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Role of the diamagnetic zinc(ll) ion in determining the electronic
structure of lanthanide single-ion magnets
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Abstract: Four complexes containing Dy(lll) and Pr(lll) ions and
their Ln(lll)-Zn(Il) analogs have been synthesized in order to study
the influence that a diamagnetic Zn(ll) ion has on the electronic
structure and hence, the magnetic properties of the Dy(lll) and Pr(lll)
single ions. Single crystal X-ray diffraction revealed the molecular
structures as  [Dy"(HL)2NOs)s] (1), [Pr'(HL):(NOs)s] (2),
[ZnDy(L)2(NO3)2(CH;CO0)] (3) and [ZnzPr(L)(CHs;COO)s (NOs)] (4)
(where HL=2-methoxy-6-[(E)-phenyliminomethyl]phenol). Dc and ac
magnetic data were collected for all the four complexes. Compounds
1 and 3 display frequency dependent out-of-phase susceptibility
signals (yu”) which is a characteristic signature for a single-molecule
magnet (SMM). Although 1 and 3 are chemically similar, a fivefold
increase in the anisotropic barrier (Ues) is observed for 3 (83 cm™),
compared to 1 (16 cm™). To infer the role of the dipolar interaction in
the magnetization relaxation dynamics of 3, ac measurements were
performed in solution. The anisotropic barrier was found to increase
by 8 cm™ (89.2 cm™, 19 =1.0447 x 10""'s) compared to the solid state
sample. To rationalize the larger anisotropic barrier (1 vs 3), detailed
ab initio calculations were performed. The calculations yielded g-
tensors of the Kramers ground doublet of g,, = 19.443 for 1a and g,,
= 19.092 for 1b (two unique ions in the asymmetric unit of 1), while
the g tensors for 3 are found to be g,, = 18.82. The computed
magnetic susceptibility profile using the extracted parameters is in
excellent agreement with the experimental magnetic data confirming
the reliability of the calculated parameters. Although the ground state
Kramer’s doublet in both 1 and 3 are axial in nature, a significant
difference in the energy gap (U.r) between the ground and. first
excited Kramer’s doublet is calculated. This energy gap is governed
by the electrostatic repulsion between the Dy(lll) ion and the
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additional charge density found for the phenoxo bridging ligand in 3.
This extra charge density was found to be a consequence of the
presence of the diamagnetic Zn(Il) ion present in the complex. To
explore the influence of diamagnetic ions on the magnetic properties
further, previously reported and structurally related Zn-Dy(lll)
complexes were analysed. These structurally analogous complexes
unambiguously suggest that the electrostatic repulsion is found to be
maximal when the Zn-O-Dy-O dihedral angle is small, which is an
ideal condition to maximize the anisotropic barrier in Dy(lll)
complexes. Thus employing a diamagnetic Zn(ll) ion near the
coordination sphere of a Ln(lll) ion, the charge density on the
bridging ligand can be manipulated, significantly improving the SMM
properties.

Introduction

The presence of unquenched orbital angular momentum for the
majority of ftrivalent lanthanide ions makes these attractive
candidates = towards developing new molecular magnetic
materials.l!  Exploiting the large intrinsic orbital angular
momentum of Ln3* ions allowed for the observation in 2003 of
slow relaxation of the magnetization in a Tb(lll) bispthalocyanin
sandwich complex — the first lanthanide complex to display such
behaviour.””! This property, which is purely of molecular origin
led to the term single-molecule magnet (SMM). If the property
originates from a single metal ion, then the term single-ion
magnet (SIM) is preferably used. SMMs or SIMS offer a host of
potential applications such as high density data storage, as
molecular qubits and as components in spintronic devices.P! In
addition other novel magnetic phenomenon such as single-
molecule toroidal behavior has been detailed.! Numerous
lanthanide based coordination complexes have subsequently
flooded the literature,® with examples revealing record high
anisotropy barriers (Uerr), the energy required to flip the
orientation of the magnetization vector, with values as large as
1261 cm™.® Although the magnitude of the anisotropy barrier is
significantly larger than the average thermal energy at room
temperature, in many SMM complexes the blocking temperature
(Ts), given as a magnetization relaxation time of 100 s, lies at
extremely low temperatures, usually < 2 K, due to quantum
tunneling of the magnetization (QTM). At the present time there
is no straight forward route towards tackling the problem of this
quantum behavior, however, one method of subduing QTM can
be achieved by enhancing the exchange interaction between
lanthanide ions. This was elegantly shown by Long and co-
workers in radical bridged dinuclear lanthanide complexes.[”!
Upon arresting the fast QTM, significant gains in the blocking
temperature was observed, Ts = 14 K for a N2* radical bridged
Tb", complex.’®d Enhancing the magnetic exchange interaction



of Ln(lll) ions can also be achieved using transition metal ions.
Complexes such as {Cr",Dy",} and {Ni'";Dy",}, reported by us,
have shown a significant reduction in QTM due to the non-
negligible magnetic exchange interactions between Dy" and
transition metal ions.! Although the above mentioned statement
holds true, a suitable ligand field around the lanthanide ions
plays a substantial role in opening or arresting the under barrier
relaxation (QTM) mechanism.®® Undeniably a combination of
strong magnetic exchange along with a suitable ligand field
around the lanthanide ion(s) will drastically enhance the blocking
temperature of lanthanide complexes.

It has been shown that the orientation of the g.. axis in
anisotropic lanthanide ion complexes is governed by the
electrostatic charges of the ligands rather than the geometry.['®
9101 An appropriate ligand design and coordination environment,

based on the nature of the ion is therefore required. For example,

for a 4f ion with a prolate electron density distribution, an
equatorial ligand field is preferred; whereas if an oblate ion is
used an axial ligand field is preferred. These conditions are
necessary to stabilize the Ising magnetic anisotropy in those
complexes.®! Such an approach appears to be a promising route
for stabilizing SMMs, with a mononuclear dysprosium complex
revealing magnetic hysteresis up at 30 K (sweep rate 20 mT/s)
using this strategy.5

It is not a trivial exercise to control the exchange interaction
between 3d and 4f ions with the majority of 3d-4f metal
complexes, exhibiting weak exchange interactions, leading to
fast magnetic relaxation. Due to these observations our focus
has shifted towards modifying and controlling the electrostatic
charge of the ligand field which governs the orientation of the g..
axis, as this may be easier to modify and optimize for a
particular system. In this article we develop a means to
modulate the electrostatic charge around the trivalent Ln ion by
incorporating the diamagnetic Zn(ll) ion into  various
complexes.'"l We report the factors which influence the
magnetization relaxation dynamics in four complexes of
molecular formulae [Ln"(HL)2(NOs);] where Ln(lll) = Dy (1) or Pr
(2), [Zn"Dy"(L)2(CH3CO2)(NOs)2] (3) and
[Zn",Pr(L)2(CH3CO2)sNO3s]  (4), where HL=2-methoxy-6-[(E)
phenyliminomethyl]phenol.

Results and Discussion

In order to probe the effect of incorporating a diamagnetic ion
such as Zn(ll) on the electronic structure and therefore the
magnetic properties of lanthanide based single ion magnets
(SIMs), we have synthesized a series of homometallic and
heterometallic complexes. The reaction of the neutral Schiff
base ligand 2-methoxy-6-[(E)-phenyliminomethyl] phenol (HL)
with Ln(NO3)3'xH2O (where Ln = Dy or Pr) in ethanol or
methanol yielded orange crystals which were suitable for x-ray
diffraction study (Scheme 1).

Structural Description

Single crystal X-ray diffraction studies revealed the molecular
formula as [Dy(HL)2(NO3)s] (1) and [Pr(HL)2(NOs)s] (2) following
the top reaction in scheme 1. Using the deprotonated ligand (L)
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and Dy(NOs);-xH20 in the presence of zinc acetate we obtained
[ZnDy(L)2(NO3)2(CH3COO)] (3) (see middle panel in scheme 1)
when Pr(NO3)s-xH20 was used we obtained
[Zn2Pr(L)2(NO3)(CH3COQ)4] (4) (scheme 1, bottom panel).

Scheme 1. General synthetic method followed for the isolation of complexes
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The crystal structures of all four complexes are shown in Figure
1. Complexes 1 and 2 crystallize in the orthorhombic space
groups, Aba2 and Pbca, respectively. Complexes 3 and 4
crystallize in triclinic (P-7) and monoclinic (C2/c) crystal systems
(Table 1).

Table 1. Crystallographic parameters for the complexes 1 - 4.

1 2 3 4

Formula Dy1CasH26 PriCagH26Ns0 Zn1Dy1Cs2H ZnoPriCagH
N5O13 13 27N4O14 41N3016Cla.
Size 02x02x  0.2x0.15 % 041x0.21  0.13x0.11
0.2 0.15 x 0.07 % 0.07
System Orthorhom Orthorhombic Triclinic Monoclinic
bic
Space Aba2 Pbca P-1 Cc2/c
group
alAl 17.65(3) 9.77(6) 11.13(5) 15.58(5)
bIA] 54.09(9) 17.24(10) 12.52(6) 15.79(5)
c[A] 9.55(16) 36.28(2) 13.22(6) 18.94(6)
al? 90 90 105.88(10) 90
B 90 90 91.75(5) 97.84(4)
7[° 90 90 94.46(6) 90
VAT 9120(3) 6111.5(6) 1764.3(14) 4620(3)
z 12 8 2 4
Peaia (gem™) 1.755 1.699 1.731 1.731
26[°] 58.34 53.46 58.34 50
Radiation MoKaq MoKq MoKq MoKq
AA] 0.71073 0.71073 0.71073 0.71073
T (K) 100 100 100 100
Refins 33334 95002 29756 17051
Ind. Refins 11627 6481 9054 4062
Refins with 9529 5346 8566 3704
>20(1)
R1 0.0494 0.0308 0.0348 0.0630
wR2 0.1015 0.0639 0.0910 0.1650
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The homometallic complexes 1 and 2, reveal that the lanthanide  the lanthanide ion. The remaining four coordination sites are
ion is 10-coordinate, with a bicapped distorted square anti-prism  completed by the two neutral Schiff base ligands, however, the
geometry (Figures 1D-1F). The geometries were confirmed by  proton bound to the phenolic oxygen of the free ligands has
Continuous Shape Measurement (CShM) software.['? The three  migrated to the imine nitrogen atom upon coordination with the
chelating nitrate ions in 1 and 2 account for six out of the ten  lanthanide ion.["%]

coordination sites, neutralizing the trivalent cationic charge on

043

Figure 1. Ball and stick representation of crystal structure of complexes 1 (A and B), 2 (C), 3 (G) and 4 (H). Figure D and E (for 1), F (for 2), | (for 3) and J (for 4)
show the geometry around the corresponding lanthanide ions. Hydrogen atoms are omitted for clarity. Purple dotted bond represents the intramolecular hydrogen
bonding in complex 1 and 2. Colour code: green = Dy, magenta = Pr, yellow = Zn, red = O, blue = N, grey = C.



Hence the two HL ligands bound to the metal ion exist as a
zwitterion, which has been unambiguously confirmed by NMR
spectroscopy.['% 1. 141 The |lanthanide ion for both 1 and 2 are
exclusively coordinated by oxygen donor atoms. The average
Dy"-O and Pr'"-O bond lengths are found to be 2.472 A and
2.306 A, respectively. Selected bond lengths and bond angles
are listed in Table 2.

Table 2. Selected bond length and bond angles for complexes 1-4.

1a Bond length (A) 1a Bond length (A)
Dy(1)-0(11) 2.272(4) Dy(1)-0(51) 2.465(5)
Dy(1)-0(31) 2.308(4) Dy(1)-0(41) 2.495(4)
Dy(1)-0(62) 2.434(6) Dy(1)-0(61) 2.498(5)
Dy(1)-0(52) 2.453(5) Dy(1)-0(12) 2.702(4)
Dy(1)-0(42) 2.465(6) Dy(1)-0(32) 2.719(4)

1b Bond length (A) 1b Bond length (A)
Dy(2)-0(111) 2.271(4) Dy(2)-0(142) 2.527(4)
Dy(2)-0(112) 2.548(4) Dy(2)-0(151) 2.505(4)
Dy(2)-0(141) 2.463(4)

2 Bond length (A) 2 Bond length (A)
Pr(1)-0(11) 2.624(2) Pr(1)-0(53) 2.607(2)
Pr(1)-0(12) 2.367(2) Pr(1)-0(62) 2.660(2)
Pr(1)-0(31) 2.727(2) Pr(1)-0(63) 2.532(2)
Pr(1)-0(32) 2.403(2) Pr(1)-0(72) 2.545(2)
Pr(1)-0(51) 2.593(2) Pr(1)-0(73) 2.545(2)

3 Bond length (A) 3 Bond length (A)
Dy(1)-0(11) 2.296(2) Dy(1)-0(72) 2.516(3)
Dy(1)-0(31) 2.296(2) Dy(1)-0(32) 2.561(2)
Dy(1)-0(52) 2.325(3) Zn(2)-0(51) 1.997(2)
Dy(1)-0(62) 2.394(2) Zn(2)-0(31) 2.516(3)
Dy(1)-0(61) 2.416(3) Zn(2)-N(11) 2.071(3)
Dy(1)-0(71) 2.466(2) Zn(2)-N(31) 2.096(3)
Dy(1)-0(12) 2.495(3)

Bond Angle (°)

Zn(1)-0(11)-Dy(1) 102.6(2) Zn(1)-0(31)-Dy(1) 105.5(2)

4 Bond length (A) 4 Bond length (A)
Pr(1)-0(31) 2.440(4) Zn(2)-0(32) 1.956(5)
Pr(1)-0(41) 2.460(4) Zn(2)-0(11) 1.964(4)
Pr(1)-0(11) 2.509(4) Zn(2)-0(42) 1.927(5)
Pr(1)-0(51) 2.622(4) Zn(2)-N(11) 2.007(5)
Pr(1)-0(12) 2.734(4)

Bond Angle (°)
Zn(2)-0(11)-Pr(1)  108.07(18)

While complexes 1 and 2 both crystallize in an orthorhombic
crystal system and appear to be structurally analogous, the
asymmetric unit (ASU) is distinctly different. For 2, there is one
crystallographically distinct molecule found in the ASU. However,
for 1, in addition to one crystallographically distinct molecule,
another half molecule is present. These two molecules possess
the same molecular formulae, however, the two molecules differ
from each other by the relative orientation of ligands bound to
the Dy ion. One of the molecules reveals three chelating nitrate
ions oriented in a near trigonal planar arrangement, with the two
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Schiff base ligands, chelating via the phenoxo and methoxy sites
being perpendicular to the near trigonal plane of the nitrate ions
(1a, See Figure 1A). The second unique molecule, has the two
HL ligands adjacent to each other, with the orientation of the
chelating nitrates being distinctly different (1b, see Figure 1B).
Complexes 1a and 1b are, therefore, found to be geometric
isomers, crystallizing in the same crystal lattice. To the best of
our knowledge, such isomerism for a lanthanide complex is
observed here for the first time, although there is precedence for
coordination isomers.["®! The different orientation of the nitrate
ions in 1a and 1b is likely to have an influence on the magnetic
properties of these complexes (vide infra).

In both 1 and 2, intra and intermolecular hydrogen bonding
interactions are found to be operative (Figure 1 and Figure S1 of
ESI). The iminium zwitterions are responsible for the intra
molecular hydrogen bonding (average distance NH...O = 1.8623
A). In contrast, the nitrate ligands bound to the Ln"' ion facilitates
intermolecular hydrogen bonding, which is clearly reflected in
the packing diagram (for both 1 and 2) shown in Figure S1. The
closest Dy"...Dy" and Pr'"...Pr'" distance is found to be 9.189
and 9.162 A, respectively.

In contrast to 1 and 2, both 3 and 4 (Figure 1) are
heterometallic complexes containing both Ilanthanide and
diamagnetic Zn" ions. Single crystal X-ray diffraction reveals that
3 is a dinuclear Dy"-Zn" complex (Figure 1G) which crystallizes
in the triclinic space group, P-1 (Table 1). The ASU contains the
entire complex. The zinc ion displays a distorted square
pyramidal geometry with a {N.O;} equatorial coordination sphere
derived from the two deprotonated L-ligands. The apical position
is occupied by an O-atom from the acetate ligand. The trivalent
dysprosium ion displays a distorted tri-capped trigonal prismatic
geometry, with a {DyOg} coordination sphere (Figure 1l). The
linkage between the Zn" and Dy" ions is provided by two
phenoxo bridges and a carboxylate group, the latter displays the
4-n'-n' bonding mode. The methoxy group of the Schiff base
ligand and the two chelating nitrate ions complete the
coordination sphere of the Dy" ion. Similar structures have
recently been reported by several authors using other
compartmentalized Schiff base ligands.®® 81 The packing
diagram of complex 3 reveals supramolecular interactions such
as hydrogen bonding, which are facilitated by the nitrate ions
(Figure S2).

Single crystal X-ray measurements reveal that 4 is a trinuclear
Zn"-Pr'-Zn" complex. In contrast to 3, the Pr(lll) ion in 4 is
sandwiched between two Zn(ll) ions, which deviate from linearity
by 45° (£ZnPrZn = 134.9(3)°). Half of the molecule is found in
the ASU (one Zn(ll) and half of Pr(lll)) with the Pr''ion lying on
an inversion centre. The Zn(ll) and Pr(lll) ions are bridged by a
phenoxo oxygen atom of the deprotonated ligand and two
acetate ligands both displaying a u-5'-5" coordination mode.
The fourth coordination site of the Zn(ll) ion is completed by the
imine nitrogen derived from the Schiff base ligand. The Zn(ll)
ions display distorted tetrahedral geometries. The coordination
sites of the Pr(lll) ion are completed by methoxy and nitrate
groups. The Pr(lll) ion maintains a similar geometry to the Pr(lll)
ion in 2, i.e. a bicapped distorted square anti-prism, with a
{PrO10} environment (Figure 1J). The intermolecular hydrogen



bonding is effectively mediated through the nitrate and solvent
molecules in the crystal lattice (Figure S2 of ESI).

Static Magnetic Properties

Direct current magnetic susceptibility measurements were
performed on polycrystalline samples of 1 - 4, between 2 - 300 K
in an applied magnetic field of 10 kOe. The room temperature
(RT) ymT value for 1 and 3 is observed to be 14.06 and 14.11
cm® K mol, respectively, while for 2 and 4, a value of 1.61 and
1.62 cm® K mol'is found, respectively (Figure 2).
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Figure 2. A) Temperature dependent direct current yuT plots of complexes 1 -
4 measured at 10 kOe. B) Field dependent magnetization measurements
performed on 1 - 4 at 2.0 K. The open and filled symbols (A) and B)) represent

the data from experiment and computed data (ymT(T) and M(H)) from ab initio
calculations, respectively.

The experimentally observed ymT values for 1 - 4 at RT are in
excellent agreement with that expected for a Dy(lll) ((H1sp2, g =
4/3) and Pr(Ill) ion (3Ha, g = 4/5) of 14.17 and 1.60 cm® K mol,
respectively. Upon reducing the temperature, the ymuT product
decreases gradually from RT down to 60 K, for 1 and 3. A
similar situation is witnessed for complexes 2 and 4. This
observation is ‘due to the depopulation of my levels of the
corresponding lanthanide ions as the temperature is reduced.
Below 60 K, in all four complexes, there is a drastic drop in the
mT value reaching a final value of 5.13, 0.11, 4.73, 0.31 cm® K
mol' at 2.0 K, for 1 - 4, respectively. The sudden drop of the yuT
value of all four complexes is a consequence of the magnetic
anisotropy due to the intrinsic unquenched orbital angular
momentum of the Dy(lll) and Pr(lll) ions. However, other factors
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such as intermolecular antiferromagnetic interactions and/or
dipolar interactions are likely to contribute to the decrease of the
T values at the lowest temperatures. Field dependent
magnetization measurements at 2.0 K (Figure 2b) reveal that
complexes 1 and 3, show a sudden linear increase in
magnetization at low fields before deviating from linearity at
higher fields, without saturation. The magnetization reaches a
maximum value of 5.41 and 5.71 Npg at 5.0 Tesla for 1 and 3
respectively. This also suggests that both complexes possess a
significant magnetic anisotropy. Moreover, this is further
supported by the non-superimposable nature of the reduced
magnetization curves (Figure S3). In contrast to 1 and 3,
complexes 2 and 4 show a linear response over the entire
magnetic field range.

Dynamic Magnetic Properties

In order to probe the magnetization relaxation dynamics of 1 - 4,
alternating current magnetic susceptibility measurement were
performed between 2 and 12 K, using a 3.5 Oe oscillating
magnetic field. In the absence of an applied dc magnetic field
none of the complexes display frequency dependent out-of-
phase susceptibility signals. This indicates that reversal of the
magnetization orientation is extremely fast via quantum
tunneling of the magnetization (QTM) through the low lying
ground state multiplets.
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Figure 3. Frequency dependent out-of-phase susceptibility data measured for
a polycrystalline sample of 1 (panel A) and 3 (panel B) at the indicated
optimum dc bias field and temperatures.
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Figure 4. Cole-Cole plots of complex 1 (Panel A) and complex 3 (Panel B and C) measured at the indicated temperatures. The solid lines represent the best fit

obtained for the parameters listed in Table S1 and S2. D) Arrhenius plots for complexes 1 and 3, the blue line represent the linear fit with Orbach process, green

represents QTM and red represents non-linear fit

This behavior is common for Dy(lll), Pr(lll) and heterometallic
zinc containing complexes.®® 9 171 Upon application of an
optimum bias dc magnetic field, however, both 1 (Hs. = 2 kOe)
and 3 (H4c = 3.5 kOe) reveal frequency and temperature
dependent out-of-phase susceptibility signals (Figure 3). On the
other hand, no out-of-phase susceptibility signals are observed
for 2 and 4 even in the presence of dc bias field (data not
shown). The broad signature of the out-of-phase susceptibility
signals observed for 1 (Figure 3A) suggest that a distribution of
relaxation behavior appears to be operative for this complex.
While for 3, it is clear that more than one magnetic relaxation
pathway is operational. There could be several parameters
responsible for the observation of multiple relaxation pathways
in anisotropic lanthanide complexes, namely geometry assisted
relaxation dynamics, for example [Er(COT)(Cp*)] and other
[Er(COT);] complexes where the eclipsed and staggered
conformation and/or ZCOT-Er-Cp* angle is responsible for more
than one relaxation process.'® The existence of direct and
Orbach relaxation processes as witnessed in [Dy(DOTA)]

including QTM, Orbach and Raman

process (See text and eqn 3 for details)

complexes.[' Supramolecular interactions also appear to play a
significant role in determining the orientation of the anisotropic
axes, which in turn is correlated to its magnetization relaxation
dynamics.['®! Finally structural disorder within the same crystal,
such as Jahn-Teller isomers of a [Mn12OAc] complex resulted in
the observation of multiple relaxation processes due the different
isomers having different molecular anisotropies.”® The
observation of multiple relaxation processes are more common
in polynuclear anisotropic lanthanide complexes, which is a
consequence of the weak super exchange interactions mediated
through the bridging ligands, with the exception of fewer
reports.[170: 211

The Cole-Cole plots of 1 and 3 are shown in Figure 4. Attempts
to fit the Cole-Cole plot of 1 considering a single relaxation
process using a generalized Debye model failed. Hence, we
have fitted the Cole-Cole plot of 1, using a modified Debye
model given in Eq. 1 and the parameters extracted are given in
Table S1.
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Two merged relaxation processes occur as revealed by the
Cole-Cole plot, which predict the presence of two closely spaced
relaxation phases. The o4 value ranges from 0.002 to 0.46 and
the o value ranges from 0.2 to 0.36 between 3.5 Kto 2.0 K. The
increase in both o values at low temperatures designates that
QTM process is likely to be operative at 2 K. This elucidates why
1 does not display any SIM behavior under a zero bias dc field.
The Arrhenius plot was constructed for both processes using the
relaxation times extracted from Cole-Cole analysis and is shown
in Figure 4D. The two processes were fitted considering only the
thermally activated relaxation mechanism. The effective energy
barriers are found to be 16.6 cm™ (1o = 2.47 x 10° s) and 15.8
cm™ (1o = 3.6 x 107 s). The two different relaxation process
observed for 1, is likely a consequence of the two geometrical
isomers (1a and 1b) present in the crystal lattice. However, to
unambiguously confirm this, it is imperative to isolate a single
crystal containing one of the geometric isomers only, using the
HL ligand (or a similar ligand) and study its behavior. This work
is currently in progress.

Interestingly for 3 which consists of a single unique
molecule in its ASU the number of magnetization relaxation
processes is greater than for 1 (Figure 3B and Figures 4B and
4C). The multiple relaxation processes are highlighted from the
isothermal field dependent ac susceptibility measurements
(Figure S4). At the low magnetic field limit (< 0.025 Tesla) 3
reveals a single fast relaxation process in the high frequency
range. Upon increasing the magnetic field, a new slow relaxation
process begins to appear in the 1-10 Hz frequency range at the
expense of the fast relaxation process. Frequency dependent ac
susceptibility measurements performed at the optimum dc bias
field (3.5 kOe) is shown in Figure 3B. At temperatures between
7 - 11 K one major relaxation is observed which is likely to be
the thermally assisted Orbach process. Upon closer inspection
the existence of a second relaxation process is also perceived at
9.5 — 11 K at the highest frequencies measured ~1500 Hz. Upon
lowering the temperature, a third relaxation processes begins to
dominate. From the Cole-Cole analysis of the relaxation data,
we were not able to fit all the relaxation processes in the
temperature range 2 - 11 K, which might have given, distinctly,
the relaxation times associated with each of the relaxation
processes and their mechanism of relaxation (such as Direct or
Raman or QTM etc.).?? Using the ac data over the entire
temperature range, we were able to fit only the major relaxation
process using a generalized Debye model (equation 2) and the
extracted parameters are listed in Table S2.

xr—X.

Zac(@) = X5+ ﬁ)(ﬁ—a)
The a values (0.084-0.408 for 2-11 K) are significantly smaller at
higher temperature which increases gradually upon decreasing
the temperature, emphasizing a distribution of relaxation time. A
perfect fit could not be obtained, however, even for the major
higher temperature relaxation process, which further stresses
the existence of multiple relaxation phases.

WILEY-VCH

Using the relaxation times extracted from the Cole-Cole
plots, we have constructed an Arrhenius plot for 3 which is
shown in Figure 4D. Below 6 K we notice a deviation from
linearity again implying that multiple relaxation processes are
operational. The data over the entire temperature range was
modelled by considering various relaxation processes reported
in the literature 1% 2% ysing Eq. 3.

1 1

— _Ue
+ AH?T + CT™ + 3lexp (F;f) .3)

T TQTM
The first term on the right hand side of Eq. 3 corresponds to the
relaxation process through QTM, the second term denotes the
direct process, third term represent relaxation via a Raman
process and the final term corresponds to an Orbach relaxation
mechanism. To fit the Arrhenius plot of 3, it is not necessary to
use all the relaxation processes listed in equation 3. The best fit
to the data was obtained by only considering the Orbach (Ues=
83 cm™, 19 = 1.36 x 10®s), Raman (C = 0.00203 s K3 and n =
5.39) and QTM (tqrm = 0.076 s) processes (Figure 4D (red
trace)).

To understand the influence of the intermolecular dipolar
interaction(s) for 3, we have attempted to synthesize its
diamagnetic analogue (i.e. Lu"-Zn" or Y"-Zn") in which the
paramagnetic complex would be co-crystalized within the
diamagnetic matrix. Unfortunately, despite our best efforts, we
failed to isolate the isostructural diamagnetic complex. In all
cases either a mono- or tri-nuclear zinc(ll) compound was
isolated (data not shown). We therefore sought an alternative
approach to minimize the inter-complex dipolar interaction.
Hence, we performed solution based ac susceptibility
measurements which is equivalent to dilution in the solid state

using a diamagnetic matrix. Before performing such
measurements, we examined the solution stability in
dichloromethane, using Matrix Assisted Laser Desorption

lonization (MALDI, Figure S5) mass spectrometry. The results
revealed, via a m/z peak at 863, that the solid state structure is
stable in solution (Figure S5 of ESI). The solution ac
susceptibility measurement of 3 at the optimum dc bias field of 1
kOe again reveals frequency dependent out-of-phase
susceptibility signals indicative of the presence of slow
magnetization relaxation. The measurement also proves that the
magnetization relaxation is purely of molecular origin. The
observation of broad yum” signals implies that there are multiple
relaxations processes, as expected (data not shown). The Cole-
Cole plot constructed from solution measurements further
supports the existence of multiple relaxation processes (Figure
5). Note that the existence of multiple relaxation processes for
various mononuclear Dy(lll) complexes has previously been
reported by several research groups.?*2?41 By considering only
the major relaxation process and using a generalized Debye
equation (Eqg. 2) reasonable fits of the Cole-Cole data could be
obtained, with a ranging between 0.48-0.89 (Figure 5 and Table
S4 of ESI). The very large a values indicate a significant
distribution of the relaxation time. Again, we have made use of
the relaxation times extracted from Cole-Cole data fits (shown in
figure 5) to construct the Arrhenius plot. The data was fitted



(using Eq. 3) by considering a thermally assisted relaxation
process (Uer = 89.2 cm™; 19 = 1.0447 x 10"'" s), a Raman (C
=0.00611; n = 7.1062) and a QTM (tqrm = 0.0768 s) relaxation
mechanism. A slightly higher thermal energy barrier is observed
for the diluted sample of 3 compared to solid state sample. This
confirms the non-negligible contribution that the dipolar
interaction plays in the magnetization relaxation dynamics.
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Figure 5. A) Cole-Cole plot recorded for the solution sample of 3 in the
presence of 10 kOe static magnetic field at the indicated temperatures. The
solid red line represents the best fit obtained by considering a generalized
Debye model using the parameters described in Table S4 of the ESI. B)
Arrhenius plot for 3 constructed using the 1 values obtained from fitting of
Cole-Cole plot. The solid red line represents the best fit obtained by
considering Orbach, Raman and QTM relaxation processes.

Complexes 1 and 3 can be considered magnetically as
mononuclear entities (the Zn(ll) ion in 3 is diamagnetic) and due
to the structural similarities the observation of a fivefold increase
of the Uesr parameter for 3, compared to 1 is quite surprising.
Several unrelated literature reports claim that Zn(ll) containing
Dy(l1l) complexes display better SIM or SMM behaviour than the
parent analogue made by point charged ligands, however no
theoretical calculations were performed in these studies to help

understand the observed behavior (Table 4 and Table S3 in ESI).

Theoretical Calculations

To understand the five-fold increase in the Uer barrier for the
complex containing the diamagnetic Zn(lIl) ion, we probed the
influence the Zn(ll) ions have on the electronic structure and
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therefore the magnetic anisotropy of the Ln(lll) ions, using state-
of-the-art ab initio calculations. We have undertaken detailed
post-Hartree-Fock ab initio calculations on all complexes 1a, 1b,
2, 3 and 4 to validate the experimental observations using the
MOLCAS 7.812% code, as this has proved its aptness on several
occasions. 1011, 261 |n  this multi-configurational approach,
relativistic effects are ftreated wusing the Douglas-Kroll
Hamiltonian. For the generation of basis sets, scalar terms were
included which have been used to determine the spin-free wave
functions and energies through the use of the complete active
space self-consistent field (CASSCF)?"1 method. Spin-orbit
coupling has been taken into account using the RASSI-SO?8
method which uses CASSCF wave functions as the basis sets
and multi-configurational wave functions as input states. The
resulting wave functions and energies of the molecular multiplets
were used for the calculation of the anisotropic magnetic
properties and g-tensors of the lowest state using a specially
designed routine SINGLE_ANISO.?®! As a consequence, the
magnetic properties of a single magnetic ion are calculated by a
fully ab initio approach, in which the spin-orbit coupling is
considered non-perturbative. We have employed atomic natural
(ANO-RCC) basis set for the calculation of the g-tensors
embedded in the MOLCAS basis set library. The following
contraction scheme has been employed [8s7p5d3f2g1h] for Dy,
[5s4p2d1f] for Zn, [3s2p1d] for N, [3s2p1d.] for O, [3s2p] for C
and [2s] for H during the computation of the g tensors for
complex 1a, 1b and 3, while [7s6p4d2f] for Pr, [5s4p2d] for Zn,
[3s2p] for N, [3s2p] for O, [3s2p] for C and [2s] for H during the
computation of the g tensors for complexes 2 and 4. The ground
state atomic multiplicity of Dy" is ®H4s, which results in eight
low-lying Kramer's doublets (KD). CASSCF calculation
comprises an active space of nine active electrons in seven
active orbitals (CAS(9,7)). CASSCF calculations have been
performed with 21 sextets which arise from (°H, SF and 6P)
multiplets. In the next step we have mixed these CASSCF
computed spin-free states via the RASSI module to obtain the
spin-orbit states. Here we have performed RASSI calculations
with 21 sextet states which arise from (6H, 6F and 6P) multiplets
and extracted the relative energies of the KDs. In the last step
we have used the SINGLE_ANISO code implemented in the
MOLCAS program to compute the g-tensors. We and others
have shown that 21 roots are good enough to obtain the g-
tensors in Dy(lIl) complexes, B% thus this methodology has been
employed throughout. The ground state atomic multiplicity of Pr'"
is 3Hs which results in nine singlets for complex 2, while seven
singlets and one doublet is observed for 4. The CASSCF
calculation comprises an active space of two active electrons in
seven active orbitals (CAS(7,2)). Here we have computed 21
triplets and 28 singlets in the Cl procedure and then mixed them
in the RASSI-SO module to obtain the spin-orbit states and the
relative g-tensors. From these calculations, we have computed
the static dc magnetic properties such as the magnetic
susceptibility as a function of temperature and the molar
magnetization as a function of magnetic field. The computed
static dc properties are in the excellent agreement with
experimental observations, which adds confidence to computed
parameters (Figure 2 and Figure S6, S7). The parameters



derived from the calculations can be directly taken as a tool to
assess the SMM properties. For complex 1, two different
mononuclear units are present in the ASU, hence calculations
are performed on both complexes labelled as 1a and 1b. The
computed energies for the eight low-lying Kramer's doublets
(KDs) span 559.7 cm™ and 455.8 cm” for 1a and 1b,
respectively.

Figure 6. The molecular structure of complexes A) 1a B) 1b C) 3 and showing
the orientation of computed easy axis anisotropy. Color code: Green = Dy,
Yellow = Zn, Red = O, Blue = N, grey = C

The computed g-tensors are found to be [gx = 0.020, gyy =
0.036, gzz = 19.443] for 1a and [gxx = 0.081, gyy = 0.121, gzz =
19.092] for 1b, which is strongly axial for both species, but are
not pure Ising in nature (where gy = gyy = 0) (see Table S5-S6
and Figure 6, Figure S8-S9). The trend in the computed g-tensor
of the eight lowest KDs represent typical features of low-
symmetric complexes. The computed energy of the first excited
Kramers doublet, which often correlates to the height of the
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energy barrier (Uerr) in low-symmetric lanthanide single ion
magnets, is found to be 76 cm™ and 46 cm™ for 1a and 1b,
respectively. A significant variation in the ground to first-excited
state gap for 1a and 1b suggests that this separation is
extremely sensitive to small structural changes. The computed
crystal field (CF) parameters show large and negative BY values
representing the isolation of the [£15/2) as the ground state.
Wave function decomposition analysis suggests that the ground
state in both cases is predominantly [+15/2), however, the extent
of mixing is significantly large; (0.93|£15/2)-0.31|+11/2)-
0.12|+11/2)) in 1b, compared to (0.96]£15/2)+0.12|£9/2)) for 1a.
Thus both the geometries are not ideally suited towards isolating
a pure |£15/2) ground state, however, complex 1a is relatively
better than complex 1b. The SMM performance of complex 1
must therefore be considered as a combination of the properties
of both complexes. It is important to note here that magnetic
exchange, mediated through a dipolar interaction is one of the
key factors for diminishing the SMM characteristic in complexes
such as 1 (see later).

To elucidate the mechanism of magnetic relaxation, we
have developed the ab initio calculated blockade barrier by
computing the transversal magnetic moments between the
connecting pairs (Figure 7). Due to the lack of any symmetry
present for complex 1, the magnetic moment between the |+;1)
pair is significantly large (on the order of 102 pg) suggesting
QTM is operative at the ground state KD (generally 10-5/10° pg
for complete quenching of QTM). The extent of QTM s
significantly larger for complex 1b, compared to 1a due to an
unfavorable ligand field arrangement (vide infra). The QTM can
best be described by the crystal field parameters, as they are
highly sensitive to the structural distortions and serve as a guide
for analyzing the QTM effects. From Table 3 (see also Table S7),
it is evident that for both complexes the axial BY term is only
marginally larger compared to the non-axial terms BZ, B3, B; !,
which implies that QTM is present due to structural distortions.
The axial term in complex 1a is relatively large compared to 1b,
representing the large QTM at the ground state of 1b, in line with
ab initio calculations. The orientation of the g-tensor is tilted in
the direction of minimum electrostatic potential, which are found
to be different for both complexes (Figure 6 A) and B)). Thus the
difference in the magnetic properties of complexes 1a and 1b
can be rationalized based on the number/nature of donor ligands
on the axial/lequatorial positions. For 1a, three —NOj3 ligands
form a distorted equatorial ligand field, while four —O atoms
occupy the axial positions. One of the —O donor ligands of each
—L- ligand is the strongly coordinated to the Dy(lll) ion, compared
to other bond lengths, indicating a significant axial ligand field
offered by that particular Dy-O bond. Moreover, these —O donor
atoms possess the greatest negative charge, thus, the shorter
Dy-O axial bond lengths suppress the adverse effect caused by
other Dy-O bonds at the equatorial sites. This arrangement of
ligands results in the stabilization of my |£15/2) as the ground
state. In stark contrast, complex 1b, possesses an equatorial
plane consisting of —three —NOj" ligands and one —O donor atom
from each —L" ligand. The two remaining —O atoms of the each —
L- ligand are found in axial positions. Thus the Dy(lll) ion in
complex 1b faces more repulsion from the unfavorable



equatorial position leading to the stabilization of |£15/2), however
with lower-lying excited states. The arguments presented above
based on the ligand field effects are reflected in the computed
ab initio blockade barrier (see figure 7 for details).
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The calculations therefore suggest significant anisotropy
barriers (1a and 1b), however the presence of a substantially
large QTM relaxation in the ground state is the reason behind a
lack of zero field SMM behavior for 1. As there is a significant
barrier present, ac measurements in the presence of an applied
dc magnetic field allow the energies of the magnetic microstates
to be perturbed, leading to a partial quenching of the tunneling
mechanism and slow relaxation of the magnetization is observed.
Despite the application of external magnetic field, the QTM could
not be completely quenched as the experimental value gives a
height of ~20 cm™' contrary to the theoretical value of 60-70 cm™

In order to understand the experimentally determined fivefold
increase in the barrier height of 3, compared to 1, and to fully
understand the relaxation dynamics we have also performed
CASSCF+RASSI calculations on complex 3. The computed
energy window of eight low-lying KDs for complex 3 spans a
range of 396 cm™'. The computed g-tensors for the ground state
KD is found to be [g« = 0.02, gyy = 0.04 and g.: = 18.82] which
again reflects the presence of an Ising anisotropy which is not
pure in nature (Table S8 and Figure S10 in ESI).

Table 3. SINGLE_ANISO computed crystal field parameter for complexes 1
and 3.
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Figure 7. Ab initio computed matrix elements between the connecting pairs
(ground state and first excited state) in complex 1a (left), 1b (middle) and
complex 3 (bottom). The thick black line indicates the Kramer’s doublets (KDs)
as a function of magnetic moment. The dotted green lines show the possible
pathway of the Orbach (Raman) process. The zig—zag lines connecting the
ground state KDs represent the QTM. The dotted blues lines show the
thermally activated-QTM via the first excited state.

1a 1b 3
k Q B! B, B!
-2 -0.633E+00 0.296E-02 0.125E+01
-1 0.194E+01 0.156E+01 0.248E+00
2 0 -0.239E+01 -0.218E+01 -0.125E+01
1 -0.643E+00 0.109E-01 0.691E+00
2 -0.757E+00 0.110E+01 -0.654E+00
-4 0.401E-02 -0.442E-04 0.117E-01
-3 -0.430E-02 0.653E-02 -0.288E-01
-2 -0.279E-02 -0.244E-04 -0.192E-02
-1 -0.305E-01 -0.530E-03 -0.647E-02
4 0 -0.828E-03 0.282E-03 -0.215E-03
1 0.183E-02 -0.295E-04 -0.860E-02
2 0.593E-02 -0.811E-02 0.176E-01
3 0.842E-02 0.979E-05 0.226E-01
4 0.547E-02 -0.616E-02 -0.633E-02
-6 -0.167E-03 -0.113E-05 -0.124E-03
-5 -0.322E-04 0.130E-02 0.165E-03
-4 0.311E-03 0.273E-05 -0.545E-05
-3 0.255E-03 -0.918E-04 0.135E-03
-2 -0.971E-05 0.143E-05 0.254E-03
6 -1 0.227E-03 -0.247E-03 -0.609E-04
0 0.155E-04 0.136E-04 -0.181E-04
1 0.327E-04 0.935E-06 0.226E-03
2 0.847E-04 0.310E-03 0.677E-05
3 -0.450E-03 0.170E-06 0.366E-03
4 -0.433E-04 0.329E-03 0.936E-04
5 0.137E-02 -0.133E-04 0.244E-03
6 0.766E-04 -0.546E-04 -0.324E-04
a) The major components in the table are shown in boldface font. b) The
crystal field Hamiltonian parameter is defined as}; Zq:_q BZ@Z ,where BZ
is the crystal field parameter and 5,? is the extended Stevens operator.
Quantization axis is chosen to be the main magnetic axes of the ground
Kramer Doublet.

The ground state magnetization axis is tilted towards one of the
(-NO3) ligands with an angle of 20.7 degrees from the Zn-Dy
molecular axis. The first excited state is 91 cm™' higher in energy
from the ground state, and the mismatch between the ground



and excited g.: orientation sets this as the Uca value for
magnetic relaxation. Similar to complex 1, the computed CF
parameters show large negative BJ parameters, which
represent the isolation of [£15/2) as the ground state. Again
QTM is expected to be present for 3, as a significant transverse
component is found in the ground state KD. This is in line with
the experimental data, where no SMM behavior is observed in
zero magnetic field (see Tables S5-S7). The Uca value obtained
for 3 is in close agreement with the experimental data (91 cm™
(calc.) vs 83 cm™' (exp.)). Again we probed the mechanism of
relaxation using the calculated parameters. Wave function
decomposition analysis suggests that the ground state is
predominantly |+15/2):-0.90|+15/2)+0.201£9/2)+ 0.19]£11/2) with
a slight mixing from other higher excited states. This is the
reason behind the presence of the non-negligible transverse
anisotropy. Interestingly, the first excited KD is predominantly
[+1/2) with significant mixing from the other excited states. The
computed ab initio blockade barrier reflects a significant
transition magnetic moment of 0.01 pg between the [+;1) pair,
which clearly suggests the presence of non-negligible QTM at
the ground state. The non-negligible QTM is the reason no SMM
behavior is observed at zero magnetic field. Again, as with 1, the
application of an external field lifts the degeneracy of the ground
microstates quenching QTM in the ground state resulting in
magnetic relaxation via a thermally activated process.

We now turn to answering what role the Zn(ll) ion plays (if any)

in increasing the Uer value in this class of complex (3 vs 1). DFT
calculations reveal that the bridging phenoxo oxygen atoms in 3
have greater negative charges compared to that of the
coordinated oxygen atoms in 1 (-0.73 vs. -0.3, see Table S9-S11
and Figure S11-S13). The presence of the Zn?* ion leads to a
larger charge polarization on the oxygen atoms, which in turn
induces a large electrostatic interaction on the lanthanide ion.
This eventually leads to the destabilization of excited states
increasing the ground-to-first-excited state energy gap. This
invariably suggests that the presence of a diamagnetic ion in the
vicinity of the Ln(lll) coordination environment is likely to help to
enhance the Uer barrier.
This polarization effect has been witnessed earlier in
{Na[Dy(DOTA)]} and {DysK,} complexes.['* 1% 31 The point is
further validated by the fact that all reported {Zn"-Dy"} molecules
possess more desirable SMM properties i.e. higher Uer
parameters than structurally similar mononuclear Dy"' analogues
(see Table 4 and Table S3). We have therefore used these data
found in the literature to find a correlation of the computed Uer
values to specific structural parameters. As with complex 3, the
literature reported structures maintain axiality in the ground state
anisotropy, with a small transverse component. Although the
complexes given in Table 4 are structurally similar to each other
and analogous to complex 3, there are significant differences in
the anisotropy barrier.

First we cross checked the role of the Dy"' coordination
number (nine vs. ten coordinate for the Dy" and Zn"-Dy"
complexes). For this we analyzed the ten coordinate Dy(lll)
which is structurally similar to that of complex 1 and 3 in a
reported {Zn"-Dy"} system.®? Calculations were performed on
the X-ray structure of [Zn"Dy"(NO3)sL(H20)] (Where H,L= 1,3-
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propanediylbis(2-imi-nomethylene-6-methoxy-phenol, Reference
Code: IWURAU) for comparative studies.

Table 4. Ab initio computed list of ZnDy complexes (coordination number of
Dy is nine) which are structurally related to complex 3 available in Cambridge
structural database (CSD).

As evident from the Table S12, the ground state is axial but
lacks pure lIsing type with g«= 0.03, g,= 0.08 and g-=17.87 (see
Figure S15A for ground state g, tensor alignment). The principal
g tensor of the first excited multiplet is tilted by 62.5° with
respect to the ground state g, orientation. This outlines the
computed energy barrier for the studied complex to be 98.3 cm-.
Next we have elucidated the mechanism for the relaxation of
magnetization (see Figure S15B). QTM within the ground state

S. Molecular Uett Computed g-tensor  Dihedral
No  formula (applied field) cm™! angle
(Dy-O-Zn-
0) ()
Exp Cal Oxx 9yy 9zz

1 [Zn(p-L)(p- - 99.96 0.03 0.05 1911 17.91
OAc)Dy(NO
3)2][33]

2 ZnBr(Hsal)( 231, 63 193.91 0.00 0.00 19.94 6.31
L)Dy(NOs)(
CH3OH)!"e!

3  [LZnDy(OAc - 121.25  0.03 0.04 19.40 2245
)3][34]

4 [Zn(p-L)(p- 46.18 82.65 0.02 0.04 18.81  15.37
9- (0.1T)
An)Dy(NOs3)
Sl

5 Complex 3 83 91.07 0.022 0.04 18.88  26.67
[ZnDy(L)2(N (0.35T)
O3)2(OAC)]

is pronounced as corroborated by a negligible (0.02 pg) matrix
element pertinent to this process. The transition moment matrix
element corresponding to the TA-QTM process within the first
excited multiplet is significant (1.29 ug) to promote relaxation via
this energy state. Additionally, the matrix element pertinent to
the spin-phonon relaxation is also pronounced 1.55 pg to further
provoke relaxation via the first excited energy level. Our wave
function analysis affirms the ground state to be a mixture of two
different |tM,> states as: 0.43 [£15/2> + 0.43 [£13/2>. A
suppressed QTM process within the ground energy multiplet is
expected as a substantial negative axial crystal field parameter
(B2) is found (-1.23 - see Table S13). This was supported by the
extremely small non-axial crystal field parameter (~10-2) which
opens up relaxation probability via the first excited energy
multiplets. The mechanism of relaxation analysis therefore
supports a Uca value of 98.35 cm™. The Uca value and the
established relaxation mechanism are very close to that
computed for complex 3 (nine coordinate), reported above,
highlighting that the electronic properties are mainly influenced



by polarization from the Zn(ll) ion and the coordination number;
nine vs. ten has little influence on the behavior. Moreover, this
again reveals the value of incorporating a diamagnetic ion, in
close proximity to a Ln'" ion, as the barrier height is calculated to
be bigger for [Zn"Dy"(NO3)sL(H.0)] compared to the structurally
similar complex, 1 which contains no such diamagnetic ion (see
Table S3).

To understand the role of dihedral Dy-O-Zn-O angle, all the
structures were carefully analyzed. It was found that the dihedral
Dy-O-Zn-O angle plays a crucial role in pushing the excited state
further away from the ground state, such that a smaller dihedral
angle yields a large energy barrier and vice versa. When the
dihedral angle deviation is small, the Dy(lll) ion is forced into the
same plane as the Zn(ll) ion and the phenoxo oxygen atoms.
This scenario leads to an enhanced electrostatic repulsion, due
to the presence of the additional charge density on the bridging
phenoxo ligand (due to the presence of the Zn(ll) ion in the
vicinity of Ln(lll)), compared to structures where the Dy(lll) ion(s)
deviate from planarity (See Table 4). The extent of distortion in
the dihedral angle leads to distortion around the Dy(lll) ion.
Small deviations around the Dy(lll) ion geometry stabilize a large
Uerr barrier and vice versa (Figure 8).
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Figure 8. Plot of computed energy barrier for the complexes listed in Table 4
against the deviation from the ideal tricapped trigonal prism (TCTP) geometry
calculated using continuous shape measurement software.

On the other hand, for the Pr(lll) containing complexes (2 and
4) the computed electronic and magnetic properties show that
complex 2 lacks SIM characteristics due to the absence of
bistablity in the ground state energy levels (Table S14: all the
energy levels are singlet in nature). Henceforth, no g tensors
have been computed for these singlet states. Similarly, the
absence of SIM behavior in complex 4 was also observed due to
the singlet nature of the ground and the first excited energy
levels deterring us from calculating any g tensor orientations and
eventually preventing complex 4 to act as a SIM (see Table S15:
detection of seven singlets and one pseudo-doublet). The
experimental observations of the absence of SIM characteristics
in complex 2 and 4 are well reproduced in our calculations.

DFT calculations, however, interestingly reveal that the
coordinated oxygen atoms in 4 also have a higher negative
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charge compared to that of the coordinated oxygen atom in 2
(see Table S16-S17 and Figure S16-S17). The presence of the
Zn(ll) ion again results in a larger charge polarization on the
oxygen atom, compared to the complex where the Zn(ll) ion is
absent which in turn induces a large electrostatic interaction on
the lanthanide ions. This led to the comparatively larger energy
for the first excited energy state in 4 compared to 2.

Conclusions

We have isolated two structurally analogous mononuclear
[Ln(HL)2(NO3)s] Ln = Dy (1) or Pr (2) complexes which are
characterized by single crystal X-ray diffraction. To detail the
effect of a diamagnetic Zn(ll) ion in the vicinity of the Ln(lll)
coordination sphere we have isolated two structural similar
heteronuclear complexes [ZnDy(L)2(NO3)2(CH3CO2)] (3) and
[Zn2Pr(L)2(NO3)(CH3COz)4] (4), which contain the Zn(ll) ion. Dc
and ac magnetic susceptibility measurements were performed
on 1 - 4 and it was revealed that complexes 1 and 3 display field
induced single-molecule magnet behaviour. For both 1 and 3
more than one magnetization relaxation pathway is observed.
The anisotropy barrier extracted from the ac data reveals a five-
fold increase in the anisotropic barrier for 3 compared to 1. This
has been rationalized based on detailed ab initio calculations.
The reasons for such a significant increase were further
corroborated via DFT calculations which predict that the
additional charge density present in the bridging phenoxo ligand
(due to the presence of the Zn(ll) ion) in 3 pushes the first
excited my level away from the ground state my level. While the
absence of the Zn(ll) ion in 1 and the distorted geometry around
the Dy(lll) ion result in a smaller ground state to first excited
energy gap due to the smaller charges found on the coordinated
O-atoms. A similar scenario is observed in complex 4 with the
first excited state my level being significantly higher than the
ground state my level compared to complex 2 where no Zn(ll) ion
is present. Further detailed theoretical investigations performed
on literature reported Zn-Dy complexes which are analogous to
complex 3 indeed reveal that the dihedral angle between Dy-O-
Zn-O holds the key to maximizing the electrostatic repulsion
between the Dy(lll) ion and the additional charge density found
in phenoxo bridging ligands. The combination of excess charge
density on the bridging ligand between the diamagnetic cation
and paramagnetic lanthanide ion along with minimal dihedral
distortion is the best combination to stabilize magnetic bistability
in heteronuclear lanthanide complexes.

This study therefore reveals the unconventional method of
utilizing a diamagnetic metal ion to improve the SMM behaviour
in any lanthanide ion complex is a promising route for future
SMM development.

Experimental Section

Materials and methods

All reactions were performed under aerobic condition unless otherwise
specified. All the chemicals and solvents of analytical grade were
purchased from Alfa Aesar and used without any further purification. The



Schiff base ligand was synthesized as per the literature.l'%®: 381 Infrared
spectra were recorded for the solid samples using KBr pellets on a
Perkin-Elmer FT-IR spectrometer in the 400 to 4000 cm™ range.
Magnetic susceptibility measurements were performed on a Quantum
Design MPMS SQUID magnetometer as described previously. (1]

X-ray crystallography

Single crystal data were collected on a Bruker SMART Apex Duo
diffractometer (MoKq, A = 0.71073 A). The selected crystals were
mounted on a fibre loop using Paratone-N oil and placed in the cold flow
produced with an Oxford Cryo-cooling device. Complete hemispheres of
data were collected by using ® and ¢-scans (0.3 A, 30 s per frame).
Integrated intensities were obtained with SAINT+ and they were
corrected for absorption using SADABS.[¢ Structure solution and
refinement was performed with the SHELX-package. The structures were
solved by direct methods and completed by iterative cycles of AF
syntheses and full-matrix least-squares refinement against F2. It was not
possible to solve the diffused electron density residual which was
associated with solvent molecules for the complex 4. This is treated with
the SQUEEZE facility from PLATON resulted in smooth convergence of
all the atoms during refinement. The loop corresponds to the residual
electron density (created in PLATON) is appended in .cif file of the
complex 4.

Synthesis of 1

The ligand HL (0.3 g, 1.3 mmol)) and Dy(NOs3)3-5H20 (0.2898 g, 0.6
mmol) were added to ethanol (60 mL) which resulted in an orange
solution. This was then stirred for 7-8 hours. After completion of the
reaction, the solution was filtered and kept for crystallization.
Yellow/orange crystals were obtained upon slow evaporation of the
solution at room temperature within 2-3 days. The obtained crystals,
however, were found to be unsuitable for X-ray diffraction. The collected
crystalline material was then recrystallized from methanol by allowing the
solvent to evaporate slowly. These crystals were suitable for XRD. IR:
(KBr pellet), 3424 cm™'(b,(NH)), 2942 cm(s,(Ar-H)),1630 cm'(s,(C=N)).
Elemental analysis: Calc: C, 41.90%; H, 3.30%; N, 8.70%. Found: C,
41.62%; H, 3.65%; N, 8.77%. Yield for 1 (% based on Dy®") = 147 mg
(27.7%)

Synthesis of 2

The same procedure used to isolate complex 1 was followed, however
Pr(NOz)3-6H20 was used in place of Dy(NOz3)3-5H20. Suitable crystals for
XRD were obtained from slow evaporation of the concentrated reaction
mixture. IR: (KBr pellet), 3422 cm™'(b,(NH)), 2941 cm(s,(Ar-H)),1632 cm-
1(s,(C=N)). Elemental analysis:Calc: C, 43.03 %; H, 3.35 %; N, 8.96 %.
Found: C, 42.92%; H, 3.42%; N, 8.69%. Yield for 2 (% based on Pr3*) =
135 mg (26.15%)

Synthesis of 3

To a methanolic solution containing the Schiff base ligand (0.3 g, 1.3
mmol), NaOH (0.0528g, 1.3 mmol) was added followed by the addition of
Dy(NO3)3:5H20 (0.2898 g, 0.065mmol). After 15-20 minutes of stirring,
Zn(CH3CO0O0)2-:2H20 (0.29 g, 1.3 mmol) was added to this solution. Upon
addition of the zinc salt the solution changes from orange to yellow. The
reaction mixture was then allowed to stir for 8 hours at room temperature.
The solvent was then removed under reduced pressure and the product
was extracted with DCM. The residue obtained after removal of the DCM
was recrystallized from methanol. Suitable crystals for x-ray diffraction
were obtained within 2-3 days when left in the fridge at 4-5 °. IR: (KBr
pellet), 2925 cm-(s,(Ar-H)),1618 cm(s,(C=N)). Elemental analysis: Calc:
C, 41.70%; H, 3.20%; N, 6.50%. Found: C, 41.62%; H, 3.15%; N, 6.42%.
Yield for 3 (% based on Dy**) = 160 mg (28.04%)

Synthesis of 4

WILEY-VCH

Same procedure used to synthesis complex 3 was followed, however
Pr(NOs)3-6H20 was used in place of Dy(NOz3)3-5H20. IR: (KBr pellet),
2922 cm(s,(Ar-H)),1615 cm(s,(C=N)). Elemental analysis: Calc: C,
42.29 %; H, 3.55 %; N, 4.11 %. Found: C, 41.98 %; H, 3.42 %; N, 4.10 %.
Yield for 4 (% based on Pr3*) = 172 mg (25.46%).
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