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ABSTRACT: Extensive ab initio CASSCF/RASSI-SO/SINGLE_ANISO/POLY_ ANI-
SO calculations have been undertaken on eight structurally similar previously synthesized
[Cu"(L)(C3H0)Ln™(NO,),] (Ln = Dy (1), Tb (3), Ho (5), and Er (7)) and
[VVO(L)(C3H(O)Ln™(NO,),] (Ln = Dy (2), Tb (4), Ho (6), and Er (8)) (here H,L =
N,N’-bis(3-methoxysalicylidene)-1,3-diamino-2,2-dimethylpropane) complexes (crystal
structures reported earlier). Our estimated exchange interactions (J) using the Lines
model for complexes 1—-8 (1.55 cm™, 0.15 cm™, 5.30 ecm™, 0.06 cm™, 1.05 cm™,
—0.18 cm ™', 0.24 cm™', and —0.02 cm™' for complexes 1—8 respectively) match well
with the experimental values (HE-EPR and pulse magnetization technique) reported
earlier and offer confidence in the methodology employed. We have established the
mechanism of magnetic coupling for this series to rationalize the observation that LnCu
complexes are strongly coupled compared to LnV complexes. Besides, the results
procured based on the BS-DFT method imply a crucial role of overlap between the 3d
and 4f orbitals, the formally empty 5d/6s/6p orbitals of Ln™ ion in the exchange

coupling mechanism. To probe the origin/absence of magnetization relaxation observed in these complexes 1—8, both the single-
ion and the exchange anisotropy are analyzed. Our calculations reveal that stronger exchange interaction quenches the quantum
tunnelling of magnetization behavior in these complexes; however, for LnV complexes the exchange interaction was too small to
offer a large blockade barrier. In the quest to obtain a stronger exchange interaction, we have assessed several models and have
developed a magneto-structural correlation. An antagonizing behavior between the J¢,p, and U, values are noted for the Dy—
O—0-—Cu dihedral angle correlation developed on complex 1. This highlights the subtle nature of the magnetic anisotropy in
this class of complexes and postulates that both the single-ion anisotropy and the exchange interaction are needed to be targeted

simultaneously to achieve a new generation {3d-4f} single molecule magnets (SMM).

1. INTRODUCTION

Single molecule magnets (SMMs)' are an inquisitive area of
research as diversified applications such as spin valves,
transistors, q-bits, molecular refrigerants, ultrahigh density
information storage devices, ultrafast information processing
devices, and molecular spintronics, etc. have been proposed for
this class of molecules.” SMMs show slow relaxation of
magnetization below a certain blocking temperature and hence
retain magnetic properties for longer periods of time at the
molecular level. This slow relaxation can be ascribed to the
effective barrier (U, = IDIS*) for the reversal of magnetization,
and this can be considered as the energy required to transform
the SMM into a usual paramagnet. Uniaxial magnetic
anisotropy (Dj; axial zero-field splitting parameter) and ground
states with large spin (S) are considered as major criteria for
designing a SMM based on transition metal ions. Additionally,
working blocking temperature (Tj; temperature at which
divergence between the field-cooled and the zero-field cooled
curves are observed) where SMMs are functional must be
improved to room temperature values,3 as SMM:s reported until
now function only at liquid helium temperatures. The primary
challenge in this area is the magnetic anisotropy which
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decreases tremendously when the cluster size or spin ground
state increases.”” As the anisotropy being the primary criteria
and this can be fine-tuned easily for mononuclear complexes,
several low-coordinate mononuclear transition metal complexes
with attractive barrier heights have been reported.’ Although
these low-coordinate transition metal complexes are attractive,
they are often difficult to synthesize and are unstable in ambient
conditions.” These observations triggered the search for metal
ion, possessing large inherent anisotropy, and lanthanides are
found to be the obvious solution to these issues.

Lanthanide based complexes play a pivotal role in the area of
SMMs.* " The ground spin—orbital manifold J in lanthanide
complexes is similar to the spin ground state S in transition
metal clusters, while the crystal field splitting of J multiplets is
comparable to the axial zero-field splitting parameter in
transition metal complexes.'' This promotes the use of
lanthanides in molecular magnetism as the ground state is
essentially defined by the (2] + 1) term {the multiplicity of the
ground ] level}, by fabricating the ligand field surrounding
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Scheme 1. Schematic Representation of Crystallographic Geometries (a) [Cu"(L)(C;H;O)Ln"™(NO;);] {Ln = Dy (1), Tb (3),
Ho (5), and Er (7)} and (b) [VVO(L)(C;H;O)Ln™(NO,),] {Ln = Dy (2), Tb (4), Ho (6) and Er (8)}
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metal, we could achieve extremely huge magnetic anisotropy
for magnetization reversal. This is exemplified by the recent
discovery that a seven-coordinate Dy" complex is found to
exhibit a hysteresis loop up to 30 K.*!

One of the major disadvantages of lanthanides lies in
mediating very weak exchange interactions, and this opens up
many relaxation pathways rendering the U ineffective for
magnetization blockade.” 128613 Particularly the QTM process
is very rapid in many lanthanide complexes, and hence it is very
rare to observe a magnetic hysteresis with a large coercive field
in lanthanide based SMMs.'*~'°An efficient strategy to quench
the QTM is to promote strong magnetic exchange interaction,
and this can be achieved using either radical Iigands3b’17 ora3d
metal ion. There is a large body of literature available to
pinpoint exchange interactions between the 3d and 4f ions as
the impetus for quenching of QTM behavior, and this concept
has been exploited to synthesize several {3d-4f} polynuclear
complexes possessing attractive barrier heights and blocking
temperatures.”'® As the 3d metal ions can also offer
anisotropy, a correct choice of the metal ions can lead to
enhancement of the magnetic anisotropy and larger U, values.
For these reasons, efforts in synthesizing novel {3d-
4f}1 189801920 complexes are of paramount importance in
achieving a new generation SMMs. However, because of the
complexity involved in factoring out all of the contributions
toward magnetic anisotropy in polynuclear complexes,
interpreting the magnetic properties of {3d-4f} complexes
poses a challenge.

Despite the fact that exchange interactions render such a
crucial contribution in quenching QTM behavior, there are
only a few reports where these interactions are accurately
estimated using experimental means.””*’ On the same note,
though experimental techniques,” such as inelastic neuron
scattering (INS)** and multifrequency high-field EPR*’ have
been used to probe the magnetic anisotropy in exchange
coupled systems, none of them suffice to resolve the directions
of the local magnetic anisotropy axis accurately. Rapid progress
in quantum chemistry methods and enhanced computational
resources remedy such issues through the use of fully ab initio
calculations, > 3!15/18:29,28,29,35,24,50553 They have been proven
valuable in a profound understanding of the complicated nature
of the magnetic properties of anisotropic systems. The
exchange interactions in anisotropic {3d-4f} systems could be
extracted within the Lines model employing anisotropic
contributions, energies, and wave functions from ab initio

calculations.**'**®"> In this regard, the report of eight

complexes covering the four lanthanide metal ions {Dym, TbL,
Er', and Ho™} with the variation of Cu" and VYV metals
reported by Ishida and co-workers gain importance as these
complexes are characterized by high-field high frequency
electron paramagnetic resonance (HF-EPR) techniques for
the first time.*' Using HF-EPR and pulsed-field magnetization
techniques, the exchange coupling parameter for the afore-
mentioned eight complexes are estimated. As anisotropy of the
systems are very high, this demands study in the frequency
range of 95—400 GHz at 4.2 K, revealing the scarcity of such a
study.”'”

In our present work, we aim to employ an ab initio
(CASSCF+RASSI-SO+SINGLE_ANISO) method to model
the magnetic properties of eight complexes having the
molecular formula of [Cu"(L)(C;H¢O)Ln™(NO,);] {Ln =
Dy (1), Tb (3), Ho (5), and Er (7)} and [VVO(L)(C,H(O)-
Ln"™(NO,),] {Ln = Dy (2), Tb (4), Ho (6), and Er (8)} (here
H,L = N,N'-bis (3-methoxysalicylidene)-1,3-diamino-2,2-dime-
thylpropane) (see Scheme 1 for generic representation of these
structures).”’” By performing this study, we desire to resolve
the following interesting queries: (i) How accurate are the
Lines model of extracting exchange coupling in {3d-4f}
complexes? (ii) How the single-ion anisotropy varies across
complexes 1—8? Given the fact that complexes 1—4 and 5—8
are structurally analogous, this provides a rare chance to
evaluate the evolution of single-ion anisotropy with an increase
in the 4f occupation. (iii) What is the mechanism of magnetic
coupling in this anisotropic {3d-4f} pair? As the J values ranges
from +2.3 to —0.2 cm ™" for complexes 1—8, this is an ideal test
set to affirm the mechanism of magnetic coupling. (v) How
magnetic exchange interactions influence the magnetization
relaxation in these complexes? (vi) Can the exchange be fine-
tuned so as to increase the effective barrier?

2. COMPUTATIONAL DETAILS

All the post-Hartree—Fock ab initio calculations were enumerated
using the MOLCAS 7.8 suite.”® Notable aptness of CASSCF/RASSI-
SO/SINGLE_ANISOZ(’C’27 methodology toward the illustration of
magnetic characteristics of lanthanide complexes>**™%?® has driven us
to perform our study via this approach.

The Lines model**'**?* has been used to depict the exchange
interaction between the true spins of the metallic sites using the above
acquired lowest spin—orbit states (see details in Supporting
Information computational details). The Lines®”® model has been
proven to be beneficial owing to its intrinsic single parameter (J)
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Figure 1. (a) Molecular structure of 1, where H atoms were removed for clarity, the light green arrow on Dy™ and blue arrow on Cu" correspond to
the orientation of the local magnetic moment in the ground exchange doublet state, respectively, while the orange line implies the main magnetic
anisotropy axis of the Dy™ ion{color code: Dy: purple, Cu: green, O: red, N: blue, C: gray}. (b) Ab initio SINGLE_ANISO* computed
magnetization blocking barrier for 1. (¢) Ab initio POLY ANISO** computed low-lying exchange spectrum and magnetization blockade barrier
(4.15 cm™; yellow dashed line) for 1. The x-axis indicates the magnetic moment of each state along the main magnetic axis of complex 1, while the
y-axis denotes the energy of the respective states. The thick black lines imply the Kramers doublet as a function of magnetic moment. All the dotted
(red/green/blue) lines imply averaged matrix element of the transverse magnetic moment connecting corresponding states, i.e., (4, + Myl + ul) /3.
The dotted blue/green lines indicate the most probable relaxation process (Orbach process composed of direct/Raman pathway) following the
minimum energy path where transition matrix elements connecting the states with reverse magnetization is largest. The dotted red lines correspond
to the QTM/TA-QTM of relaxation contribution between the connecting pairs. The numbers provided at each arrow are the mean value for the
corresponding matrix element of the magnetic moment. The black texts near the black lines reveal the nature of the Kramers Doublets in terms of
major wave function contribution. (d) Molecular structure of 3, where H atoms were removed for clarity {color code: Tb: light green, Cu: dark
green, O: red, N: blue, C: gray}. (e) Ab initio POLY ANISO** computed low-lying exchange spectrum and position of the magnetization blocking

barrier (15.67 cm™; yellow dashed line) for 3.

consideration (approximating isotropic exchange interaction in the
absence of spin—orbit coupling on metal centers) for interacting metal
pair. The Lines exchange parameters can be procured from the least-
squares fitting of the magnetic properties based on ab initio computed
lowest spin—orbit energy multiplets on the magnetic centers. From the
exchange eigenstates, magnetic properties of dinuclear complexes as
well as parameters of pseudospin Hamiltonian can be derived. The
Lines exchange coupling followed by the estimation of the magnetic
properties of the dinuclear complex were undertaken using the
POLY_ANISO* program, interfaced with the SINGLE ANISO*
module treating metallic fragments individually. The resultant
exchange spectrum and correlated wave functions of the dinuclear
complexes were used to determine magnetic properties of the
dinuclear complexes. For all the eight complexes studied, only one
exchange interaction Jc,y1,, has been employed as a fitting parameter.
Additionally, the intermolecular interaction (z]) has been considered
within the mean field approximation. To obtain an estimate of the
magnetic anisotropic exchange between Ln™ and Cu'/VY, we fitted
the magnetic susceptibility data using the Lines model {which uses the
Ising Heisenberg exchange Hamiltonian, A= —BinScun/ve 5
(8Lns8cuz /v, represent projections of the effective spin § = 1/2 of
lowest energy multiplet of Ln™ jons and Cul'/VV ions) to treat both
anisotropic dipolar and exchange interactions} as embedded in the
POLY_ANISO** routine including the dipolar exchange (see

11203

Supporting Information for further details). Notably, this program
uses SINGLE_ANISO computed energies, and the wave function of
the corresponding Ln™ ions (Cu'/V'V have been considered to be
isotropic with the constant g values of 2.25 and 1.96 respectively).

Besides using the Lines approach to compute the ] values, we have
also employed the ORCA 3.0 suite of programme (DFT and broken
symmetry (BS)*' approach) to compute the exchange (Jy,) values to
further validate the interactions deduced. To estimate the ] values
using DFT, {Cu—Gd} or {V—Gd} models are employed. These
calculations are performed using the B3LYP functional and SARC-
DKH?>” basis set as this approach has been extensively employed to
extract exchange coupling in {3d-Gd}** complexes. Later, the obtained
J values have been rescaled to the pseudospin 1/2 of the
corresponding lanthanide atoms.>

3. RESULTS AND DISCUSSION

In all the eight complexes studied, the lanthanide™ ion is 10
coordinated with six nitrate oxygen atoms, two methoxy oxygen
atoms, and two bridging phenolate oxygen atoms (see Figure
1). The Cu" ion possesses a square pyramidal coordination
composed of imine nitrogen atoms and phenolate oxygen
atoms at the equatorial sites and an acetone molecule at the
axial site. The V'V ion on the other hand shows a compressed
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Table 1. Computed Anisotropic g-Tensor Values (g, g,,, and g.) Obtained from Single-Ion Anisotropy Calculation As Well As
for Exchange Coupled States, Exchange Interaction Estimated Using Experiments and Lines Model (cm™"), Computed U, and
Experimental U, Values (cm™"'), Computed Tunnel Splitting (cm™") between the Exchange Coupled States for Complexes 1—8

SINGLE_ANISO™ estimates

POLY_ANISO™* estimates

complexes Lo e ez Gx &y oz Ayn:GS J (Lines) U J (exp) Ug* SMM behavior
1 0.01 0.28 19.12 0 0 21.39 0.048 1.55 4.15 113 7.99 yes
2 0.31 0.93 17.57 0 0 19.20 0.008 0.15 0.45 0.19 no
3 0 0 17.84 0.08 0.08 20.31 42 x 1077 5.30 15.67 >2.3 29.40 yes
4 0 0 17.44 1.58 1.96 2.59 1.9 x 107° 0.06 0.04 no
S 0 0 16.43 2.07 226 8.66 85x 107 1.0 0.76 no
6 0 0 17.04 223 1.61 0.53 43 x 1078 —0.18 —0.13 no
7 3.45 5.17 10.34 0 0 12.39 0.01 0.24 0.36 0.17 no
8 0.98 1.03 14.66 0 0 16.55 5.6 x107* —0.02 0.27 —0.01 no

“It is worthy to mention that the experimental U, values have been extracted using a dc bias field of 1000 Oe and the two complexes (1 and 3) show

field-induced (1000 Oe) SMM behavior.
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Figure 2. Variable temperature magnetic susceptibility (yT) data for (a) complexes 1 and 2, (b) complexes 3 and 4, (c) complexes 5 and 6, (d)
complexes 7 and 8 where the respective void circles represent experimental data, while the solid line imply fit employing the Lines model. The data
have been plotted using a double-y plot where individual y-axis of the complexes is noted by the arrows. For complexes 1 and 2 the experimental data

S

has been scaled by a factor 1.08,’

while for rest of the complexes the data have been used as such.

octahedron with imine nitrogen atoms and phenolate oxygen
atoms at the equatorial sites, an acetone molecule and a short
oxo cap at the axial site (see Figures 1a,d and 3). The detailed
analysis of the individual molecules is presented first where we
begin our discussion with single-ion anisotropy of individual
Ln™ ions. This is followed by the discussion on the exchange-
coupled states. Later the magnetic properties and the exchange
interactions among complexes 1—8 are discussed in detail along
with some magneto-structural correlations.

Studies on [Cu"(L)(C;H40)Dy"(NO5);] Complex (1). We
have evaluated eight low lying Kramers doublets (KDs) for the
Dy™ ion corresponding to the °Hj, state. These states spread
over the energy window of 443.7 cm~! with my =+ 15/2 being

11204

the ground state. Ground state of the Dy ion in 1 (g,, = 0.01,
gy =028, and g, = 19.12, see Table 1, Table S2, and Figure la
for orientation of ground state g, tensor) is axial in nature with
concomitant transverse components leading to non-negligible
QTM effects (transversal magnetic moment corresponding to
QTM relaxation pathway = 0.05 g, see Figure 1b) within the
ground state Kramers doublets (KDs). The large value of g,
reveals the presence of a large magnetic moment, proceeding
toward the expected g, = 20 pertinent to my = +15/2 state (see
Figure 1a). This is in agreement with HF-EPR measurement.”'”
Our calculations postulate a dominant single-ion relaxation to
be channelled via the first excited state leading to the estimation
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of 60.9 cm™" as the calculated energy barrier (U,,, see Figure
1b).

Experimentally complex 1 is characterized as a field induced
SMM possessing effective energy barrier (U.) of 7.99 cm™.
However, the calculated barrier U,y is significantly higher than
the experimental U, barrier, and this reveals that the
mechanism of relaxation is unlikely to be single-ion in origin.
This is affirmed by the fact that structurally analogous
{Z0Dy ™} complexes ([Zn(-L)(4-OA)DY(NO,),], [Zn(u-
L)(u-9-An)Ln(NO,), {H,L = N,N’,N”-trimethyl-N,N"-bis (2-
hydroxy-3-methoxy-S-methylbenzyl) diethylenetriamine };
[Dy,Zn,L,(BA)s] {L = 1,2-bis(2-hydroxy-3-methoxybenzyl-
idene)hydrazine; BA = benzoic acid)}; [ZnDy(NO;),-
(L),(CH;CO,)] {HL = 2-methoxy-6-[(E)-
phenzfliminomethyl]phenol) exhibit larger U, val-
ues.' 772402034 The ground state QTM can be best illustrated
by the crystal field parameters subject to the negligible
contributions from intermolecular and hyperfine interactions.
The corresponding crystal field Hamiltonian can be expressed
as

q
I:ICF = Z Z Blgokq

k=—q

where B, implies crystal field parameter and O,? represents
Stevens operator. Larger (see Table S18) non-axial B;? (where
q# 0, K=2,4,6) terms compared to their corresponding axial
B, (where g = 0, K = 2, 4, 6) terms are found to favor QTM
process. Here, however, both the axial and the non-axial terms
are found to be equal in strength postulating non-negligible
relaxation via the ground state KD (see Table SI18 in
Supporting Information) as per earlier establishments.*>*>**
Ab initio calculations postulate that slow relaxation observed
for this complex is dictated mainly by the exchange coupled
multiplets incurred by Cu---Dy interactions. The anisotropic
exchange coupling parameter ] is the summation of exchange
interaction (J) and magnetic dipole—dipole coupling
(]dipolar). SINGLE_ANISO derived ground state g-matrix
enables precise computation of Jy,p,, and unknown .., can
be estimated by fitting magnetic data. The isotropic g-tensor of
Cu" is estimated to be 2.25 (see Table S3 in Supporting
Information), and this has been utilized in the POLY ANISO**
program (see Figure 2a, top). This enables us to estimate the

exchange interaction Jc,p, as +1.55 em™ (H=— ]§Dy§Cu) for

complex 1 (see Tables S41 and S42 for standard deviation and
mean absolute error). To further validate our computed
exchange parameter, we have also computed the exchange
parameter through BS-DFT calculations (see Table S19). This
calculation yields +1.05 cm™ as the exchange interaction, and
this is closer to the estimate obtained using POLY ANISO™ as
well as HF-EPR study (see Figure lc). The net exchange
interactions have two contributions: exchange and dipolar, and
it is an established fact that the DFT calculations yield only the
exchange part of the J, while the ] values obtained from the fit
contains both contributions (see Supporting Information,
Table S40). This estimates the dipolar contributions as +1.14
cm™' for complex 1. Besides we have also attempted to fit only
the low temperature data (2—50 K) using Lines model, and
these data also yield very similar ] values (see Figure S9 in
Supporting Information and Table S40 in Supporting
Information). As the experimental ] value is well evaluated
(HF-EPR and magnetic data), this offers a rare chance to
validate the computed values with respect to the experimental

data. A very good match between the two values (cal vs exp as
+1.55 em™ vs +1.13 cm™%; see Tables S41 and S42 for standard
deviation and mean absolute error) postulates that the
employed methodology is accurate and can be employed to
extract such intricate parameter for {3d-4f} molecular magnets.

For complex 1, six exchange Ising doublets have been
obtained from six lowest lying KDs on the Dy site and two
components of the Cu" site giving rise to (6%2) = 12 energy
levels (see Table SS). The exchange states in Figure lc are
arranged in compliance with their corresponding maximal
magnetic moments. The lowest exchange levels have been
grouped into doublets, and these doublets are split by tunnel
splitting indicated in Figure lc as A, (due to Kramers nature
of the exchange coupled system). For all the exchange-coupled
states, the transverse components are found to be nearly zero
(g = gy =0<1X 107"), and orientation of the magnetic
anisotropy of the ground state resembles that of Dy single-ion
behavior. Besides, the local magnetic moment of Cu jon is also
found to lie along the main magnetic axis. The magnetic
relaxation in the exchange-coupled states is estimated by the
tunnel splitting parameter A, and for the ground state this is
estimated to be 107> cm™, indicating efficient QTM between
the ground state. This suggests the absence of any SMM
behavior at zero-field for complex 1, and in fact an application
of 1000 Oe dc field is required to observe the relaxation. This
strongly supports the computed relaxation mechanism depicted
in Figure lc.

The first excited exchange doublet lies at 4.15 cm™" higher in
energy from the ground state and our calculations predict that
there is a significant Raman/Orbach process (see Figure 1c) via
the first excited state. Besides, the first excited state also
possesses large A, suggesting a favorable TA-QTM process.
Application of 1000 Oe dc field is expected to quench the
QTM between the ground states to a certain extent, leading to
the observation of magnetic relaxation. In the applied field
scenario, the major relaxation is expected to channel via the first
excited state, leaving the estimate of U, as 4.15 cm ™', and this
is close to the experimental estimate.

Studies on [VVO(L)(C3H;0)Dy"(NO;);] Complex (2).
For complex 2 the energy span of the low lying eight KDs is
found to be 356.3 cm™'. The ground state anisotropy (g,, =
0.31, g, =0.93, and g,, = 17.57, see Table S6, S18 and Table 1)
shows axiality with concomitant transverse anisotropy. This
suggests the ground state to be my = £ 15/2 (with small
contribution from higher energy excited state) state and is in
accord with the HF-EPR data (g ~ 13—18). Besides for this
complex, the signals at g ~ 18 are obtained at lower
temperature, and this strikingly matches with our estimated
. value.”"" In this complex, the transverse magnetic anisotropy
has been more prominent as compared to complex 1 leading to
a prominent QTM effect (0.21 g, see Figure Sla). This
suggests the absence of any SMM behavior in complex 2
corroborating experimental observations. Utilizing g & 1.98 for
VY (see Table S7 in Supporting Information), POLY ANI-
SO™ program yields Jypy exchange interaction as +0.15 cm™"
(]exp +0.19 cm™ ; see Figure 2a bottom; see Tables S41 and
S42 for standard deviation and mean absolute error). The A,
within the ground exchange doublets found to lie in the order
of 10 em ™, indicating sufficient QTM to be operative (Figure
4a and Table S9). Still, the anisotropic nature of the ground
exchange doublets will push the relaxation further upward to
the next excited state lying at an energy separation of 0.45 cm™
with respect to the ground exchange doublet. Now, the
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Figure 3. Molecular structures of complexes (a) 2, (b) 4, (c) S, (d) 6, (e) 7, and (f) 8. The H atoms have been removed for clarity, the solid filled
arrows on Dy"{2}, Tb™ {4}, Ho"{5/6}, Er"'{7/8}, Cu"{2,4,5—8}, and V'V {2,4,5—8} corresponds to the orientation of the local magnetic moment
of the respective Ln™ and Cu/VY ions in the ground exchange doublet state respectively, while the dashed line in all the figures implies the main
magnetic anisotropy axis of the respective complexes {color code: Tb: light green, Cu: dark green,V: sky bue, Ho: yellow, Er: pink, O: red, N: blue,

C: gray}.
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Figure 4. Ab initio POLY ANISO™ computed low-lying exchange spectrum and position of the magnetization blocking barrier (denoted by yellow
dashed line in all the figures) in complex (a) 2, (b) 4, (c) S, (d) 6, (e) 7, and (f) 8 (see Figure 1 caption for detailed description).

observed tunnel splitting (0.015 > 107> order) between the +2
states is significant, and this enforces relaxation via this state,
placing the U, estimate as 0.45 cm™. Besides, the very weak
exchange interaction between VV—Dy™ ions leads to the
independent orientation of magnetic moment for the V'V ions
at lower temperatures, and this offers a fluctuating magnetic
field for the Dy™ ion leading to a very fast relaxation as
observed in the experiments.>* The local magnetic moment of

VY, Dy" and the main magnetic axis of the DyV molecule are
found to be collinear (see Figure 3a). We would like to note
here that for both the complexes (1 and 2), the ab initio
computed anisotropy axis is found to lie closer to the
electrostatic anisotropy axis, "3

Studies on [Cu'(L)(C;Hs0)Tb"(NO;);] Complex (3). We
have computed 13 energy levels (five pseudo-doublets and
three singlets) corresponding to J = 6 for the Tb™ ion in
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complex 3. The ground state is estimated to be m; = + 6 state
(g.. = 17.84); however, large tunnel splitting (0.31 cm™" see
Figure 4a, Table 1 and S10) deters SMM characteristics with
major relaxation via this state. It is notable that such a large
Ising (large g,,) type ground state indicates the presence of
Ising type exchange interaction between the two neighboring
centers in complex 3. The Lines model yields Jo,m, as +5.3
cm™! (see Figure 1d and Figure 2b, top; see Tables S41 and
S42 for standard deviation and mean absolute error), and this
complies well with the experimental estimate (noted as Jourp, >
23 cm™'). This postulates rather a strong ferromagnetic
interaction between the Cu" and the Tb™ ion and is in line
with the other Jo,r,, exchange reported.”” Unlike in single-ion,
the exchange coupled ground state (see Figure le) is found to
possess non-negligible transverse components (see Table S13,
8w = 0.06 and g, = 0.06) due to the overall Kramers nature of
the exchange-coupled system. A similar scenario has been
detected also for the first excited state (g,,= 0.02 and gy =
0.08). This was further substantiated by significant transversal
moment matrix elements pertinent to the QTM/TA-QTM
(0.02/0.02 pg) contribution to the magnetic relaxation
mechanism (see Figure le).

However, considerable off-diagonal transition moment
matrix elements between the —1 and +2 and —2 and +1
(0.09 i ; green arrow in Figure le) have been observed. Apart
from these, significant average matrix elements (red dotted
arrows in Figure le) of the magnetic moment connecting +1
and +2 (0.91 ug) states is also detected (corresponds to the
most probable relaxation pathway). Hence, despite the large
predominant g,, components, the magnetic relaxation is likely
to take place via the first excited state, and this places the U
value as 15.7 cm™". The experimental estimate of U, is 29.4
cm™, and this is higher than the theoretical estimate. However,
as the barrier height is estimated in the presence of an applied
field which is known to quench the relaxation pathways, larger
than the theoretical estimate is rather expected.

Studies on [VVO(L)(C;Hs0)Tb"(NO;);] Complex (4).
Here the 13 spin—orbit states of ] = 6 are found to spread over
272.8 cm™! for Tb™ ion. Here also, the anisotropies are of pure
Ising type with g,, = 17.44 (Figure Sb, dashed line and evident
from the experimental HF-EPPR study of g ~ 15) for the
ground state pseudo-doublet. The tunnel splitting within the

A
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( ==
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Ln":54

u -ll > Ln"™ 4f polarization
Cu dtz-vz &
X2 3
or VI dyy \

Ln™ 41

Figure 5. Schematic representation of the plausible magnetic exchange
coupling mechanism operative in all the eight studied complexes.

ground pseudo-doublet is extremely large (1.13 cm™", see Table
S14), much higher than that found on complex 3. This suggests
significant QTM within the ground state and precludes any
SMM characteristics for complex 4. The POLY ANISO**
program yields Jyy, exchange as +0.06 cm ™ (]exp +0.04 cm™};
see Table 1, Figure 2b, bottom and Tables S1S5 and S17 in
Supporting Information and Figure 3b; see Table S41 and S$42
for standard deviation and mean absolute error). The ground
state g-tensors of exchange coupled states are estimated to be
nearly isotropic in nature (g, = 1.8,g,, = 1.96, g., = 2.59, see
Table S17) as exemplified by substantial transversal moment
matrix elements pertinent to the QTM/TA-QTM process
(0.59/0.72 pg) (see Figure 4b). This suggests that complex 4 is
unlikely to possess any SMM behavior and is in line with the
experimental observation. As the exchange interaction is
extremely weak, it has no role on the magnetization blockade.
Besides, it is worthy to mention here that, although the local
magnetic moments of Tb™ and V'V align parallel to each other
(see Figure 3b), the orientation of the exchange-coupled state is
tilted compared to the single-ion behavior.

Studies on [M(L)(CsH¢O)Ho"(NO5);1 (M = Cu', VWV
Complexes (5 and 6). The 17 spin orbit-coupled states of
Ho™ corresponding to J = 8 state are found to lie within ~385
cm™! energy for both complexes 5 and 6 (see Tables 1 and S21
and the principal magnetic anisotropy orientation). A large
ground state tunnel splitting (4.8 and 2.4 cm™ for 5 and 6
respectively) has been detected in the ground state, and this
precludes the observation of magnetic bistability for both
complexes 5 and 6 (Figure 4cd). The POLY ANISO*
program yields Jou, as +1.05 cm™' for complex § (]exp +
0.76 cm™'; see Figure 2c, top). Similarly for complex 6, Jyy, is
estimated as —0.18 cm™! (]e —0.13 cm™! ; see Figure 2c,
bottom; see Tables S41 and S42 for standard deviation and
mean absolute error), and here the interaction is found to be
antiferromagnetic in nature unlike in other cases. Also for the
exchange coupled state, a large transverse component (gxx =
2.07, g,, = 2.26, g, = 8.66 for complex § and g,, = 2.23, &y =
1.61, g.. = 0.53 for complex 6, see Figure 3c,d for computed
orientations and Table S21 and S25) has been detected which
is expected to facilitate a very fast QTM (0.72 and 0.64 uj, for §
and 6 respectively; see Figure 4c,d) process within the ground
state for both § and 6. For complex §, although ] value is
moderate, the g-anisotropy of both the single-ion and the
exchange-coupled states (see Table $24 for complex § and S28
for complex 6) are unfavorable leading to the absence of SMM
behavior, and this is affirmed by the experimental studies.

Studies on [M(L)(C;HsO)Er'"'(NO5);] (M = Cu" and VV
Complexes (7 and 8). The single ion anisotropy study on
Er' leads to eight Kramers doublets {*I;5/, for Er'", Kramers
ion} pertaining to J = 15/2 states. They are found to lie in an
energy span of 416 and 407 cm™' for complexes 7 and 8
respectively (see Table 1, Tables S29 and $33). Large
transverse anisotropy {g,. = 3.45, &y = 517, g. = 1034
(reflected in experimental HF-EPR study as g ~ 13) and g,, =
0.98, g,, = 1.03, g, = 14.66 (reflected in experimental HF-EPR
study as g &~ 9—13) for complexes 7 and 8 respectively} of the
ground state KD (see Figure 3e,f and Table 1, S29 and S33)
reveals a non-axial nature of the ground state. This is evidenced
by our quantitative magnetic relaxation mechanism with QTM
of 1.43 py and 0.33 i for complexes 7 and 8 respectively (see
Figure S1b,c) based on single-ion analysis. This is much larger
than that observed for complexes 1 or 2 and suggests QTM in
the ground state as a major relaxation pathway. POLY -
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ANISO™* program yields Jc,g, as +0.24 cm™ (Jop + 0.17 cm™),
while the Jyy, interaction is estimated as —0.02 cm™* (Jep —0.01
cm™") (see Figure 2d and see Tables S41 and S42 for standard
deviation and mean absolute error). For complex 7, significant
Ay, has been detected (0.01, see Figure 4e) within the ground
exchange doublets instigating the relaxation via this level.
Contrary to this, strong axiality of the ground exchange doublet
(8w = 0, g, = 0 and g, = 12.39, see Table S32) tries to push
magnetic relaxation upward via the excited exchange doublet;
however, a weak exchange interaction places the first excited
exchange coupled state at merely 0.4 cm™' (see Figure 4e)
higher in energy rationalizing the absence of SMM behavior in
this complex. For complex 8 on the other hand, the ground
exchange doublet is associated with smaller tunnel splitting
(~107* cm™) and huge axiality (g,, = 12.39 > g, = gy = 0).
This enforces the magnetization to move upward to the first
excited state. However, the first excited state is found to lie at
0.27 cm™" (see Figure 4f) higher in energy leading to again the
absence of any SMM characteristics also for complex 8 (see
Figure 4f and Table S36).

4. DISCUSSION AND COMPARATIVE STUDY OF
COMPLEXES 1-8

Single-lon Anisotropy. The lanthanide environment in all
eight complexes reported is analogous, yet only complexes 1
and 3 exhibit field induced SMM behavior. All the lanthanide
ions have 10 coordination, and SHAPE"" analysis using
continuous shape measures (CShMs) reveals that the distortion
parameter for all the lanthanide ions are in the range of 2.4—2.8
compared to the ideal “sphenocorona” structure (C,, point
group). Although the deviation found among the structures is
marginal, it has a significant influence on the single-ion
anisotropy. The {Ln-Cu} complexes with Cu" ion are found
to be less distorted compared to their V'V {Ln-V} analogues
(2.5 vs 2.7 for complexes 1 and 2 respectively; 2.6 vs 2.8 for
complexes 3 and 4 respectively). All aforementioned
divergences imply the extent of deviation from idealized 10-
coordinated sphenocorona geometry considering the ligand
field surrounding lanthanide. The less distorted structures are
found to have larger barrier heights, less QTM/tunnel splitting,
etc, suggesting that even minor deviations in structures are
important in deciphering the magnetization relaxation.

The Dy™ ion in complexes 1 and 2 possesses oblate electron
density'” where weak equatorial ligation and strong axial
ligation enhance the barrier height. Both in complexes 1 and 2,
the bridging y-phenoxo oxygen atoms and a nitrate group serve
in the axial position, while in the equatorial position, two
methoxy oxygen atoms and two nitrates are coordinated. This
is affirmed in the CASSCEF results where the axial anisotropy
lies along the Dy"™'—Cu" bond vector.

The proximity to the +2 charge Cu' cation leads to a
significant negative charge on the bridging oxygen atoms
leading to a stronger axial interaction (reflected in the
computed CASSCF charges). However, on the radial plane of
the Dy ion, two nitrate groups are present along with two
methoxy oxygen atoms which offer less electrostatic repulsion.
Thus, the ligand environment is ideally suited for an oblate
Dy"" ion leading to the stabilization of the m; = + 15/2 ground
state. For complex 2 on the other hand, the VV=0 bond
distorts the ligand environment and the planarity of the
molecule (see Figure S7 in Supporting Information for
superimposed structures of 1 and 2). This leads to a deviation
in the direction of the g, axis by about ~40 deg from the

Dy"'—V'"V bond vector. Besides, the ground state is not a pure
my = + 15/2 state as it is strongly mixed with the m; = + 13/2
state (see Figure S1 in Supporting Information). This
significant difference observed in the magnetic anisotropy
between 1 and 2 is essentially due to the structural differences
which are influenced primarily by transition metal ions.

As the ligand field is well suited to the oblate ion, the non-
Kramers Tb™ ion is also expected to exhibit SMM behavior (as
in complex 3). Here as well, the less distorted Tb—Cu complex
possesses less tunnel splitting (0.31 cm™) and SMM behavior,
while the strongly distorted (strongest among all) Tb—V
complex (4) possesses larger tunnel splitting (1.13 cm™)
leading to the absence of SMM behavior. The g, direction
computed for complex 3 resembles that of 1; ie,, it lies nearly
along the Th—Cu! bond vector, while for complex 4, it
resembles that of complex 2 (deviation is ~85°). A similar
trend is visible also for Ho™! complexes § and 6. However, here,
both the complexes do not exhibit SMM behavior as they
possess very large tunnel splitting. For the prolate Er'" ions on
the other hand, the ligand field set up is not best suited and
stronger axial ligation, and an asymmetric nature of the
coordination environment leads to strong mixing of the my
levels. This leads to a significant QTM process. This is
particularly evident in complex 7 where the ground state is
determined to be 47%| + 13/2>+40% | + 7/2> demonstrating
the extent of the m; level mixing at the ground state.

Mechanism of Magnetic Coupling. The magnetic
exchange between this pair is of paramount importance as at
several instances stronger exchange interactions are found to
oppress the QTM behavior leading to enhanced SMM
properties, ¥ #1519468250:36 T ynderstand the origin of
magnetic coupling, the mechanism of magnetic coupling for a
3d-4f ion needs to be analyzed.

Qualitative mechanism of magnetic coupling has been
proposed for a {3d-4f} pair by Kahn and Gatteschi stressing
the importance of Sd and 6s orbitals respectively in the
magnetic coupling.”’” A general schematic mechanism adapted
for 3d-4f complexes based on earlier’>”” CASSCF and DFT
calculations is shown in Figure S. In order to gain further
understanding on the mechanism of exchange interaction, we
have performed molecular orbitals (MO) and natural bond
orbitals (NBO) analysis for all the complexes based on the BS-
DFT merhod.”

The Cu" ion possesses the unpaired electron in the de_y
orbital, while the V"V ion has the unpaired electron in the d
orbital. Although the V'V ion can possess orbital contribution to
the magnetic moment, the distorted nature of the coordination
around V" leads to splitting of the tyg orbitals with the d,./d,,
orbitals found to lie ~6700 cm™! higher in energy, rendering an
isotropic picture similar to that of the Cu" ion. Thus, these two
metal ions are expected to influence the ] values differently. The
antiferromagnetic part of ] (Jyz) arises from the overlap
between the magnetic orbitals of the 4f ion and the 3d orbitals,
while the ferromagnetic contributions to the net J value arise
from the 4f polarization and charge transfer (CT) from the 3d
metal ion. Besides the CT, the occupation of the 5d orbitals
also arises from the local 4f — Sd orbital excitation. Though
such type of excitations are forbidden in the Gd™ ion
possessing spherical symmetry, this became allowed in a low-
symmetry environment as witnessed earlier.”” The o-type de_y
orbital of the Cu" ion promotes strong spin delocalization and
renders a larger CT contribution to the 5d/6s/6p orbitals*” of
the lanthanides than the d,, orbital of the V" jon. For complex

DOI: 10.1021/acs.inorgchem.6b01831
Inorg. Chem. 2016, 55, 11201-11215


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b01831/suppl_file/ic6b01831_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b01831/suppl_file/ic6b01831_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b01831/suppl_file/ic6b01831_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b01831/suppl_file/ic6b01831_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b01831/suppl_file/ic6b01831_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b01831/suppl_file/ic6b01831_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.6b01831

Inorganic Chemistry

1, no significant 3d-4f overlaps have been computed (see Table
S$20), while prominent NBO donor—acceptor interactions have
been detected (14.36 and 7.19 kcal/mol in second-order
perturbation theory analysis, see Table 2, S37 and Figure S8a-

Table 2. Second Order Perturbation Theory NBO Analysis

on Complexes 1 and 3

Complex 1

CT interaction

donor NBO acceptor NBO (kcal/mol)

Cu(s = 99.33%, d = 0.65%) Dy(p = 57.72%, 7.19
d = 34.36%, s = 7.83%)

Cu(s = 99.33%, d = 0.65%) Dy(s = 50.45%, 228
d = 40.63%, p = 8.88%)

Cu(s = 99.33%, d = 0.65%) Dy(d = 64.77%, 221
s = 34.81%, p = 0.33%)

Dy(s = 50.45%, d = 40.63%, Cu(s = 80.34%, 14.36
p = 8.88%) p = 12.89%, d = 6.77%)

Dy(d = 64.77%, Cu(s = 80.34%, 547
s = 34.81%, p = 0.33%) p = 12.89%, d = 6.77%)

Dy(p = 57.72%, Cu(s = 80.34%, 512

d = 34.36%, s = 7.83%)

p = 12.89%, d = 6.77%)
Complex 3

CT interaction

donor NBO acceptor NBO (kcal/mol)
Cu(s = 99.33%, d = 0.65%) Tb(d = 72.59%, 7.03
s = 27.11%)
Cu(s = 99.33%, d = 0.65%) Tb(s = 56.97%, 232
d = 34.37%)
Culs = 99.33%, d = 0.65%) Tb(p = 75.69%, 2,05
d'= 13.80%, s = 10.48%)
Cu(s = 100%) Th(p = 75.69%, 118
d'= 13.80%, s = 10.48%)
Tb(d = 72.59%, Culs = 77.46%, p = 15.41%, 21.60
s = 27.11%) d = 7.13%)
Th(s = 56.97%, d = 3437%, Cu(s = 77.46%, p = 15.41%, 8.90
p = 8.62%) d = 7.13%)
Th(p = 75.69%, Cu(s = 77.46%, p = 15.41%, 353

d = 13.80%, s = 10.48%)

d = 7.13%)

b) between the two centers. This reveals larger Ji contributions
as compared to its J,r counterpart, resulting in a ferromagnetic
interaction between the two metal centers in comﬁlex 1. This
was pinpointed by the respective experimentalists” ~ through a
deeper understanding of two competing exchange mechanisms
as suggested earlier.”” For complex 2 the d,, orbital of the v
ion has significant interaction with the f,, orbital of the Dy"
ion leading to a significant J,r contribution compared to
complex 1. This along with negligible charge transfer from the
V™ 3d orbital to the empty Sd orbitals of Dy ion leads to a
very weak magnetic coupling for the V'V—Dy"" pair. The empty

Sd orbitals of the Tb™ in 3 possess larger orbital occupation
than the Dy" ions in 1, and this is likely due to the stronger
polarization of the 4f orbitals possessing six unpaired electrons.
Besides, the Jx contribution (see Tables 2, S20 and S37) is also
found to be small compared to complex 1, leading to a larger
ferromagnetic interaction for the Cu"—Tb™ pair. A very small
exchange interaction estimated in 4 is attributed to smaller ],
and Ji contributions. The prominent d,-f,,, overlap of orbitals
observed for the VV—Dy™ pair is absent here, and this leads to
a very small ] value (see Tables 2, S20 and S37). Spin density
(see Figures 3c and S6) and NBO analysis (see Tables 2, S20
and S37) reveal a larger J; and smaller J,; term for complex S,
suggesting dominant ferromagnetic coupling for the Cu"—Ho™
pair. For complex 6 on the other hand, the d,, orbital of v
overlaps significantly with some of the 4f orbitals leading to an
enhanced J,r contribution and net antiferromagnetic inter-
action. The ferro-antiferromagentic interactions observed for
complexes 7 and 8 are found to be associated with d,>_-4f and
d,,-4f orbital overlap with the later contributing significantly for
the Jyg, coupling (see Tables 2, S20 and S37). Because of these
reasons, all the LnCu complexes are strongly coupled and are
ferromagnetic in nature compared to the analogous LnV
complexes (see Table 1). Among the four LnV complexes
studied, two complexes exhibit extremely weak ferromagnetic
interaction (+0.15 cm™' being the maximum observed for
complex 2) and other two complexes exhibit weak
antiferromagnetic interaction, and this is generally due to less
efficient CT and hence a reduced Ji contribution. Among the
LnCu series studied, the following trend for the J's is observed
TbCu (3) > DyCu (1) > HoCu (5) > ErCu (7), and this is the
same as that of the number of unpaired electrons present in the
4f orbital. As the number of unpaired electrons are decreasing
as we move from Tb to Er, the occupation in the formally
empty 5d/6s/6p orbitals due to polarization of the 4f orbitals
also decreases. This leads to less Jr contribution as we move
from Tb to Er leading to a decrease in ] values. We would like
to pinpoint that as the number of unpaired electrons on the 4f-
orbital increases, the number of overlap between the d;_
orbital of Cu and the magnetic orbitals of 4f shell also
increases. This leads to an enhanced J,; contribution as we
move from Tb to Er. However, due to the axial nature of the
d,_,> orbital, all the overlap values computed are small leading
to a very small J,p contribution for all the complexes. The
magnitude of the Mulliken spin population has been predicted
to be slightly larger than the number of unpaired electrons in
respective Ln"" jons (5.01, 6.03, 4.01, and 2.12 for for Dy",
Tb™, Ho™, and Er' ions, respectively). The Cu" ion has has a
spin density of ~0.65 suggesting dominant spin delocalization,

Figure 6. DFT computed spin density plots for complexes (a) 1, (b) 3, (c) 5, and (d) 7. Red and green surfaces are positive and negative regions
respectively, and H elements have been removed for clarity. The isodensity surface represented corresponds to a value of 0.005 e~ /bohr’.
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while V'V ion has a spin density of ~1.18 suggesting spin
polarization mechanisms (see Figure 6 and S6 in Supporting
Information). Spin density on the Cu" center of complex 3
remains the same as that of complex 1 revealing a fact that it
does not play a role in enhancing the J; contribution via charge
transfer. However, the empty Sd orbitals of the Tb™ possess
larger orbital occupation than the Dy ions in 1, and this is
likely due to the stronger polarization of the 4f orbitals
possessing six unpaired electrons. Besides, the ],z contribution
(see Tables 2, S20 and S37) is also found to be small compared
to complex 1 leading to a larger ferromagnetic interaction for
the Cu"—Tb™ pair.

Influence of Magnetic Coupling in Magnetization
Relaxation. Both the computed ] values and the POLY -
ANISO™ computed blockade barriers need to be analyzed in
order to comprehend the impact of magnetic coupling on the
magnetization relaxation. Among the LnCu analogous, TbCu
(complex 3) shows the largest (+5.3 cm™') exchange
interaction between Tb™ and Cu" ions, while the second
best is estimated to be the DyCu complex. Coincidently, both
these complexes exhibit SMM behavior with TbCu exhibiting a
much larger barrier height than the DyCu complex. This
postulates that the magnetic exchange certainly influences the
magnetization relaxation soliciting stronger {3d-4f} interactions
to obtain better SMM characteristics. The exchange interaction
is found to suppress the QTM between the ground states and
thus enhances the chance to observe SMM characteristics {for
complexes 1 and 3 the estimated U,s (U,) values are 7.99
(42) ecm™, 29.4 (15.7) cm™, respectively}. The transversal
moment matrix element pertinent to QITM for TbCu complex
is considerable (0.02 ), while tunnel splitting of DyCu is also
non-negligible (0.05 cm™). The tunnel splitting estimated for
the Tb™ single-ion behavior is 0.31 cm™}, suggesting significant
tunnelling, and thus SMM behavior is not expected. The
introduction of a Cu" ion induces a significant exchange
interaction which quenches the QTM to a certain extent (0.02
pg and Ay, = 4.2 X 1077 cm™") and offers a barrier height of
15.7 cm™ for the magnetization blockade. Thus, exchange
interaction plays a constructive role here. For DyCu complex,
the transversal magnetic moment corresponding to a QTM
pathway between the m; = + 15/2 is computed to be 0.05 yg,
while upon introduction of Cu" ion, the tunnel splitting is
estimated to be 0.05 cm™". Here no significant improvement is
detected, in fact because of the exchange interaction the first
excited state is deduced to lie at 4.2 cm™, while single-ion Dy™
possesses the first excited state at 60 cm ™', suggesting the fact
that exchange does not help to improve the behavior and a
diamagnetic ion such as Zn" in place of Cu" would have offered
better SMM characteristics as has been witnessed earlier by us
and others,' >3

For DyV complex on the other hand, the ground KD QTM
is very significant (0.21 ug) based on single-ion analysis. The
exchange interaction quenches this behavior, and for the
exchange coupled states (see Figure 7b), the tunnel splitting is
estimated to be 0.01 cm™'. Although the overall effect here is
constructive, the exchange interaction is too small to offer a
reasonable blockade barrier. For TbV complex as well
significant improvement to QTM is witnessed for the
exchange-coupled states {1.13 cm™ as Ay, vs 0.59 ug
(pertinent magnetic moment matrix element) for single-ion
vs TbV exchange coupled state}. A very small exchange and
stronger mixing lead to near isotropic g-values for the exchange-
coupled state, and thus no SMM behavior is expected.
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Figure 7. Diagram explaining the splitting of + m; levels in Dy™ and
Tb™ centers in complexes 3 and 2 respectively. This is followed by
their subsequent splitting of energy levels on coupling with transition
metal ions V'V and Cu" respectively. [Note: QTM is generally
represented in yy unit and tunnel splitting is denoted by cm™ unit.]

For HoCu complex although the estimated exchange
interaction is moderate (+1.05 cm™), a larger matrix element
corresponding to the QTM process (0.72 pg), significant
transverse anisotropy, and strong mixing of m; levels at the
ground state lead to the absence of SMM behavior (g,, = 8.66,
8w = 2.06, and g, = 2.26). For ErCu complex the estimated |
value is the smallest ferromagnetic exchange interactions among
the LnCu complexes (J = +0.24 cm™'). Smaller exchange
induces significant tunnel splitting (0.01 cm™), and the first
excited state is found to lie merely at 0.27 cm™ higher in
energy leading to the absence of SMM behavior. All the LoV
complexes show very weak exchange interaction leading to very
close lying excited states and thus offer negligible blockade
barriers.

Magnetostructural Correlations: Single-lon Anisotropy vs
the Exchange Interaction. As exchange interaction is found to
play a decisive role in deciphering the SMM behavior as well as
the barrier height for magnetization blockade, we have
developed a magneto-structural correlation by varying the
Dy—O—-0-Cu dihedral angle (butterfly angle) in the full
structure of complex 1. In analogous GdCu complexes, the
Gd—0-Cu—0""/Gd—0-0—Cu™ and DyCu complexes,
Dy—0—0—Cu® butterfly angle has been found to influence
the exchange interaction significantly, driving us to select this
parameter for our study. Besides the dihedral angle (¢) is also
found to marginally differ among complexes 1—8 studied (17.4
+ 0.1° for complexes 1, 3, §, and 7; and 21.1 + 0.2° for
complexes 2 ,4, 6, and 8). The developed correlation along with
Jcupy estimated using BS-DFT and U, estimated from
SINGLE_ANISO™ is given in Figure 8.

As predicted earlier, smaller dihedral angles are found to
increase the Jc,p, values, and the graph reveals a near linear
relationship between the Jc,p, and the ¢ parameter. This is
consistent with the experimental correlations developed
recently for a series of {CuDy} complexes.*® However, to our
surprise, the U, values are found to decrease with a decrease in
the ¢ parameter, and this antagonizing behavior between the
Jcupy and the U, reveals how complex the nature of magnetic
relaxation is in these {3d-4f} SMMs. As the Dy—O—O—Cu
dihedral is varied, this induces a significant distortion around
the Dy™ coordination sphere leading to a dramatic decrease in
the U, values. This illustrates how subtle the spin Hamiltonian
parameters are in {3d-4f} SMMs, and extensive experimental
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Figure 8. Magnetostructural correlations performed on complex 1 to
investigate the effect of the Dy—O—O—Cu dihedral angle (¢) on the
Jcupy exchange and the Dy™ U, values.

and theoretical studies are required for achieving new
generation {3d-4f} SMMs.

Role of Covalency in Magnetic Coupling and the U,
Values. It is known that in the transition metal dimers
substitution of the oxygen atom by a more covalent sulfur atom
would enhance the exchange coupling.”® Besides there is also
an experimental report on several Dy-chalcogenide complexes
exhibiting SMM behavior.”” To see if the exchange interaction
increases, we have created fictitious model complexes where
both the bridging oxygen atoms and the methoxy oxygen atoms
in the ligand moiety are substituted by the sulfur atom for
complexes 1 and 3 (see Figures S4—SS in Supporting
Information, models I and II respectively). The BS-DFT
calculations estimate the exchange coupling as +9.3 cm™ (see
Table S38) for the sulfur model against +1.1 cm™ obtained for
the original structure. Similarly for complex 3, +10.9 cm™" (see
Table S39) exchange coupling has been observed. These
estimated exchange interactions are 10 times larger than that
found for oxygen analogue; however, the single-ion anisotropy
is also found to be significantly influenced by this substitution.
The ground state anisotropy for the substituted systems
becomes non-axial with g, = 11.54, g, = 7.03, and g, =
0.88, and the wave function analysis demonstrates that the
ground state of the Dy ion in this complex is a mixture of | +
3/2), |+ 1/2) and | + 7/2) (47% + 3/2)+26% | + 1/2)+24% |
+ 7/2)) state leading to a significant QTM process (3.10 yuy).
Besides the first excited level is computed to lie at 29.7 cm™,
and this also sees a drastic reduction compared to the oxygen
analogue. Similarly for complex 3 model structure, the tunnel
splitting is estimated to be very high (0.31 vs 4.43 cm™). This
is necessarily due to the notion that the sulfur being more
covalent than oxygen mixes much more strongly with the 4f-
orbitals leading to a drastic reduction on single-ion behavior.
Although the exchange coupling is significantly enhanced, this
is accompanied by the concomitant reduction in the single-ion
anisotropy.

5. CONCLUSIONS

In this study, using a DFT and ab initio methodology we have
studied eight structurally analogous {3d-4f} complexes to assess
the Lines model popularly employed to extract the exchange
coupling constant. The computed value is in agreement with
the experimental data offering confidence in the employed
methodology. Among complexes 1—8, complexes 1 and 3 are

found to exhibit SMM behavior. This is attributed to the strong
ferromagnetic exchange computed for these two complexes.
For other complexes, the ] values are found to be very small
leading to the absence of SMM behavior. Our calculations yield
the following order for the Jvalues: 3>1>5>7>2>4>8>
6. Among the LnCu analogous, the exchange value decreases in
the same order as number of unpaired electrons (TbCu >
DyCu > HoCu > ErCu). We can conclude that, stronger
exchange interaction is correlated to weaker single-ion
anisotropy. This is reminiscent of an earlier”” established fact
that, spin (S) and magnetic anisotropy (D) are inversely
proportional to each other.

We have developed a mechanism of magnetic coupling for
anisotropic {3d-4f} pair where empty Sd/6s/6p orbitals are
found to play an important role in determining the sign and
strength of ] values. The magneto-structural correlations
developed a postulate that the targeted structural distortions
to achieve larger J's as done conventionally in transition metal
dimers are very challenging here as the structural distortion
significantly influences the single-ion anisotropy. Particularly
our correlation developed on DyCu complex based on the Dy—
O—0-Cu dihedral angle reveals that large J’s and large single-
ion behavior are unlikely to coexist as desired.

To this end, here for the first time we have attempted to
understand the role of magnetic exchange interaction in the
magnetization relaxation of structurally analogous {3d-4f}
complexes. Our study suggests that both the single-ion
anisotropy and the exchange interactions need to be targeted
simultaneously to achieve new generation {3d-4f} SMMs.
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S19); donor—acceptor charge transfer interaction for
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respect to its corresponding electrostatic anisotropy
axis (Figure S2); ground state g tensor orientations for
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S$3); energies of all the low-lying KDs, along with the
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