and upon magnetization one of these states is
populated exclusively. The barrier of magnetization reversal for polynuclear transition metal

complexes, Ug, depends on both the ground state spin, S and the zero-field splitting
parameter D (Uess = |D|S? when S is even and |D|(S? — %)when S is odd) with the caveat that

many relaxation mechanisms exist, including quantum tunnelling of magnetization, that can



undercut the barrier. While the initial efforts were focused on maximizing the ground state
spin S, the realization that a linear increase of S does not lead to a corresponding increase in
D,? led the re-alignment of the focus of design and assembly to simpler systems containing a
fewer number of metal ions with the extreme limit being one.*® The latter are referred to as
mononuclear single-molecule magnets (MSMMs) or single-ion magnets (SIMs). In these
cases, the emphasis was on achieving a large magnetic anisotropy while retaining a
reasonably high value of ground state spin. Many lanthanide ions such as Dy(l1l), Tb(llI) or
Er(1l1) possessing an intrinsic unquenched spin-orbital angular momentum became the
natural targets for designing SMMs/SIMs. Among these metal ions Dy(l1) is a Kramers ion
and therefore possesses an additional advantage of always possessing a bistable ground state.
It is not surprising therefore that the complexes possessing the highest values of blocking
temperature (temperatures below which the magnetization is retained/blocked) happen to
involve lanthanide metal ions: [(Cp®°)Dy(Cp*)]* where Cp™ is penta-iso-
propylcyclopentadienyl; Cp*is pentamethylcyclopentadienyl (80 K):*! [(Cp™),Dy]* where
Cp™=1,2,4-tri(tert-butyl)cyclopentadienide (60 K)3* *. Long and co-workers have suggested
a qualitative prescription of maximizing the single-ion anisotropy of lanthanide ions in a
molecular complex by arguing that oblate shaped lanthanide ions like Dy(l11), Tb(l111), Nd(111)
would require a strong axial crystal field to maximize magnetic anisotropy while prolate ions
such as Er(111), Yb(IIl) or Sm(lll) would require equatorial fields.** The influence of
coordination number and geometry in SIMs was assessed by Ungur et al. by theoretical
calculations on the hypothetical [DyF.]>™ complexes.*® These studies revealed that two-
coordinate [DyF,] species having a linear geometry had the highest splitting of the crystal-
field (CF) doublets of the ground state m; = **/, manifold leading to a very high Uet value of
around 1800 cm™. Similarly, in an earlier study performed by Chilton the requirement of

axial ligand field for high temperature SMMs had also been estimated.*® However, from a



synthetic point of view, such complexes are elusive. Instead, pseudo linear coordination
geometry like pentagonal bipyramid (PBP) possessing a very strong axial crystal field and
somewhat weak equatorial field, could be prepared and their properties be assessed.®’
Examples of such mononuclear complexes including [Dy(bbpen)Br](H.bbpen=N,N"-bis(2-
hydroxybenzyl)-N,N'"-bis(2-methylpyridyl)ethylenediamine);*®  [Dy(O'Bu).(py)s][BPh4];*
[L.Dy(H20)s][1]5 (L= (‘BUPO(NH'Pr),)]*° and dinuclear complexes such as [{Ln(Cp*)x(u-
MesAINEts) },][A{OC(CF3)s}al2;*  [DysLa(u-Clya(thf),]  (LH2=(N-(2-pyridylmethyl)-N,N-
bis(2’-hydroxy-3’,5°-di-tertbutylbenzyl)amine));**  [{Dy(;°-Cp*)}2(u-BHa){n°:n>- (1,1',3,3'-

(Cs'BuoH.),}* or a series of (Co,"'Dy,"") systems*

vindicate the validity of the above
argument. In this pursuit, we report, a dinuclear Dy(l11) complex, [Dy(LH3)Cl;],-2Et,0 (1)
where not only both the metal centers possess PBP geometry with a quasi Ds, symmetry but

where the axial positions are occupied by negatively charged chloride ligands.

Experimental Section

Solvents used in this work were purified according to standard procedures.*” DyCls-6H-0,
2,3-Dihydroxybenzaldehyde were obtained from Sigma Aldrich Chemical Co. and were used
as received. Hydrazine hydrate (80%), ethyl pyruvate, hydroxylamine hydrochloride, sodium
acetate, and sodium sulfate (anhydrous) were obtained from S.D. Fine Chemicals, Mumbai,

India and were used as such.
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 between 400-4000 cm™. 'H NMR spectra were recorded 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).



Elemental analyses of the compounds were obtained from Thermoquest CE instruments
CHNS-O, EA/110 model. Electrospray ionization mass spectrometry (ESI-MS) spectra were
recorded on a Micromass Quattro Il triple quadrupole mass spectrometer. Methanol was used
as the solvent for the electrospray ionization.

The SCXRD data for the complexes have been collected on a Bruker SMART CCD
diffractometer (MoKa radiation, A = 0.71073 A). Collecting frames of data, indexing
reflections, and determining lattice parameters was done by the program SMART, integrating
the intensity of reflections and scaling was done by SAINT, SADABS* for absorption
correction, and SHELXTL® for space group and structure determination and least-squares
refinements on F2. The crystal structures were solved and refined by full-matrix least-squares
methods against F? by using the program SHELXL-2014° using Olex-2 software®*. All other
non-hydrogen atoms were refined with anisotropic displacement parameters. The position of
the hydrogen atoms was fixed at calculated positions and refined isotropically thoroughly.
The crystallographic figures have been generated using Diamond 3.1e program.®® The crystal
data and the cell parameters for the complexes are summarized in Table S1. Crystallographic
data (excluding structure factors) for the structures have been deposited with the Cambridge
Crystallographic Data Centre (CCDC no 2004909-2004910). Copies of the data can be
obtained, free of charge, on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
U.K.: http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi, e-mail: data_request@ccdc.cam.ac.uk,
or fax: +44 1223 336033.

The dc magnetic susceptibility measurements were performed on solid polycrystalline
samples with a Quantum Design MPMS-XL SQUID magnetometer between 2 and 300 K in
applied magnetic field of 200 Oe for temperatures between 2-20 K, 2 kOe between 20 and 80
K and 10 kOe above. The sample was immobilized in a pellet made with Teflon tape. These

measurements were all corrected for the diamagnetic contribution as calculated with Pascal’s



constants. The ac magnetic susceptibility measurements were performed on Quantum Design
MPMS-XL SQUID magnetometer in the frequency range of 1 to 1000 Hz.

Computational Details

All the calculations were performed on the X-ray crystal structure, where the positions of
hydrogens were optimized with ORCA code >* >* using BP86 functional and def2-SVP type
basis set (see ESI for optimized coordinates). All the quantum chemical calculations were
performed using MOLCAS 8.2.° The spin-Hamiltonian parameters were calculated by using
a complete active space self-consistent field (CASSCF) method. We have employed the
[ANO-RCC...8s7p5d3f2g1h] basis set for Dy and Lu atoms, the [ANO-RCC...4s3p1d] basis
set for Cl atom, the [ANO-RCC... 3s2pld] basis set for O and N atoms, the [ANO-
RCC...3s2p] for the rest C, and the [ANO-RCC...2s] basis set for H atoms.”® °" For
calculations of single-ion properties of Dy(l1) ion in complex 1, we have replaced one of the
two Dy(lll) ions by the diamagnetic Lu(lll) ion in the crystal structure. The electronic
configuration of the Dy(lll) ion is 4f> possessing °His» ground state. The active space
comprised of CAS(9,7), i.e., all the nine active f-electron in the seven active f-orbitals, was
used for calculation of magnetic properties. Using this active space, we have computed 21
spin-free sextet states and 224 quartet states, and subsequently, we mixed 21-spin-free sextet
and 108 quartet states below ~ 40000 cm™ in the spin-orbit restricted active space state
interaction (SO-RASSI) module *® to compute the spin-orbit states. We have also computed
SOC states using only 21 spin-free sextet states. These computed spin-orbit states were then
used to compute the g-values, crystal field parameters, and transition magnetic moment
matrix for individual Dy(I11) ions using the SINGLE_ANISO module as implemented in the
MOLCAS 8.2 code.>® The Cholesky decomposition for two-electron integrals was employed
throughout the calculations to save the disk space. The exchange spectrum (dipolar and

exchange contributions), along with the magnetic properties of the dinuclear compound, was



simulated using POLY_ANISO code based on obtained results from the ab initio
calculations. The POLY_ANISO code has been successfully used to simulate the magnetic

properties of highly anisotropic polynuclear complexes. 86% 6264

To compute the isotropic part of the exchange interaction, broken-symmetry density
functional theory (BS-DFT) calculations with B3LYP exchange-correlation functional were
performed in ORCA 4.2.1 code.>® > Dispersion corrections were treated by Grimme’s atom-
pairwise dispersion correction approach. Calculations were performed on the isotropic
Gd(I1)-Gd(I1) dinuclear complex, and the J values were further scaled for Dy(lll) by a
factor 49/25 as mentioned earlier.®> ®® Scalar relativistic effects were incorporated through
Douglas-Kroll-Hess (DKH) approximation.®” Here, we have used all-electron scalar
relativistic (SARC) basis set for Gd,*® in combination with DKH reconstructed versions of
def2 —type basis sets; DKH-def2-TZVP for Cl and DKH-def2-SVP for the rest of the atoms
as implemented in ORCA code. Resolution of identity chain-of-spheres (RIJCOSX)
approximation, increased grid settings (GRIDX9 for Gd and GRIDX6 for rest of the atoms)
along with corresponding auxiliary basis sets were used to speed up the calculations. The
exchange coupling was computed with the Yamaguchi formula®® by scaling the energy
difference between the high-spin and broken-symmetry solutions according to their spin

expectation values.

Synthesis

The ligand LH, is synthesised according to our previously reported procedure.”

Synthesis of [Dy(LH3)Cl,].-2Et,0O (1)

To a 30 mL ethanolic solution of 0.048 g LH,4 (0.2 mmol) in a 100 mL round bottom flask
was added 0.075 g (0.2 mmol) of DyCl3-6H,O and stirred at room temperature for 2h
followed by complete evaporation of the solvent in vacuo. The obtained semisolid was

washed thoroughly with diethyl ether followed by drying and re-dissolving in 2-3 mL of



ethanol. Yellow crystals were obtained by slow diffusion of diethyl ether into the ethanol
solution of the compound at room temperature. Yield: 0.099 g (46%, on the basis of Dy(lll)
salt). Anal. Calcd. For CygH40Cl4Dy.NgO1 (1087.46):C, 30.93; H, 3.71; N, 7.73; found: C,
30.94, H, 3.46, N, 7.69.

Synthesis of [Y(LH3)Cl;],-2Et,0-H,0 (1y)

A similar synthetic procedure was adapted as for 1, but YCI;-6H,O (0.061 g) was used
instead of DyCl3-6H,0. Yield: 0.131 g (68%, on the basis of Y(III) salt). Anal. Calcd. For
CasH42Cl4Ng0O11Y2 (958.29):C, 35.09; H, 4.42; N, 8.77; found: C, 35.23, H, 4.62, N, 8.85.
The Single crystal XRD measurement was done on 1y. The unit cell measurement revealed
that 1y has an almost similar unit cell parameter and packing pattern like in 1 (see Table S1).
Therefore, it was used as a diamagnetic matrix to host the corresponding paramagnetic
Dy(l11) analogue.

Preparation of 10 % diluted sample of 1 (15)

A similar synthetic procedure was adapted as for 1, but instead of only Dy (lIl) salt both
DyCl3-6H,0 (0.0075 g, 0.02 mmol) and YClI3-6H,0 (0.055g, 0.18 mmol) were added at the
same time. Powder X-ray diffraction measurement for 1;p was done and found that the
sequence and pattern of the peaks are sufficiently in good agreement with the simulated data

obtained from PXRD data of the corresponding Dy(l11) analogue (see Figure S1).

Results and Discussion

Synthetic Aspects

Aroylhydrazone-based Schiff base ligands have been shown to be very useful for
synthesizing homometallic lanthanide(l11) complexes of varied nuclearity.””"* These ligands
possess interesting features like the possibility of having keto or enol form or both, depending
on the coordination requirements and also the possibility of having C-C/ N-N bond rotation

which lends additional flexibility to the ligand. We had previously utilized these features in



the formation of Dy,, Dy., Dys, and Dy, complexes by using an aroylhydrazone-based
Schiff base ligand, 6-((bis(2-hydroxyethyl)amino)methyl)-N'-((8-hydroxyquinolin-2-
yl)methylene)picolinohydrazide (L H4) ligand.” We had also used, the ligand of interest in
the current study, LH4, along with additional ancillary p-diketonate co-ligands for the
synthesis of a series of linear Dy, complexes™ (Scheme 1). Inspired from these results, it was
of interest to examine the fate of the reaction of LH,; with Dy(lll) salts without using any

chelating counter anion (like OAc’, NO3') or any co-ligand or a base.

o o
D
\ + Dy(NOs)s + Fz)l\/ll\R1
_H > ~OH
HO bH

MeOH/CHCI 3
rt, 12hr

R =R, = CHzor 'Bu or Ph

Scheme 1. The synthesis of the linear Dy, complexes by using the ligand, LH,."

Accordingly, the reaction of LH,; with DyCl3-6H,0 in a molar ratio of 1:1 afforded a
dinuclear complex of formula [Dy(LH3)Cl,]-2Et,0. Interestingly, both the Dy(l11) centers in
this complex have been shown to possess a pseudo Ds, geometry (Scheme 2; see below for

description of the molecular structure).

In order to check the stability of the complex in the solution we carried out ESI-MS studies
which revealed a complete fragmentation of the complex under the experimental conditions

(Figure S2).
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Scheme 2. Synthesis of complex 1.

X-ray crystallography

Single crystal studies revealed that 1 crystallized in the monoclinic C2/c (N°15) space group
as a charge-neutral metal complex. The asymmetric unit of the complex contains one-half of
the entire molecule (Figure 1), and the full molecule is generated because of a center of

inversion present in the complex.




Figure 1. a) The asymmetric unit of 1, b) pentagonal bi-pyramidal geometry around both the
Dy(11) centers in 1, c) full molecular structure of 1. (All the hydrogen atoms and solvent
molecules are omitted for the sake of clarity. Atoms labelled with asterisks belong to the

other half of the asymmetric unit).

As the molecule possesses a centre of symmetry all the bond parameters concerned to one
metal (Dyl) centre will be exactly similar to the other metal centre (Dy1*). Selected bond
parameters around Dyl are given in Table S3. Complex 1 is assembled by the involvement of
two mono deprotonated ligands (only the phenol motif of the ligand is de-protonated). The
two phenolate units arising from the two ligands assist in bridging the two Dy(l11) centers and
in forming the resulting [Dy.O.] four-membered ring. Each ligand potentially has three types
of coordination pockets as shown in Figure 2. Out of these, pocket 3 remains completely
unused, leaving the oxime-motif free. The formation of the dinuclear complex is related to
the single de-protonation. If all the potential protic sites were de-protonated, proliferation of

the metal assembly would have been the result.

N §
N~ -
N\, _OH N X _OH
/ - T‘SN Dy(i) / \lr([\]/
,F B ——
U A

Figure 2. Three coordination pockets of [LHs]™ and its binding mode (u®-i%:7%:%: #%).

Four Dy-O bonds are present around each Dy(l11) center. All the bond distances appear to be
similar (Table S3). The only Dy-N bond present is seen to be longer (2.4595(6) A) than the

all four Dy-O bonds. In order to find the exact geometry and magnitude of distortion around

75, 76

the metal centers we carried out continuous SHAPE measurement and have found that



both the Dy(lll) centers are in an approximately pentagonal bipyramidal (PBP) geometry
with a minimum amount of distortion (Table S2). In the PBP geometry the equatorial

positions are occupied by four oxygens and one nitrogen atoms while the apical positions
contain two chloride ions with the Cl1-Dy1-CI2 bond angle (169.779(6) ) indicating a slight

distortion from the ideal 180°. The Dy1-Cl1 and Dy1-Cl2 bond lengths are 2.6114(2) and

2.6266(2) A respectively.

Although there are a few examples of mononuclear Dy(I11) complexes in PBP geometry and
having both the axial coordination by CI" ions, the dinuclear complex described here where
both the metal ions are in PBP geometry with axial chlorides represents a rare example. '" 8
In addition to 1 there are only three more such examples (Figure 3). Table 1 contains a

comparison of the bond parameters and the magnetic data of 1 with related examples.

" Ph Cl1
cl O)//NH cl - o)/NH TIlD
SN &5/ ) \Jf >
gy NS N l\o o/l
NN/)D\(!i D Lo
FéI/\K.H2 12 cf bn
1A 1B 1c

Figure 3. Molecular structures of the literature reports of the Dy, complexes in PBP

77, 78

geometry. (A few atoms are labelled in the figures for the clarification of the bond

parameters shown in Table 1).



Table 1. A comparison of selected bond lengths (A) and bond angles (°) of complex 1 with

some other literature reported Dy, complexes in PBP geometry.

Com | Axial Bonds Lengths (A) | Axial Bond Ain K Hae | Ref.
plex Angle () and (s) | (Oe)

Dyl1—CI2 | Dyl—cClI1 | CI1-Dy-CI2

1 2.626(2) 2.611(2) | 169.78(6) |83(2)andzm= | 800 | This
2(4)x10? work

1A | 2.629(2) 2.599(2) | 165.84(7) |83.64 and 7| 900 i
= 8.62x107%°

1B 2.609(1) 2.591(1) | 163.30(4) |101.43 and 7o | 900 B
=9.92x107

1C | 2.587(2) 2.603(2) | 175.87(8) = . P

Figure 4. Intermolecular hydrogen bonding mediated 1D supramolecular structure of 1.

Selected hydrogen atoms and solvent molecules omitted for clarity.

The supramolecular assembly of 1 is mediated by three kinds of non-covalent interactions:
C-H---Cl; N-H---Cl; O-H---Cl (Figure 4). Of these, O-H---Cl is an intramolecular
interaction and is found between the OH group of the oxime part of the ligand and the
coordinated ClI” ion (O4-H4---CI2 [2.337(2) A]). The other two viz., C-H---Cl and N-H---Cl

interactions are intermolecular and are quite strong (C7-H7---CI1 [2.658(2) A]; N2-H2---CI1



[2.409(2) A]). These interactions result in a 1D chain. Such chains grow into 2D sheets via
inter-chain interactions involving aromatic C—H and the coordinated CI" ion (C5-H5---Cl1

[2.831(2) A]) (Figure 5).

Figure 5. Formation of a 2D sheet via inter-chain C—H---Cl interaction.

Magnetic Properties

Dc magnetic properties were determined by measuring the thermal dependence of the molar
magnetic susceptibility (ywv) from 2 to 300 K for both 1 (Figure 6) and 110 (Figure S3). For 1,
at room temperature the ywT vs. T curve reaches 27.88 cm® K mol™, close to the expected
value of 28.4 cm® K mol™ for two isolated Dy(l11) ions (°His;; and g;=4/3).”® On cooling, ymT
remains constant down to 100 K and then decreases progressively reaching a minimum of
14.13 cm® K mol™ at 2 K. This decrease can be mainly attributed to the depopulation of the
ligand-field levels, which is accentuated at the lower temperatures due to the existence of
weak antiferromagnetic interactions. At 2K, the field dependence of the magnetization shows
a classic behaviour with a value of 10.89 N at 50 KOe for two trivalent dysprosium ions,
which is in agreement with the presence of an Ising ground state. On the other hand, the

magnetism of 1,4 is estimated to represent only 5% of the magnetization, in opposition with



the expected 10 % used during the synthetic protocol. Such discrepancy could be explained
by a greater affinity for the Y(III) than for Dy(lll) as attested by the higher yield for the

synthesis of 1y (64 %) than for 1 (49 %).

30+
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Figure 6. Thermal dependence of the yT product for 1 (open symbols). The inset
corresponds to the field dependence of the magnetization at 2 K. Blue lines correspond to the
best simulated curves from POLY_ANISO program implemented in MOLCAS 8.2 package.

Dynamic magnetic measurements (ac) have been performed for 1 and 1j,. At zero dc
magnetic field the samples displayed no or very weak out-of-phase component of the
susceptibility at 2 K in the window 1-1000 Hz frequency of the oscillating field (Figure S4
and S5). The application of a dc magnetic field induces a frequency dependence on the out-
of-phase susceptibility (yw’") and the suppression of a possible QTM regime.®*®2 Applying an
external dc magnetic field, an out-of-phase contribution of the magnetic susceptibility
appeared at 270 Hz. Increasing the value of the dc field, yv’’ remains centered at the same
frequency but its intensity increased until 2000 Oe (Figure S4). Nevertheless, for a magnetic
field value higher than 1200 Oe a shoulder appears at a lower frequency. Thus, a compromise

for the suitable value of the applied field is 1200 Oe for the condensed sample (Figure S4).



For the diluted analogue, the slowest relaxation is observed at an optimal dc magnetic field of
800 Oe (Figure S5). Figure 7 shows the frequency dependence of yu” for 1 (Figure 7a) and
150 (Figure 7b) between 2 and 8 K at the optimal field. At 2 K, yv” vs.v curve passes through
a maximum at 270 Hz, for 1, which is shifted to 17 Hz upon dilution (10). At this point it is
worth notice that we observed a slight deviation for the magnetic susceptibility intensities

between the field and thermal dependences measurements.
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Figure 7. a) Out-of-phase component of the ac magnetic susceptibility data for 1 and b) 159

between 2 and 8 K under 1200 and 800 Oe applied fields respectively.

The relaxation time (7) for both systems has been extracted with an extended Debye model®*

8 (see SI, Figures S6-S10, Tables S4-S5). Further information is given by the o parameter



and the ratio between the isothermal and adiabatic susceptibilities (yt and ys) as follows:

Y —%s/%;. Indeed, there is a small fraction of 1 displaying slow relaxation of the

magnetization (around 30%) and within a quite large distribution of the relaxation times
(0.36<a <0.39) (Table S4). By dilution of the system (Table S5), and the consequent
decreasing of the interactions, the slow relaxation of the magnetization is enhanced achieving
a fraction close to 85% of the sample, and a slightly smaller distribution (0.17<a<0.41). In
Figure 8, the dependence of zwith temperature is represented. As appears, the experimental
information obtained for 1 is not sufficient to obtain a good characterization of the dynamics
of the system, mainly concerning the Orbach process, making necessary a first determination

by the results obtained for 11o.

-2.0
-2.4
-2.8
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ks I
-4.0
-4.4
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Figure 8. Arrhenius plots of the relaxation times in 800 Oe for 119 (blue disks) and 1200 Oe

for 1 (black disks). Full lines are the best-fitted curves (see text).

The thermal dependence of 7 for 11, follows a modified Arrhenius law. The difference in the
slope of the zvs. T curve makes us consider the important effect of the Raman process,

which is supported by the small effective barrier compared to the calculated values (344 K

and 347 K, see computational part). It is worth noting that the Orbach only fitting of the high



temperature region gave an energy barrier value of about 54 K. The best fit has been
obtained, considering both thermally dependent Orbach and Raman processes (equation 1). In
the following equation the first term of the equation represents the Orbach and the second

term, the Raman process:®
Tl =15 exp (%A) 4 CT™ -=--mmmmmmmmmmeeeeee Equation 1

with A= 83(17) K, %= 2(4)x10™** s, C= 10(2) s*K™ and n=3.6(3). The expected n value for
Kramers ions should be 9,2 but the presence of both acoustic and optical phonons could lead
to lower values comprised between 2 and 7.5” % At the same time, dilution is well known not
to modify the field independent Orbach regime.*® So far, if we compare both systems, in 1
this regime is clearly not achieved within the temperature range. With the attempt to find a
more accurate description of the relaxation mechanism in 1, the fitted Orbach parameters for
1,0 have been maintained constant and used for fitting the Arrhenius plot of 1. The best fitted
parameters resulted in an increase of the C constant up to 180(58) s* K™ with a nearly
unchanged temperature dependence of n = 3.4(4). This modification of the Raman process
could be explained given the fact that the matrix is modified with the exchange of Dy(ll) (in

1) with Y(I11) (in L10).%

Computational Studies

To gain insight into the electronic structure and to confirm the observed dc magnetic
properties, ab initio based CASSCF calculations were performed on complex 1. This
CASSCF based approach has been widely used to analyse the electronic and magnetic
properties in a variety of highly anisotropic lanthanide/actinide complexes. 4* % %% The
details of the methodology are provided in the computational details section. First, we have

focussed on understanding the local electronic structure of the Dy(lIll) ion, and here we have

computed single-ion anisotropy of individual Dy(I11) ions by replacing one of the Dy(lll) ion



by its diamagnetic analogue Lu(lll) . Here, we have computed 21 sextets and 224 quartet
spin-free states with CAS (9,7) active space. The spin-free sextet states spanned over an
energy window of ~35160 cm™ with the first excited state being ~6.3 cm™ above the ground
state for both the Dyl and Dy2 centres in complex 1. By contrast, the spin-free quartet states
spanned an energy window of 24876-106935 cm™ for both the Dyl and Dy2 centres in
complex 1. Due to the centre of symmetry, the energy manifold of spin-free and spin-orbit
states is nearly the same. The relative energy of computed spin-free states, spin-orbit states,
and the g-values are provided in Tables S6-S10. It is evident from Tables S9 and S10 that the
low-lying eight Kramers doublet (KD) generated from the ®His;, ground state spans over a
range of ~418 cm™ for both Dy1 and Dy2 centres. For individual Dy(111) ions the computed
g-values are highly axial in nature ((gxx = 0.0008, g,y = 0.0021 and g,, = 19.8622) for Dy1,
(9« = 0.0009, gy, = 0.0022 and g,, = 19.8783) for Dy2). Wave function decomposition
analysis indicates that the ground state of both Dy(lll) ions are predominantly my +15/2 with
a small admixing from the other excited states (see Table S11). The computed ground state is
highly axial; however, it lacks the pure Ising type (g« = gyy = 0; 9, = 20 ) feature, and this
indicates that the possibility of QTM within the ground state KD cannot be completely ruled
out. The axiality in the g-values of the individual Dy(lll) ions are related to the axial crystal
field generated by the PBP geometric environment. The computed main magnetic axis of
both Dy(lll) ions are almost parallel to each other (~ 0.37°) and directed toward axially
coordinated CI" ligands (see Figure 9). The gap between the ground and first excited KD is ~
239 cm™ for both the Dy1 and Dy2 centres. The first excited KD is predominantly my +13/2
with a significant admixing from the |£1/2), |£5/2) excited KDs (see Table S11). As a result,
significantly large transverse component in the computed g-values of first excited KD (gy =
1.9391, g,y = 2.4122 and g, = 14.4857 for Dyl and g« = 1.8180, g,y = 2.0794 and g, =

14.7238 for Dy2) is witnessed. The orientation of the g, axis of the first excited KD is nearly



collinear with ground state KD (~3.2°) from the ground state main anisotropy axis. Due to the
presence of such large transverse anisotropy in the first excited KD, it is reasonable to

consider that magnetic relaxation is likely to occur via first excited KD.

Figure 9. Ab initio computed orientation of main magnetization axes of individual Dy(lll)
centres in 1. Colour code: Green (Dy), blue (N), red (O), grey (C), light green (CI) and H

(white).

To further probe the nature of magnetic relaxation in both the Dy(lll) centres, transverse
magnetic moments® between the KDs were computed (see Figure 10). For ground-state KD
the transverse magnetic moment is non-negligible (0.51 x 102 g for Dy1; 0.53x10° pg for
Dy?2) indicating that QTM within the ground state KD is partially operative (< 10°° criteria
for complete quenching).®® % 1% The transverse magnetic moment between the ground and
first excited KD is 1.62, which is larger than the value for ground state connecting doublet,
suggesting relaxation to occur via the excited KDs. Interestingly, the transverse magnetic
moment between the connecting first excited KD is very large (0.72 pg for Dyl (0.66 pg for
Dy2), and this enforces magnetic relaxation via the first excited KD. Thus, most likely,
magnetic relaxation is expected to occur via the first excited KD through TA-QTM. The ab

initio computed barrier height for the individual Dyl and Dy2 centers are ~239 cm™, and this



is much larger compared to the experimental barrier height of 83 K (~58 cm™). In general, the
calculated barrier heights for Dy-based SIMs are quite comparable with the experimentally
reported barrier height.*® 1% However, in this case, the theoretically calculated barrier height
is almost four times higher in energy compared to the experimental A value of 83K (~58 cm’
1) extracted from the equation 1. Such a large discrepancy between the computed and
experimental barrier height might be due to the magnetic relaxation through under-energy
processes such as Raman relaxation. The presence of intermolecular interaction, which is
completely missing in our model calculations, cannot be put aside since they often favour
QTM and open up multiple channels for magnetic relaxation, which reduces barrier height.
The crystal structure packing of 1 shows very strong intermolecular and interchain
interaction, resulting in a very short Dy---Dy distances < 9.5 A (see Figure 4 and Figure 5).1%*

197 As a result, one would expect a strong dipolar interaction to induce the QTM, which

would eventually decrease the thermal energy barrier to an effective value. Alongside the

108-110 111, 112

presence of other interactions such as hyperfine interactions, vibronic coupling,

113

and dynamic nature of electrons™°, too, can play a crucial role in determining the barrier

height.
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Figure 10. a) Ab initio computed magnetic relaxation pathway of the Dyl; b) Ab initio

computed magnetic relaxation pathway for Dy2 centres in 1. The grey line indicates the KDs



as a function of magnetic moments. The red, blue and green lines represent thermal, QTM,

and possible Orbach relaxations.

It is worth noting that PBP geometry is one of the preferred geometry for accessing the axial
ligand field to build highly anisotropic Dy(lll) based single-ion magnets.*” Numerous
mononuclear Dy(lll)- based SIMs in PBP geometric environment are reported in the
literature with the barrier height as high as 1000 K** and magnetization blockade up to 20
K™ Interestingly, in 1, both the Dy(lIl) ions reside in the PBP environment, and our
theoretical analysis suggests that these ions lack pure Ising type m; £15/2 ground state and
relax via first excited KD (Uca ~239 cm™ ). To understand the nature of axiality and ligand
field interaction, here we have computed the crystal field parameters (CF) as implemented in
the MOLCAS 8.2 code. The CF parameters were computed using the following equation,

Her = X X4-_,B{ Of and here B! and O] are the crystal field parameters and Steven’s

operator, respectively (see Table S12). The computed axial B parameter is highly negative
and an order of magnitude large compared to the B{*=**% nonaxial parameters, indicating

stabilization of the m; £15/2 as the ground state. The presence of notable non-axial Bz(q=2‘4‘6)

parameters result in a non-negligible transverse anisotropy in ground state g-values of both
Dy(111) ions. Moreover, the other higher-order non-axial Bf’zz’%) ,Béqzz’%) terms are much

larger compared to the axial BY, BY terms and therefore indicating that Dy(lll) ions in the
PBP environment do not access the complete axial crystal field. A close inspection of
structural parameters suggests that the average Dy-L (L =O/N donor ligands) equatorial bond
is ~ 2.357 A, and this is much shorter compared to average Dy-Cl axial bonds of 2.6185 A.
Thus, from a structural viewpoint, it clear that both the Dy(lll) ions are in the axially
elongated PBP environment, which is an adverse situation to stabilize the pure m; £15/2 as

the ground state. To further gain insight into the donor strength of the ligand field, we have



analysed CASSCF computed LoProp charges.™'® The computed LoProp charges show a
sizeable negative charge on axially coordinated —Cl atoms compared to other atoms in the
equatorial plane (see Table S13). Most importantly, the ratio of the average axial/equatorial
LoProp charges and bond lengths are opposite to each other. As a result, both the Dy(l1l) ions
face an intermediate ligand field (an average repulsion from both axial and equatorial
ligands), where ligand field stabilized m; £15/2 as a ground state at the expense of significant
mixing from other excited states. This is visible in the CASSCF computed beta spin-density,
which lacks typical oblate type disk shape of my; +£15/2 ground state of Dy(lll) ions (see
Figure S11)."” Thus, in contrast to high-performant Dy-based SIMs in the PBP environment
(where axial bonds are short compared to equatorial bonds), short equatorial Dy-L bond and
asymmetric CF interactions lead to significant transverse anisotropy and activate the QTM,

which eventually diminishes the SMM property of 1.

Table 2. Exchange and dipolar interaction obtained from the best fit using Lines model along

with the low-lying exchange spectrum. All the values here are reported in cm™.

Interaction Energy
Jiot -0.008
Jdipo 0142
Jexch -0.15
Jexch(BS-DFT)* -0.42
Erz)eggy Atunnel Oz
0.0 -3.31E-08 0.0194
12 4.71E-08 39,7406
238.9
938.9 3.23E-05 49721
239.7
939.7 3.54E-05 4.7229
240.3
9403 5.27E-05 34.3500
240.3
9403 4.96E-05 34.5700

* see computational details and Table S14




To compute the exchange spectrum, magnetic properties, and how it affects the magnetic
relaxation in 1, we have used the POLY_ANISO code. In this approach, magnetic
susceptibility and magnetization data were fitted using the Lines model to extract the
exchange interaction between the Dy(ll1) centres, while the contribution from intramolecular
dipole-dipole interaction is accounted. The magnetic exchange interactions (exchange +
dipole) between Dy(lll)) centres were modelled by H = —(Joyen + Jaip)S12S2, Where
Jexcnand Jg;,, are the exchange and dipolar coupling respectively, while S;, and S,, are the
projection of pseudo-spin S= % of the ground state KD of Dyl and Dy2 centres. The best fit
of the experimental magnetic susceptibility and magnetization data (see Figure 6) yields the
Jiot = -0.008 cm™ (Jexen = -0.15 cm™ and Jgip = 0.142 cm™). Based on the resulting exchange
spectrum, all the magnetic properties were computed. The calculated exchange spectrum,
tunnel splitting along with g-values for 1 is provided in Table 2. From Table 2 it evident that
both the exchange and dipolar interactions are of similar strength but opposite in sign. To
further probe the sign of exchange interaction, scalar relativistic BS-DFT calculations were
performed on 1 (see Computational Details). The calculated exchange interaction is weakly
antiferromagnetic with J value of -0.42 cm™, and this is in agreement with the exchange value
obtained from the fit (-0.15 cm™). The total magnetic interaction between the Dy(l11) centres
is -0.008 cm™, indicating the presence of ferromagnetic dipolar interaction (0.142 cm™)
between the large moments on Dy(lll) ions, and this value is of rather similar strength to the
exchange value. This ferromagnetic dipolar interaction originates from the near parallel
alignment of local anisotropy axes (see Figure 9). Both exchange and dipolar interactions are
competing, and a slightly dominant exchange contribution results in a stabilization of non-
magnetic ground state. As a result of antiferromagnetic interaction between the two Dy(lIl)

centres, we noticed that the g, value of the exchange-coupled ground state approaches to



zero. Moreover, a very small tunnel splitting ~10® cm™ is noticed for the two low-lying
doublets (see Table 2 and Figure 11). The significant large tunnel splitting of 3.2x10™ via
third exchange doublet indicates that magnetic relaxation occurs via this KD. The third
exchange doublet is located at ~240 cm™ which is very close to the observed magnetization
blockade of ~239 cm™ from the single-ion anisotropy studies on individual Dy(ll1) ions.
Therefore, the presence of significant transverse anisotropy, asymmetric CF interactions at
mononuclear level, and a very weak Dy:---Dy antiferromagnetic interaction clearly explains

why complex 1 lacks zero-field SMM behavior.

245 p 4.9E-05
&) i
6103 SE- 5.2E-05

240 4 ' 9E-04 +f3 5.9E-01

Figure 11. Mechanism of magnetic relaxation in the exchange-coupled system in 1. Red
arrows show the possibility of quantum tunnelling of magnetization within each doublets,

while the green and blue arrows show the possible relaxation through Raman/Orbach process.

Conclusion



We describe a dinuclear Dy(lll) complex where both metal centres are present in a PBP
geometry. The axial positions are occupied by negatively charged chloride ligands.
Theoretical ab initio calculations indicate a highly axial ground state for both Dy(lll) ions;
however, due to the presence of unique intermediate type ligand field in the PBP geometry
QTM is not suppressed and restricts the single-ion relaxation to occur via the first excited
KD. Thus, despite the presence of significant magnetic anisotropy on individual metal ions,
the whole dinuclear system as well as the 10% diluted sample lack zero-field SMM behaviour
but show the same in the presence of small dc fields. The short Dy---Dy distance and the very
strong intermolecular non-covalent interactions generate strong transverse anisotropy. This.
along with weak Dy---Dy antiferromagnetic interactions are probably responsible for the
zero-field SMM silence of the sample. However, in the presence of a small optimum biased
dc field both the complexes, 1 and 1;o displayed SMM behaviour with U = 83(17) K, =

2(4)x10™* s for 1,4 at 800 Oe applied field.
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Slow Magnetic Relaxation in a Homo Dinuclear Dy(l11) Complex ina
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A homodinuclear complex of Dy(lll) has been synthesized and characterised. Magnetic

analysis disclosed the field induced slow magnetic relaxation of the complex.





