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Abstract: Combined density functional and ab initio calcula-
tions are performed on two isomorphous tetranuclear

{Ni3
IIILnIII} star-type complexes [Ln = Gd (1), Dy (2)] to shed

light on the mechanism of magnetic exchange in 1 and the
origin of the slow magnetization relaxation in complex 2.

DFT calculations correctly reproduce the sign and magnitude
of the J values compared to the experiments for complex 1.

Acute aNi¢O¢Gd bond angles present in 1 instigate a signif-
icant interaction between the 4fxyz orbital of the GdIII ion and
3dx2¢y2 orbital of the NiII ions, leading to rare and strong anti-

ferromagnetic Ni···Gd interactions. Calculations reveal the
presence of a strong next-nearest-neighbour Ni···Ni antiferro-

magnetic interaction in complex 1 leading to spin frustration
behavior. CASSCF + RASSI-SO calculations performed on
complex 2 suggest that the octahedral environment around
the DyIII ion is neither strong enough to stabilize the mJ j �

15/2i as the ground state nor able to achieve a large
ground-state–first-excited-state gap. The ground-state Kram-

ers doublet for the DyIII ion is found to be the mJ j �13/2i
state with a significant transverse anisotropy, leading to very
strong quantum tunneling of magnetization (QTM). Using

the POLY_ANISO program, we have extracted the JNiDy inter-
action as ¢1.45 cm¢1. The strong Ni···Dy and next-nearest-

neighbour Ni···Ni interactions are found to quench the QTM
to a certain extent, resulting in zero-field SMM behavior for
complex 2. The absence of any ac signals at zero field for

the structurally similar [Dy(AlMe4)3] highlights the impor-
tance of both the Ni···Dy and the Ni···Ni interactions in the

magnetization relaxation of complex 2. To the best of our
knowledge, this is the first time that the roles of both the
Ni···Dy and Ni···Ni interactions in magnetization relaxation of
a {3d–4f} molecular magnet have been established.

Introduction

Single-molecule magnets (SMMs) are molecules that retain
their magnetization even after the removal of the magnetic
field, and display slow relaxation of magnetization owing to an

intrinsic barrier for spin-reversal.[1] Indeed, if the relaxation is
very slow, these SMMs show a hysteresis loop of purely molec-
ular origin, very similar to classical bulk magnets. The presence
of such features suggests a wide range of potential applica-
tions in such as high-density information storage devices,

quantum computing, and molecular spintronics.[2] Enormous
efforts have been made in the past two decades to improve

the barrier height for the magnetization reversal, and hence,
the blocking temperatures (TB) to exploit these properties for
practical applications.[1b, 3] Several experimental and theoretical

reports suggest that the presence of highly anisotropic ions in
the cluster aggregation offers a large magnetic anisotropy in

the ground state, which results in longer relaxation times. In
this regard, highly anisotropic lanthanide ions are found to be

promising for building SMMs, because they possess large mag-

netic anisotropy owing to unquenched orbital angular mo-
mentum associated with deeply seated 4f electrons holding
negligible ligand field effects. This results in the isolation of
several mononuclear and polynuclear complexes displaying

energy barriers for spin-reversal as high as 938 K,[4] which is
more than an order of magnitude higher than those displayed
by the iconic [Mn12Ac] complex. Despite possessing such
a large energy barrier for spin-reversal, the presence of multi-
ple relaxation pathways, in particular, the significant quantum

tunneling of magnetization (QTM) process, offers a shortcut for
spin-reversal, which drastically reduces the relaxation time and

diminishes the blocking temperature in almost all the lantha-
nide-based complexes. Due to this reason, the TB values report-
ed for all the lanthanide complexes are only marginally higher

than that of the transition metal complexes.[3a, 4b]In the litera-
ture, it has already been reported that the presence of stron-

ger exchange interactions quenches QTM and prevents the
loss of magnetization even in zero field.[5] Several strategies
have been reported to enhance the magnetic coupling in

lanthanide complexes. One of these includes the combina-
tion of lanthanide ions with radicals, which offers a strong

magnetic exchange, and hence, quenches the QTM process
significantly. An elegant example in this category is the
[{[(Me3Si)2N]2Ln(THF)}2(m-h2 :h2-N2)] complex (Ln = Dy, Tb), which
possesses large thermal energy barriers [376 K (Tb) and 177 K
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(Dy)] and record blocking temperatures [14 K (Tb) and 8.3 K
(Dy)] for magnetic relaxation.[6] Theoretical studies suggest that

the diffused magnetic orbitals of the N2
3¢ interact directly with

the 4f orbitals of the lanthanide ions, leading to a very large

magnetic exchange interaction.[7] However, stronger lantha-
nide–radical interactions demand localization of the radical

character ; these conditions are often difficult to meet as this is
directly correlated with the stability of the complexes under
ambient conditions.[8]

An alternative strategy is to isolate the mixed transition
metal and lanthanide-based complexes, where the strength of
the magnetic exchange is found to be significantly stronger
than in the pure lanthanide-based complexes.[3b] Langley et al.

recently employed this strategy and reported a tetranuclear
{Cr2Dy2} complex possessing a very large JDyCr exchange (as

high as ¢20 cm¢1; with a projected pseudo-spin 1=2) leading to

a slow relaxation of magnetization and with a hysteretic be-
havior below 3.5 K.[9] Recently, Liu et al. reported a trinuclear

{Fe2Dy} complex possessing a record barrier height of
319 cm¢1.[10] Exploiting this strategy, several polynuclear {3d–

4f} complexes have been reported in the literature with attrac-
tive barrier heights.[9, 11, 12]

In addition to experiments, computational tools also play

a pivotal role in understanding the magnetic properties of
these classes of complexes. The increased power of quantum

chemistry allows accurate estimation of nontrivial spin-Hamil-
tonian (SH) parameters such as magnetic anisotropy of transi-

tion metal ions and lanthanide ions, crystal field parameters of
lanthanides, and isotropic/anisotropic/antisymmetric magnetic

exchange parameters.[13] Combined density functional theory

(DFT) and ab initio approaches have been employed success-
fully for the accurate derivation of such intricate parame-

ters,[9, 10] and at the same time, several successful predictions
have also been made to achieve better SMMs.[14] In general,

3d···Gd interactions are ferromagnetic in nature; exploiting
these features, several polynuclear {3d–4f} complexes are syn-
thesized in which 3d···3d interactions are deliberately avoided.

Classical examples in this category include trinuclear {3d–4f–
3d} complexes,[12a, 15] several of which are reported to be SMMs.

Another elegant example is star-shaped complexes in which
LnIII ions are placed at the center of the triangle and each
corner is occupied by a transition metal ion. In this category,
{Ni3Ln}, {Mn3Ln}, and {Fe3Ln} clusters have been reported.[16] Be-

sides tetranuclear complexes, there are also other larger clus-
ters in which 3d···3d interactions are deliberately avoided.[17]

Previously, we have studied a series of {Ni-Gd} binuclear and

{Ni-Gd-Ni} trinuclear complexes, using DFT methods[14c] to un-
derstand the mechanism of magnetic exchange and to devel-

op magnetostructural correlations; later, this was extended to
larger {3d-Gd} clusters.[18] As the magnetic exchange interac-

tion has been found to have a tremendous influence on the

magnetization relaxation, here we decided to undertake a de-
tailed theoretical study on structurally similar {Ni3Gd} and

{Ni3Dy} complexes. For this purpose, we chose star-shaped
[Ni3Ln{(py)2C(H)O}6](ClO4)3 complexes [Ln = Gd (1), Dy (2), and

(py)2C(H)O¢ is the anion of di-2-pyridylmethanol] .[16a] Magnetic
studies reveal that the Ni···Gd magnetic exchange interaction

present in complex 1 is antiferromagnetic in nature (JNiGd =

¢1.09 cm¢1 and JNiNi =¢0.99 cm¢1) and complex 2 is character-

ized as an SMM at zero field, albeit with a very small barrier
height. Solid proof of SMM characteristics of complex 2 comes

from single-crystal magnetization studies, which show a hyste-
resis loop below 0.2 K. By modelling these two complexes, we

would like to answer the following key questions: 1) Why are
the Ni···Gd interactions found in complex 1 antiferromagnetic

in nature, whereas the majority of reported Ni···Gd interactions

are ferromagnetic? 2) What is the origin of the strong 1,3
Ni···Ni interactions present in complex 1? 3) How does the

magnetic exchange interaction influence the magnetic relaxa-
tion and is there a way to improve the barrier height in com-

plex 2?

Computational Details

In complex 1, to extract the magnetic coupling between the NiII–
GdIII ions and the 1,3 NiII–NiII interactions, we employed the pair-
wise interaction model.[19] We computed seven spin configurations
(J1–J6 ; see Supporting Information for details) to extract all six J
values. The energy difference between the spin configurations is
equated to the corresponding pairwise interaction to extract the J
values. The Hamiltonian shown in Equation (1) is used to describe
the isotropic magnetic exchange interaction in complex 1.

Ĥ ¼ ¢J1ŜNi1ŜGd¢J2ŜNi2ŜGd¢J3ŜNi3ŜGd¢J4ŜNi1ŜNi2¢J5ŜNi1ŜNi3¢J6ŜNi2ŜNi3

ð1Þ

DFT in combination with the broken-symmetry (BS) approach[20]

has been employed widely to extract spin-configuration energies.
The BS approach has an excellent track record of yielding good nu-
merical estimates of J values in a variety of complexes.[18, 19, 21, 22]

Here, all the DFT calculations are performed with the Gaussian 09
suite of programs.[23] We used the hybrid B3LYP functional[24] along
with the double-z relativistic effective core potential CSDZ basis
set for Gd,[25] Ahlrichs triple-z TZV basis set for Ni,[26] and 6-31G*
for the other atoms.[27] Our earlier findings suggest that the combi-
nation of the B3LYP functional with the aforementioned basis sets
yield good numerical estimates of J values in {3d-Gd} com-
plexes.[14c, 18, 21i, 28] A tight convergence (1 Õ 10¢8 Eh) was employed
for all the calculations.

High-level ab initio calculations were employed to compute the
single-ion anisotropies of the NiII and DyIII centers. All these calcula-
tions were performed using the MOLCAS 8.0 suite of programs.[29]

Basis sets describing all the atoms were taken from the ANO-RCC
library available in the MOLCAS package. Here, we employed the
[ANO-RCC..8s7p5d3f2g1h.] basis set for Dy atoms, [ANO-
RCC..6s5p3d2f1g.] basis set for Ni atoms, [ANO-RCC..3s2p1d] basis
set for C, N, and O atoms, and [ANO-RCC..2s] basis set for H atoms.
The ground-state configuration for the DyIII ion is 4f9, and the cor-
responding atomic multiplet is 6H15/2. First, we performed CASSCF
calculations, which comprise an active space of nine active elec-
trons in seven active 4f orbitals, denoted as CAS(9,7). We comput-
ed 21 sextet states (6H, 6P, 6F) in the CI procedure, as these states
are found to be precise enough to reproduce the low-lying energy
spectrum as well as the g-tensor values.[14b, 30] Subsequently, we
mixed all these 21 sextets in the RASSI-SO module to compute the
spin-orbit states (see Supporting Information for details). We have
not incorporated the dynamic correlation effects by the mean of
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CASPT2 calculations due to the hardware limitations. However in
our earlier studies, we have shown that the incorporation of dy-
namic correlation have minimal effects on the computed low-lying
energy pattern and g-tensors.[31] Furthermore, we took these com-
puted SO states in the SINGLE_ANISO program[32] to compute the
g-tensors of eight low-lying Kramers doublets (KDs). For the NiII

centers, the active space comprises eight active electrons in five
active metal-based d-orbitals, that is, a CAS(8,5) setup. Here, we
computed 10 triplets and 15 singlets in the CI procedure, and later,
we mixed all these states in the RASSI-SO module to compute the
spin-orbit states. In a similar fashion, we introduced these SO
states in the SINGLE_ANISO module[13b, 33] to compute the g-tensors
for each of the NiII centers. The Cholesky decomposition for two-
electron integrals was used to save disk space. The magnetic ex-
changes between the NiII and DyIII were extracted by using Lines’
model,[34] which requires the computed ab initio energies and the
wavefunction of the corresponding NiII and DyIII ions. In general,
nine exchange parameters are required to extract the anisotropic
exchange for pseudo spins S̃ = 1/2 of Kramers doublets of two
metal sites. The main advantage of Lines’ model is that it requires
only one parameter (J) to simulate the anisotropic exchange cou-
pling for each pair. In this model, the isotropic exchange part be-
tween two given pairs of metals, assuming no spin-orbit interac-
tions, is first modelled by a single-parameter Heisenberg exchange
Hamiltonian. In the next step, it diagonalizes the matrix of this
Hamiltonian on the basis of the obtained spin-orbit multiplets for
each metal fragment, and provides a solution corresponding to
anisotropic exchange between the Kramers doublet. Moreover, this
model has been found to be exact in the limits of two fully iso-
tropic ions, two Ising-type ions, or one Ising and one isotropic ion.
Here, we extracted the magnetic exchange interaction for which
NiII is isotropic whereas the DyIII ion is of Ising type. All these simu-
lations were performed using the POLY_ANISO code developed by
Chibotaru and co-workers to extract the Ni···Dy magnetic exchange
interaction in complex 2.[13b, 33] This code has been used routinely
to extract the magnetic exchange, to obtain the exchange spec-
trum, and temperature- and field-dependent magnetic properties
in these classes of complexes.

Results and Discussion

Theoretical studies on complex 1

X-ray structural analysis reveals that both complexes 1 and 2
are isomorphous, where all the three Ni(II) ions and Ln(III) ion

are arranged in the centred triangular plane. The Ln(III) ion lies
at the centre of the near-equilateral triangle, while Ni(II) ions

occupy the corners of the triangle. Both the LnIII and NiII ions

are in the distorted hexa-coordination environment. The cen-
tral LnIII is bound by the deprotonated O atoms of the six

h1:h1:h1:m-(py)2C(H)O¢ groups, each serving as a bridge be-
tween the NiII and LnIII ions. These complexes possess a propel-

ler shape with pseudo D3 symmetry. Examination of structural
parameters suggests that out of the three NiII centers, two NiII

(namely Ni1 and Ni2) centers are almost identical, and the

third (Ni3) center is slightly distorted (see Tables S1, S2, Sup-
porting Information, for crystal structure and ChSm details).

Because of minor differences observed in the aNi¢O¢Gd
bond angles, aO¢Ni¢O¢Gd dihedral angles, and out-of-plane

parameter (t), we have assumed six different J’ values in 1 to
model the magnetic data (see Table S1, Supporting Informa-

tion). The crystal structure of complex 1 along with the adapt-
ed exchange scheme is depicted in Figure 1. The experimental

magnetic susceptibility collected at 0.1 T field in the range 5.0–
300 K yields an antiferromagnetic exchange for both com-

plexes 1 and 2. The best fit to the susceptibility data for com-

plex 1 yields a JNiGd value (assuming all three JNiGd interactions

are the same) of ¢1.09 cm¢1 with similar JNiNi 1,3 interactions
(¢0.99 cm¢1).[16a] DFT calculations were performed on com-

plex 1 without any structural modifications, and the computed
J values are ¢1.32, ¢1.31, ¢1.67, ¢0.32, ¢0.29, and

¢0.56 cm¢1 for J1–J6, respectively. Our computed J values
nicely reproduce the sign of both the JNiGd and JNiNi values ob-

tained experimentally ; however, the magnitudes of the JNiNi in-

teractions are underestimated. The computed energies of all
the spin states along with <S2> values are provided in

Table S3 (Supporting Information). To further crosscheck our
computed values, we have carried out calculations on model

complexes using diamagnetic substitution methods. Here, we
prepared three model complexes by substituting two of the
NiII ions with ZnII analogues, and performed calculations as-

suming a dinuclear NiII and GdIII complex. Calculations on these
three model complexes yield J values of ¢1.43, ¢1.49, and
¢1.89 cm¢1 for J1, J2, and J3 interactions, respectively (see
Table S5, Supporting Information, for details). Both methods, al-

though yielding very similar JNiGd interactions, as the Ni3 center
is slightly distorted compared to the other two centers, the J3

interaction is found to deviate significantly from the J1 and J2

values. Similarly, the J4 and J5 interactions associated with the
Ni3 center are found to deviate from the J6 interaction. The

computed J values nicely reproduce the experimental magnet-
ic susceptibility data, which increases confidence in the esti-

mated J values (see Figure S4, Supporting Information).
In general, the {Ni–Gd} interactions are found to be ferro-

magnetic in nature with only a few exceptions.[16a, 35] Interest-

ingly, in complex 1, the Ni···Gd interactions are found to be an-
tiferromagnetic in nature (the strongest antiferromagnetic in-

teraction known for any {Ni-Gd} complexes); to understand the
reason behind this observation, we probed the mechanism of

the magnetic exchange for this pair. For this pair, the net ex-
change interaction has two contributions: ferromagnetic (JF)

Figure 1. X-ray crystal structure of complex 1[16a] (left) ; employed exchange
scheme for complex 1 (right). Color code: Gd (pink), Ni (violet), N (blue), O
(red), C (gray), H (white).
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and antiferromagnetic (JAF) interactions, with the net J value
given in Equation (2).

J ¼ JF þ JAF ð2Þ

The JF contribution arises from the interaction of the NiII

magnetic orbitals with the empty 5d GdIII orbitals. On the

other hand, the JAF contribution arises solely because of the

overlap between the 3d orbitals of NiII and 4f orbitals of GdIII

ions. The dominating part decides the sign of the net J value.

The importance of these contributions has already been high-
lighted in our earlier extensive studies on {Ni-Gd} complex-

es.[14c] In the majority of complexes, the JF term dominates be-
cause the 4f orbitals are inert in nature and do not interact sig-

nificantly with the NiII orbitals, leading to ferromagnetic Js.

However, this is strongly dependent on the structure, as larger
aNi¢O¢Gd angles favor the JF term, whereas acute aNi¢O¢
Gd angles favor the JAF term. To gain insights into the JF contri-
butions, we analyzed the NBO populations. Acute aNi¢O¢Gd

angles present in 1 lead to less efficient charge transfer from
the NiII to the GdIII ion, and therefore, relatively smaller occupa-

tions of 5d orbitals are detected at the GdIII center. To gain in-

sight into the JAF contribution, we computed the overlap inte-
gral between the NiII and GdIII ions. Overlap integral analysis

was performed on diamagnetic substituted models. There are
14 possible interactions for a {Ni-Gd} pair, four of which are

found to be significant for all three interactions (J1–J3). In par-
ticular, the interaction between the 4fxyz orbitals of GdIII and

3dx2¢y2 orbitals of NiII are found to be very strong, leading to
a dominant JAF interaction and net antiferromagnetic J in
1 (see Figure 2 right). In addition, the trend of J3 being larger

than J1 and J2 is also reflected in the computed overlap inte-
grals (for details, see Table S6 and Figure S3, Supporting Infor-

mation)

The computed spin density plot for the high spin state of

complex 1 is shown in Figure 2. The spin density on the GdIII

ion (7.01) reflects a weak polarization around the GdIII ion. The

spin density of 1.56 found on the NiII ions and significant spin

densities (�0.75) on the bridging ligand suggest strong deloc-
alization of spins from the NiII ions (see Table S4 and Figure S2,

Supporting Information). As GdIII and NiII ions promote differ-
ent mechanisms, a mixture of spin polarization and spin deloc-

alization mechanisms is operational here for the magnetic cou-
pling.

To gain more insight into the magnetic coupling, we ana-
lyzed the structural parameters in detail. The aNi¢O¢Gd bond

angle is found to govern the sign as well as the magnitude of
the J value, with a smaller angle leading to antiferromagnetic

coupling and a larger angle yielding ferromagnetic coupling.

Here, we note that the out-of-plane shift (defined as parameter
t)[19] of the alkyl groups attached to the m-oxo bridges in con-
junction with a smaller aNi¢O¢Gd angle can also influence
the Ni···Gd interactions. Here, the aNi¢O¢Gd angles are found

to be 948 and 958 for J3 and J1–J2 interactions, respectively.
These angles are much smaller than those observed for binu-

clear {Ni-Gd} complexes, and reflect our earlier observations.[14c]

Moreover, the fact that J3 is larger than J1–J2 interactions can
also be rationalized on the basis of the relative aNi¢O¢Gd

bond angles. The 1,3 Ni···Ni interactions occur through space,
and are generally found to be very weak in nature (in the

range 0.01–0.5 cm¢1). Here, however, these interactions are
stronger owing to the shorter NiII···NiII distances (�5.5 æ) ob-

served.

Our calculations predict a ground state of S = 1/2 for com-
plex 1, followed by an S = 3/2 state at 4.3 cm¢1 and two degen-

erate S = 3/2 states at 10.5 cm¢1. Here, the Ni···Gd and the 1,3
Ni···Ni interactions are competing with each other, leading to

a spin frustration. However, the S = 1/2 state is uniquely de-
fined, arising from spin-up on GdIII and spin-down on three NiII

centers ; these competing interactions result in three nested

S = 3/2 first excited states. To understand the energy levels in
detail, we varied the JNiGd/JNiNi ratio and plotted the Eigen

values of all the spin states from the ground state that lie
within an energy window of 40 cm¢1 (see Figure 3b). For

a JNiGd/JNiNi ratio of 1.0, this results in complete spin frustration:
the ground state is still S = 1/2 but all the excited states are de-

generate. For a ratio JNiGd/JNiNi<1, the ground-state spin values

vary from S = 1/2 to S = 7/2. At a JNiGd/JNiNi ratio of 0.66, the
ground state S = 1/2 switches to S = 3/2 as the ground state.

Further lowering the ratio of JNiGd/JNiNi below 0.44 leads to
stabilization of S = 5/2 as the ground state, and at values
below 0.22, for which the JNiNi interaction dominates, the resul-

Figure 2. DFT-computed spin density plot of complex 1 for S = 13/2 state
(left). The isodensity surface represented here corresponds to a value of
0.005 e¢bohr¢3. The green and red regions represent the positive and nega-
tive spin densities, respectively. The strongest interaction is observed be-
tween the 4fxyz orbital and dx2¢y2 orbital of NiII (right). For a better visualiza-
tion we have kept the surfaces in two different colors.

Figure 3. a) Plot of calculated Eigenvalues versus JNiGd/JNiNi for complex 1;
b) the same diagram plotted with an energy scale of 40 cm¢1 on the y axis.
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tant ground state is found to be the S = 7/2 state (essentially
complete spin frustration between three NiII leading to the S =

0 state and uncoupled GdIII leading to stabilization of the S =

7/2 state). For the DFT calculated values, the JNiGd/JNiNi ratio is

found to be 3.6, suggesting the presence of the S = 1/2
ground state. It is evident from the plot that for JNiGd/JNiNi<1,
the energy levels are low-lying, and the fact that both the
ground state and the excited states depend strongly on the
ratio of JNiGd/JNiNi suggests that there is a degree of frustration

in complex 1. For JNiGd/JNiNi>1, the degree of spin frustration is
minimal, and the ground state is suggested as S = 1/2, which
can be accounted for by simple pairwise exchange interac-
tions. However, for JNiGd/JNiNi<1, spin frustration will cause the

net alignment of the spin vector, so the simple pairwise ex-
change interaction model cannot be employed, as the ground

state is determined by the degree of spin frustration.

Theoretical studies on complex 2

In this section, we have tried to analyze the origin of magnetic

anisotropy in complex 2, and have placed our emphasis on the

single-ion anisotropy of the three NiII ions and the central DyIII

ion, and how the coupling between them leads to a blockade

barrier. The coordination environments around the NiII ions in
2 are close to ideal octahedral structures, and thus, are unlikely

to possess significant anisotropy, as we showed earlier in the
NiN4O2 class of complexes (see Table S2, Supporting Informa-

tion).[36] We have computed the anisotropy of the individual

NiII ions using {NiZn2Lu} model complexes. The CASSCF com-
puted spin-free energies, spin-orbit energies, and associated g-

tensors and D-tensors for all three NiII centers are provided in
Table S7, and their orientations are plotted in Figure S5 (Sup-

porting Information). All three NiII ions exhibit only a small
zero-field splitting parameter, as expected (D�4 cm¢1). The

positive nature of the D values and relatively small magnitude

observed suggest that the NiII ion lacks significant anisotropy,
and are unlikely to be the reason for the blockade of magneti-

zation in 2.
To compute the single-ion anisotropy of the DyIII ion, we

have substituted all three NiII ions with their diamagnetic ZnII

analogues. The central DyIII ion possesses a distorted octahe-
dral geometry (the deviation being 1.904, as indicated by
ChSm analysis,[37] see Table S2). The 4f9 DyIII ion is a Kramer ion

possessing the ground-state term 6H15/2. The ab initio comput-
ed low-lying energy spectrum of complex 2 is spanned over an
energy range of 680 cm¢1, and the computed g-tensors for the

eight low-lying KDs are provided in Table 1 and Table S8 (Sup-
porting Information). The computed values are broadly in

agreement with the g-values reported for other six-coordinate
DyIII complexes.[38] The g-tensors of the ground-state KDs are

axial in nature (gxx = 0.8082, gyy = 0.9278, and gzz = 16.9163), but

depart significantly from the pure Ising-type anisotropy gener-
ally preferred for SMMs (gxx = gyy = 0; gzz = 20). The wavefunc-

tion analysis suggests that the ground-state wavefunction is
mainly j �13/2i : 0.90 j �13/2i+ 0.29 j �15/2i + 0.19 j �7/2i
with a significant mixing with the other subsequent excited
states (see Table S9 for details). The principal magnetic axis of

the ground-state KD is found to lie along the pseudo C3 sym-

metric axis (deviates by �8.28) perpendicular to the triangle

plane. This orientation is in accordance with the minimum
electrostatic repulsion and the highest-order rotational symme-

try conditions.[39]

The first excited KD is found to lie 16.5 cm¢1 higher in

energy from the ground-state KD, and is mainly mJ j �11/2i
state. This state, however, is found to mix strongly with other

mJ levels. The observed g-tensors for the first excited KD are

gxx = 0.7251, gyy = 0.8910, and gzz = 14.1075, suggesting a signifi-
cant transverse component. The orientation of the main mag-

netic axis of the first excited KD is also found to lie along the
pseudo C3 axis with a tilt of 16.88 from the ground-state KD

(see Figure 4). This suggests that the relaxation is expected to
occur via the first excited state, which is only around 16 cm¢1

higher in energy (vide infra).

We have also computed the crystal field parameters to ana-
lyze the QTM between the ground-state KDs. The computed

crystal field parameters show that the nonaxial terms Bk
q (q¼6 0,

and k = 2, 4, 6) terms are larger than the axial terms (q = 0, and

k = 2, 4, 6), resulting in a large transverse magnetic anisotropy
in the ground-state KD. However, quite large values of the

nonaxial B2
¢1, B2

¢2, B4
¢1, and B2

¢4 terms induce significant

mixing between all components of the ground mJ = 15/2 mani-
fold (see Table S10 for details). As a result, the ground doublet
state acquires significant transverse anisotropy (gxx = 0.8082,
gyy = 0.9278). The presence of significant nonaxial terms along-
side large values of gxx/gyy suggests that QTM in the ground
state is operative along with TA-QTM via the first excited state.

Table 1. CASSCF + RASSI-SO calculated energies of eight low-lying KDs,
the g-tensors associated with each KD, along with deviation from the
principal magnetization axis of the ground-state KD.

J multiplet Spin-orbit energies [cm¢1] gxx gyy gzz q

6H15/2 0 0.8082 0.9278 16.9163 –
16.59 0.7251 0.8910 14.1075 16.8
114.79 0.0530 0.0740 11.3177 8.1
166.10 0.0246 0.0295 19.6177 9.1
268.11 4.2351 4.3686 7.8110 9.6
457.42 3.8781 4.3787 5.1334 6.7
596.24 0.9996 1.9241 4.7467 3.9
680.66 11.9925 8.6738 1.0715 7.2

Figure 4. Ab initio computed orientation of the principal magnetization axes
of the ground and first excited KDs along with pseudo C3 axis (left). Ab initio
computed main magnetic axes of the DyIII and three NiII centers (right).
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The orientation of the g-tensors (using pseudo-spin 1/2) for all
the three NiII centers are found to be directed towards the

pseudo C2 axes passing through each NiII-DyIII axis (see
Figure 4), whereas the main anisotropy axis of the DyIII ion lies

perpendicular to the C2 axis (along the pseudo C3 axis).
Calculations suggest that the distorted octahedral ligand

field around the DyIII ion present in 2 is neither significant
enough to enhance the gap between the ground and first ex-
cited KD nor stabilizes the desired mJ j �15/2i as the ground

state. This clearly implies that if the relaxation is single-ion in
origin, complex 2 is unlikely to exhibit zero-field SMM behavior.
This is supported by the fact that the structurally similar, octa-
hedral DyIII ion in the [Dy(AlMe4)3] complex exhibits very fast

magnetic relaxation even in the presence of an applied field.[38]

At zero field, it does not exhibit any SMM characteristics, sug-

gesting significant QTM in this complex.

Ab initio calculations suggest that neither the magnetic ani-
sotropy of NiII ions nor that of the DyIII ion alone is sufficient to

rationalize the observed magnetization blockade in complex 2.
Thus, the slow relaxation observed in zero field for this com-

plex is expected to be governed mainly by the exchange-cou-
pled states arising from the Ni···Dy and Ni···Ni interactions.

To obtain an estimate of the JNiDy interaction, we simulated

the magnetic susceptibility data using Lines’ model in the
POLY_ANISO program. To estimate the JNiDy exchange, the 1,3

Ni···Ni interactions are fixed at ¢0.39 cm¢1 (average of J4–J6 in-
teractions computed for complex 1) and it is assumed that all

three Ni···Dy interactions are the same (that is, J1 = J2 = J3 sce-
nario compared to complex 1) to avoid over-parameterization

in fitting featureless susceptibility data. In employing Lines’

model, we have mixed the low-lying (below 100 cm¢1 energy)
spin-orbit states of the DyIII ion with the low-lying energy

states of three NiII ions computed using CASSCF calculations.
The spectrum of the lowest spin-orbit exchange multiplets of

complex 2 corresponding to the fitted exchange parameters
consists of 108 exchange states, grouped in 54 KDs. The 54

KDs arises from two KDs of DyIII (<100 cm¢1) and three spin

functions of each S = 1 NiII center (2 Õ 3 Õ 3 Õ 3; see Figure S7,
Supporting Information). From Table 1 it is evident that the
ground-state KD of the DyIII ion is not axial in nature and the
first excited state is low-lying in energy (<20 cm¢1) ; this im-
plies that the nature of the Ni···Dy exchange will not be the
pure Ising type. Simulation of the susceptibility data (from 1.8

to 50 K) yields JNiDy as ¢1.45 cm¢1 (see Figure S6, Supporting
Information). The obtained value of JNiDy suggests a strong anti-
ferromagnetic coupling between the DyIII and NiII ions, and is

similar in magnitude to the estimate obtained for complex 1.
To check the validity of the exchange coupling obtained from

the fitting, we rescaled the average JNiGd obtained for com-
plex 1 for the Ni···Dy interaction; this yields JNiDy as

¢1.01 cm¢1.[9] These independent methods of extracting J

values adds confidence in the estimated parameter. The low-
lying 54 exchange-coupled states computed for complex 2 are

arranged according to the values of their magnetic moments
in Figure 5 b (see also Figure S7, Supporting Information).[12a, 40]

The absolute energies of the low-lying exchange doublets as
well as the corresponding g-tensors are listed in Table S11

(Supporting Information). From Figure 5 b, it is evident that the

exchange-coupled states are arranged in a trend in which the
gap between the first and second KDs is approximately

2 cm¢1, and this is followed by nearly degenerate third and

fourth excited KDs, that is, there are three nearly degenerate
first excited states. This reveals that the first excited exchange

doublets are non-Ising type, as the first excited KD is mixed
strongly with the nearly degenerate third and fourth excited

KDs. This nested arrangement of energy levels observed in
complex 2 is very similar to the spin-state arrangement esti-

mated for complex 1, suggesting that spin frustration/compet-

ing interactions open up several relaxation channels at the first
excited state level.

The anisotropy for the ground-state KD is found to be axial
in nature (gxx = 0.003, gyy = 0.006 and gzz = 9.902), and is orient-

ed along the pseudo C3 axis. The first excited exchange-cou-
pled doublet is located 1.98 cm¢1 higher in energy with a signif-

icant transverse component (gxx = 0.175, gyy = 1.11, and gzz =

3.997). The computed transverse magnetic moments between
the ground state suggests that the quantum tunneling (QTM =

0.15 Õ 10¢2 mB) is relatively quenched compared with the single-
ion behavior (QTM = 0.2 mB ; see Figure 5 a). This is attributed to
the presence of a strong JNiDy exchange interaction; however,
the quenching is not sufficient to suppress the tunneling com-

pletely (usually for exchange doublet states in which complete
quenching is observed, the computed matrix elements are of
the order of 10¢6–10¢10 mB). Single-crystal measurements per-

formed on complex 2 reveal a hysteresis loop below 0.2 K;
however, large relaxation at zero field was observed, and this

is attributed to the QTM effects. Our calculations strongly sup-
port this experimental observation.

The next probable pathway for the relaxation is thermally

assisted QTM (TA-QTM) via the first excited state, which is
found to be significant (TA-QTM = 0.27 mB). This is essentially at-

tributed to the fact that the first excited KD is strongly mixed
with the nearly degenerate second and third excited KDs. This

opens up a major relaxation pathway via the first excited KDs
governed by TA-QTM/Orbach processes, and places the estima-

Figure 5. Ab initio computed magnetization blocking barrier for a) single-ion
Dy(III) and b) for exchange-coupled complex 2. Thick black line indicates
KDs as a function of magnetic moment. Dotted green lines show the possi-
ble pathway of the Orbach process. Dotted blue lines show the most proba-
ble relaxation pathways for magnetization reversal. Dotted red lines repre-
sent the presence of QTM between the connecting pairs. The numbers pro-
vided at each arrow are the mean absolute values for the corresponding
matrix element of the transition magnetic moment.
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tion of barrier height at 1.98 cm¢1. The out-of-phase ac signals
are observed only below 3 K for complex 2 ; this estimates the

barrier height to be roughly 2 cm¢1, which is in agreement
with the calculated barrier height.Besides the JNiDy exchange in-

teraction, the 1,3 Ni···Ni interactions are also found to play
a role in quenching the quantum tunneling of magnetization.

This is affirmed by an additional simulation using the POLY_
ANISO program with the 1,3 Ni···Ni interactions assumed to be

zero. This additional simulation predicts a larger probability for

QTM and TA-QTM processes. However, the competing nature
of the JNiNi and JNiDy interactions lead to a mixed effect on the
magnetic relaxation of complex 2.

To analyze the impact of the structural distortion on the

origin of magnetic anisotropy in the central DyIII ion, we have
developed a magnetostructural correlation in which we moved

the DyIII ion out of the triangular plane (see Figure 6 and Fig-

ure 6 a inset). To perform this correlation, we tailored com-
plex 2 to avoid steric interactions with bulky ligands (see

model structure 2 a, Figure S8, Supporting Information).The
computed gap between the ground state and first excited

state KD for 2 a is estimated to be approximately 13.5 cm¢1

(Ucal), with the g-values similar to those of complex 2. As the

DyIII ion moves out of plane, the Ucal value increases gradually,

reaching as high as 35 cm¢1 for the most distorted structure
(see Figure 6). However, a closer look at the estimate of the g-

tensors reveals that the increase in the Ucal value is accompa-
nied by an increase in transverse anisotropy, leading to an in-

crease in QTM behavior between the ground-state KDs (see
Table S12). Thus, our correlation suggests that for the DyIII ion,

octahedral coordination is unlikely to help enhance the mag-
netization blocking even with very strong distortion, and this

is supported by earlier observations on real and model com-
plexes.[14a, 41]

Conclusion

In summary, we have reported here a detailed computational

investigation on two tetranuclear {Ni3Ln} complexes (Ln = Gd,
Dy) with the aim of analyzing the origin of the strong antifer-
romagnetic Ni···Gd interaction in 1 and to understand the role

of the exchange interaction in the magnetization relaxation of
complex 2.

DFT calculations using the B3LYP functional yielded a good
numerical estimate of both the Ni···Gd and 1,3 Ni···Ni interac-

tions compared with the experimental results, and the com-

puted values reproduced the experimental susceptibility data
nicely. Our calculations reveal that the strong antiferromagnet-

ic Ni···Gd interaction arises because of acute aNi¢O¢Gd bond
angles, which curb the s-type charge transfer from the 3d orbi-

tals of the NiII ion to the vacant 5d orbitals of the GdIII ion. Be-
sides, the MO and overlap integral analysis suggested a rela-

tively strong interaction between the 4fxyz orbital of GdIII and

the 3dx2¢y2 orbital of the NiII ion. This decisive overlap leads to
strong antiferromagnetic JNiGd values in complex 1, and high-

lights the importance of the aNi¢O¢Gd bond angle in deter-
mining the sign and strength of the J values.

For complex 2, the single-ion anisotropy of the DyIII ion was
computed initially using the CASSCF + RASSI-SO approach.

These calculations suggest that the presence of an octahedral

ligand field leads to stabilization of mJ j �13/2> as the
ground state with a significant transverse anisotropy. Besides,

the excited-state KDs are found to be low-lying in energy, of-
fering only a very small barrier for reorientation of magnetiza-

tion. The ab initio computed blockade barrier revealed a signifi-
cant QTM process between the ground states, and suggested
that zero-field SMM properties are unlikely to be observed if
the relaxation is purely single-ion in origin. This is supported

by the fact that the [Dy(AlMe4)3] complex, in which the DyIII ion
is also found to be in octahedral coordination, does not show
any SMM characteristics at zero field.

The simulation of the magnetic susceptibility of complex 2
using Lines’ model revealed an antiferromagnetic exchange of

¢1.45 cm¢1 between the NiII and DyIII ions. The ab initio com-
puted blockade barrier for exchange-coupled states suggested

that the presence of a strong exchange interaction suppresses

the QTM in the ground state compared with the QTM effect
observed for the DyIII single ion. Thus, the slow relaxation ob-

served in complex 2 at zero field can be attributed to the ex-
change-coupled doublet state, and both the Ni···Dy and 1,3

Ni···Ni exchange interactions help suppress the QTM process to
a certain extent.

Figure 6. a) CASSCF + RASSI-SO computed gap between the ground state
and first excited KD for the out-of-plane shift parameter. b) Behavior of eight
low-lying KDs as a function of out-of-plane shift parameter (æ).
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Magnetostructural studies on the DyIII single ion revealed
that the out-of-plane shift parameter gradually increases the

gap between the ground and first excited state KDs; however,
the transverse component of the anisotropy was also found to

increase at the same time, leading to an enhanced QTM pro-
cess. Unfortunately, this advocates that octahedral DyIII com-

plexes are expected to exhibit no or very weak SMM behavior,
even in the presence of strong exchange interactions. This
highlights the importance of fine tuning of the single-ion ani-

sotropy even in large {3d–4f} polynuclear complexes.
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