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ABSTRACT: The {3d−4f} pentanuclear complexes with the
formula [CrIII2LnIII

3(PhCO2)7(OH)6 (iPrO)(NO3)(H2O)3] (iPrO
= isopropoxide) (where Ln = Dy (1), Gd (2)) have been
synthesized and characterized using magnetic and theoretical
studies. The metal core of complexes 1 and 2 has a trigonal
bipyramidal arrangement with three LnIII ions in the triangular
plane and two CrIII ions occupying the axial positions. These ions
are held together by six μ3-OH bridges and seven carboxylate
bridges. The dc magnetic susceptibility data reveal ferromagnetic
interactions presiding between CrIII and LnIII ions in 1 and 2. The
fitting of the susceptibility curve employing the DFT calculated J
(vide infra), yield JGd

III
−Gd

III = +0.008 cm−1, JCr
III

−Gd
III = +0.27

cm−1, and JCr
III

−Cr
III = −0.007 cm−1 for 2. The dynamic (ac)

magnetic susceptibility studies on 1 indicate slow relaxation of
magnetization with a Ueff value of 30.9 K (21.4 cm−1) and τ0 = 4.09 × 10−10 s. These extracted parameters are among the highest for
any reported {CrIIIDyIII} complexes. DFT and ab initio CASSCF/RASSI−SO/SINGLE_ANISO/POLY_ANISO calculations were
carried out to estimate the exchange interactions and their role in quenching the quantum tunneling of magnetization (QTM)
behavior. Ab initio calculations on the DyIII ions reveal three asymmetric DyIII centers with the estimated single ion barrier in the
range of 78−184 cm−1, however, with a large QTM probability. Despite a triangular {Dy3} motif, the gzz axes do not align in the
triangular plane as observed in the {CrIIIDyIII6} single-molecule toroids (SMT) reported earlier by us. This is essentially due to the
presence/absence of the iPrO−/carboxylate group that alters the charge distribution around the DyIII ion and hence the orientation
of the corresponding gzz axis. The combination of DFT and ab initio CASSCF calculations yield JDy

III
−Dy

III = +0.012 cm−1, JCr
III

−Dy
III

= +1.20 cm−1, and JCr
III

−Cr
III = −0.95 cm−1 for 1. The mechanism of magnetization relaxation developed for the {CrIII2DyIII3} cluster

reveals that the relatively strong ferromagnetic CrIII−DyIII exchange interaction reduces the ground state QTM significantly yielding
a Ueff of 38.6 cm−1, which agrees with the experimental value. Thus, our study iterates the importance of CrIII ion to enhance the
exchange coupling in the {3d−4f} family of clusters.

■ INTRODUCTION
After the discovery of the first Single-Molecule Magnet
(SMM),1 there has been substantial growth in the field of
molecule-based magnetic materials. These include the
discovery of single−ion magnets (SIMs),2 single−chain
magnets (SCMs),3 spin qubits,4 spintronic materials,5 and
SMTs.6 In particular, molecules that possess slow magnet-
ization relaxation under a certain temperature are known as
SMMs.7 SMMs have magnetic bistable ground states, which
can be controlled by applying an external magnetic field,
revealing magnetic hysteresis. Several important breakthrough
discoveries have been made in recent years using the DyIII ion,

such as [Dy(Cpttt)2]+ (Cpttt = 1,2,4−tri(tert-butyl)-
cyclopentadiene)8 with a Ueff and TB of 1223 cm−1 and 60
K, respectively, by using an average sweep rate of 22 Oe s−1,
[Dy(CpiPr5)2]+ (CpiPr5 = penta-iso-propylcyclopentadienyl)9
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exhibiting a Ueff of 1468 cm−1 and TB of 72 K at a sweep rate of
3.1 mT s−1, [(CpiPr5)Dy(Cp*)]+ (CpiPr5 = penta-iso-
propylcyclopentadienyl, Cp* = penta-methyl-cyclopentadien-
yl)10 with a Ueff of 1541 cm−1 and TB value of 80 K by using a
field sweep rate of 25 Oe s−1, and a recently reported
[(CpiPr5)Dy2I3]

11 exhibiting a Ueff of 1631 cm−1 and a TB of 72
K at a sweep rate of 100 Oe s−1. On the other hand, another
class of compounds emerged over the years where the
magnetic dipoles of the lanthanide ions in a vortex (circular)
arrangement led to the generation of a toroidal moment
perpendicular to the plane of the vortex. This class of
molecules is termed single-molecule toroids or SMTs. SMTs
have bistable toroidal states, and these states are non-
magnetic.12 Notably, the magnetic field generated by toroidal
moments decays more quickly than the field generated by a
magnetic dipole; as a result, memory storage devices or qubits
constructed using toroidal moments will be more densely
packed than SMMs or spin qubits, respectively. These
molecular-based magnetic materials are most promising for
use in multiferroic materials, quantum computing, and
information storage in the future.7 The nature of magnetic
exchange and dipolar interactions plays a pivotal role in
determining the SMMs and SMTs characteristics of a
particular multinuclear metal complex. The dipolar coupling
plays a dominant role in SMTs, and often, this overrides the
intramolecular antiferromagnetic exchange interaction between
two LnIII ions.12

Generally, the exchange interaction between the LnIII−LnIII

centers is often very small (in the range of 0.1 to 1 cm−1) and
leads to problems in terms of magnetic relaxation, as weak
exchange often leads to fast relaxation in neighboring ions via
quantum tunneling of magnetization (QTM) due to transverse
dipolar magnetic fields. Incorporating a radical or a 3d metal
ion in the cluster aggregation solves this problem, as this often
enhances the exchange by 1 or 2 orders of magnitude.
Particularly, radicals were found to yield stronger exchange,
and this is exemplified in several examples, including a report
of two dinuclear lanthanide single-molecule magnets

[({Me3Si)2N}2{THF}Ln)2(μ-η2:η2-N2)]−1 (Ln = Gd, Tb, or
Dy), where the localized nature of the unpaired spin in the
radical N2

3− bridge offers strong exchange with GdIII, TbIII, and
DyIII ions, resulting in strong intramolecular exchange
coupling. These systems were reported to have enormous
thermal energy barriers of 326 and 177 K, combined with the
strong magnetic exchange interaction, causing reduced QTM,
greatly increasing the relaxation time. Very high blocking
temperatures of TB = 14 K using a field sweep rate of 0.9 mT
s−1 and 8.3 K at a sweep rate of 0.08 T s−1 were thus recorded
for the TbIII and DyIII complexes, respectively.13,14

The main problem with utilizing radicals is stability, as such
molecules are often unstable under ambient conditions, so
device fabrication using such a class of molecules is extremely
challenging. An alternative way to enhance exchange coupling
is to employ 3d metals in cluster aggregation. In this regard,
the [CrIII2DyIII2(OMe)2(O2CPh)4(mdea)2(NO3)2] (mdea =
N-methyl diethanolamine) molecule reported by some of us,
exhibiting SMM behavior, gained significant attention, as the
strong exchange was observed between the CrIII−DyIII ions in
this class of molecule leading to attractive SMM character-
istics.15 Following research on the butterfly {CoIII

2DyIII2}
SMM complex, which made use of the diamagnetic CoIII ion,
this {CrIII2DyIII2} complex was chosen as a target.16 By
inserting the paramagnetic CrIII (d3 configuration) ion into a
simple tetranuclear core, the exchange interactions are enabled,
which further allowed us to investigate the impact of the
paramagnetic ion on magnetic relaxation. Significant CrIII−
DyIII antiferromagnetic exchange was in fact discovered (J
values between −16 and −20 cm−1), and the relaxation times
improved long enough, which were completely absent in the
{CoIII

2DyIII2} case.
Because of its isotropic character, the use of CrIII ion is

frequently disregarded; yet, it can induce a strong 3d−4f
interaction, yielding strong SMM characteristics compared to
other 3d metals.17,18 Importantly, 3d-LnIII polynuclear
coordination complexes synthesized using dicationic and
tricationic 3d ions such as Cr, Mn, Fe, and Co and lanthanide

Table 1. Some Representative Examples of {CrIIIDyIII} Complexes, Selected Structural Parameters, and Magnetic
Characteristics

Sample
No. Complexes

Cr−Dy
Distance (Å)

Cr-O-Dy angle
(deg)

Exchange Interactions (CrIII−
DyIII) in cm−1

Ueff
(K) τ0 (s) ref.

1. [Cr(phen)2(μ-MeO)2Dy (NO3)4]·xMeOH 3.420 106.8 −0.04 - - 26
2. [DyCr(bipy)2(μ2-OH)2 (H2O)6].(ClO4)4·

H2O
3.417 107.2 −0.07 - - 37

3. [DyCr2(bipy)4(μ2-OH)4 (H2O)4].(ClO4)5·
H2O

3.449 107.1 −0.02 - - 37

4. [Cr4Dy4(μ3-OH)4(μ-N3)4 (mdea)4−(piv)4]·
3CH2Cl2

3.333 98.7 −4.50 15 1.9 × 10−7 22

5. [Cr8Dy8(mdea)16(CH3COO)8(NO3)8]·
xCH3CN

3.329−3.346 102.3−107.3 −0.37/ −1.72 19 3.5 × 10−8 34

6. [Cr2Dy2(OMe)2(O2CPh)4(mdea)2(NO3)2] 3.290−3.302 102.7−103.3 −16.70/ −20.30 77 5.1 × 10−8 15
7. [Cr2Dy2(OMe)2 (mdea)2 (acac)4(NO3)2] 3.352−3.410 97.20−96.64 −11.24/ −8.33 34.6 1.2 × 10−7 31
8. [Cr2Dy2(OMe)2 (edea)2(ac ac)4(NO3)2] 3.343−3.400 97.30−97.46 −11.83/ −7.96 41.6 9.2 × 10−8 31
9. [Cr2Dy2(OMe)2 (bdea)2(ac ac)4(NO3)2] 3.346−3.423 97.72−96.12 −10.48/ −7.14 37.5 3.1 × 10−7 31
10. [Cr2Dy2(μ3-OH)2 (p-Me-PhCO2)6(L)2] 3.431−3.440 101.30−106.03 −1.15 - - 31
11. [CrDy6(OH)8(O-tol)12(NO3) (MeOH)5]·

3MeOH
3.458 102.9 −0.08 - - 31

12. {[Cr2Dy3L10(OH)6(H2O)2] Et3NH} 3.463−3.485 103.2−103.7 - 10 1.3 × 10−9 25
13. Na3[Dy3Cr2(HGly)6(μ3-OH)6(H2O)9]·

(ClO4)8·Cl4·14H2O
3.4 102.7−104.2 - 12.6 1.07 × 10−7 35

14. [CrIII2DyIII3(Benz)7(OH)6 (iPrO)(NO3)
(H2O)3]

3.412−3.470 102.8−104.02 1.20 30.9 4.09 × 10−10 this
work
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ions have led to significant magnetic exchange interactions,
therefore showing enhanced/interesting SMMs/SMTs behav-
ior.19 To the best of our knowledge, the design of CrIII and
LnIII complexes is based on five main chemical bridging
pathways. The first approach is fluoride bridging {CrIII-F-
LnIII};20 the second targets cyano bridged {CrIII-CN-LnIII}
complexes;21 the third, fourth, and fifth strategies incorporate
oxo (hydroxo, methoxy etc.) {CrIII-O-LnIII},22,23 oxalate {CrIII-
OOCCOO-LnIII},24 and carboxylate bridging {CrIII-OCO-
LnIII} in the cluster formation.25 In most of the CrIII-DyIII
complexes, the intramolecular exchange interactions between
CrIII and DyIII ions were found to be antiferromagnetic (see
Table 1). Examples include {CrIIIDyIII},26,27 {CrIII2DyIII},28

{CrIII4DyIII},29 {CrIIIDyIII2},
30 {CrIIIDyIII6},

31 {CrIII2DyIII2},
32

{CrIII4DyIII4},
33 and {CrIII8DyIII8}.

34 Notably and promisingly
we see from the data that strong antiferromagnetic exchange
interactions have been reported, extremely desirable for SMM
design. However, examples with a ferromagnetic exchange
between CrIII and DyIII are very rare, and only
{CrIII2DyIII

3}
25,23,35 and {CrIII2DyIII

4}
36 complexes likely

possess ferromagnetic exchange between CrIII−DyIII ions,
though these were not reported/extracted. Recently, we
showed using both experimental and theoretical investigations
to attain a rare ferrotoroidal phenomena utilizing antiferro-
magnetic and dipolar interactions in a series of heptanuclear
{CrIIILnIII

6} (Ln = DyIII, TbIII, and HoIII) complexes in which a
CrIII ion links two {LnIII

3} triangles.31

Here we report the heterometallic {CrIII2LnIII
3} complexes

w i t h t h e m o l e c u l a r f o r m u l a o f
[CrIII2LnIII

3(Benz)7(OH)6(iPrO)(NO3)(H2O)3] (where Ln =
Dy (1), Gd (2)) possessing a triangular structural motif of LnIII

ions with CrIII ions lying above and below the triangle, similar
to the {CrIIIDyIII6} ferrotoroidal structure.36,37 Complex 1 and
2 are characterized thoroughly by magnetic and theoretical
studies. Unlike the reported ferrotoridal family of complexes,
alteration of ortho-toluic acid to benzoic acid destroys the
toroidal moments, but a relatively strong CrIII−DyIII

ferromagnetic exchange was found to yield reasonable SMM
behavior.

■ EXPERIMENTAL SECTION
Synthesis of [CrIII2LnIII3(Benz)7(OH)6 (iPrO)(NO3)(H2O)3]. Cr-

(NO3)3·9H2O (1 mmol, 0.400 g) and Ln(NO3)3·5H2O (0.5 mmol,
0.22 g) were dissolved in 20 mL of acetonitrile, followed by the
addition of benzoic acid (1 mmol, 0.122 g) and triethylamine base (4
mmol, 0.55 mL). This solution was stirred for 4 h at an ambient
temperature. After this time, the solvent was removed, and a gel was
formed. Redissolving the gel in 20 mL iPrOH solution yielded suitable
single crystals of purple color for X-ray analysis after a week of
evaporation, with an approximate yield of 45% (crystalline product).
Anal. Calcd (found) for 1 and 2, Cr2Ln3O27N1C52H54: C, 36.39
(36.79); H, 3.17 (3.35); N, 0.82 (0.85) (see crystallographic data in
Tables S3 and S5).
Computational Details. DFT Studies. To compute the exchange

interaction, we have employed DFT calculations using the Broken
Symmetry (BS) approach38 on the crystal structure of complex 2. The

BS approach has a track record of producing accurate numerical
estimates of J constants earlier. Here, we have used the TZVP basis
set for CrIII ion and the double-ζ quality basis set employing
Cundari−Stevens (CS) relativistic effective core potential on Gd,39

and Ahlrich’s40 TZV basis set for the rest atoms. The theoretical
analysis section describes how this Hamiltonian was created. The
exchange interaction Hamiltonian employed was as follows (J):

= [ + +

+ + + + +

+ + ]

H J

J

J

(S S S S S S )

(S S S S S S S S S S

S S ) (S S )

1 Ln1 Ln2 Ln2 Ln3 Ln3 Ln1

2 Cr1 Ln1 Cr1 Ln2 Cr1 Ln3 Cr2 Ln1 Cr2 Ln2

Cr2 Ln3 3 Cr1 Cr2

Ab initio Calculations. Ab initio calculations based on CASSCF/
RASSI-SO/SINGLE_ANISO were performed on individual DyIII and
CrIII ions on the crystal structure without any further geometry
optimization using the MOLCAS 8.2 suite of programs.41 For the
computation of the magnetic properties for a single paramagnetic
DyIII ion, the other DyIII ions are replaced by diamagnetic LaIII ions,
and the CrIII ions are replaced by diamagnetic ScIII ions. The
relativistic effects are considered based on Douglas−Kroll Hamil-
tonian.42 By using the complete active space self-consistent field
(CASSCF) technique, the spin-free eigenstates were attained.43 Since
we are primarily interested in the ligand field states, the 4f orbitals
(CAS (9 in 7)) were included to the active space for the CASSCF
calculation of the dysprosium fragment. The active space for the
CASSCF calculation of the CrIII fragment included three electrons in
five 3d orbitals. In this case, the Configuration Interaction (CI)
approach was used to determine the anisotropy for the DyIII ion while
considering the excited states of 224 quartets, 490 doublets, and 21
sextets.44 The CASSCF module has computed each excited state
associated with each multiple of ions. After computing all excited
states, the spin−orbit coupled states were calculated by combining all
the low-lying excited states with the RASSI-SO module.45

Furthermore, using the SINGLE_ANISO program, the computed
SO states have been considered in to compute the g-tensor to get the
three main anisotropy axes and their corresponding gxx, gyy, and gzz
values.46 By using the SINGLE_ANISO code, we have computed the
Crystal-field (CF) parameters (see Table S9).

With the help of the POLY ANISO routine45 employing the Lines
model,46 the exchange interactions between anisotropic DyIII and CrIII
ions in complex 1 have been calculated. For calculating the magnetic
exchange interaction we used the following Hamiltonian:

= · ·
=

+H J S S
i

i i iex
1

3

1

Here Ji = Jidipolar + Jiexchange, i.e., Ji values indicates the total exchange
interactions; this defines the magnetic interaction between the
intramolecular metal centers. Dipolar magnetic coupling is the long-
range interaction between magnetic moments, and it depends on the
distance and the angle between the magnetic moments on magnetic
centers. The well-known dipolar Hamiltonian reads:

=
·

| |
· ·

| |

i

k
jjjjjj

y

{
zzzzzzH

R

R R

R

M M M M

4
3

( )( )

p q

p q

pq

p pq q pq

pq
dip

0

,
3 3

where Mp and Mq are the magnetic moments of the pth and qth
ions, respectively, and Rpq is the distance between p and q. The dipolar
contribution to the exchange has been estimated and discussed in
Table 2 (see below).

Table 2. Computed Magnetic Exchange Interactions (cm−1) between Magnetic Ions in Complexes 1 and 2

Magnetic exchange interaction

DFT calculated [cm−1] Ab initio computed [cm−1]

Complex J1 J2 J3 J1tot J1ex J1dip J2total J2ex J2dip J3total J3ex J3dip
1 0.010 0.99 −0.558 0.012 0.09 0.03 1.20 1.16 0.04 −0.95 −0.97 0.02
2 0.015 1.386 −0.558 -
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■ RESULTS AND DISCUSSION
Structural Descriptions. The reaction of Cr(NO3)3·9H2O

and the respective Ln(NO3)3·5H2O {Ln = Dy (1) and Gd
(2)} with benzoic acid in acetonitrile at ambient temperature
in the presence of triethylamine base, followed by the
evaporation of the solvent and redissolution in iPrOH, yielded
a heterometallic pentanuclear complex of molecular formula
[CrIII2LnIII

3(Benz)7(OH)6 (iPrO)(NO3)(H2O)3] (where Benz
= benzoate, iPrO = isopropoxide) (Ln = Dy (1) Gd (2)) (see
Scheme 1) which crystallizes in the triclinic space group P1
with Z = 1. Complexes 1 and 2 possess trigonal bipyramidal
(TBP) topology with three DyIII ions in the triangular plane
and two CrIII ions, above and below the {LnIII

3} plane (see
Figure 1). The central core of 1 and 2 is based on a triangle of
three LnIII ions with ∠LnIII-LnIII-LnIII of approximately 60°,
with two CrIII ions sitting above and below the plane of the
triangle. In complex 1 the Dy−Dy distance is 3.891(3)−
4.013(2) Å, the Cr−Dy distance is 3.412(2)−3.470(2) Å, and
the Cr−Cr distance is 5.168 Å. The ∠Cr-O-Dy are
102.79(2)−104.02(2)°, and the ∠Cr-Dy-Cr is 96.28(3)−
96.20(4)°. In complex 2 the Gd−Gd distance is 3.970(5)−
4.012(4) Å, the Cr−Gd distance is 3.441−3.515 Å, and the
Cr−Cr distance is 5.026(5) Å. The ∠Cr-O-Gd are 102.3(2)−
104.4(2)°, and the ∠Cr-Gd-Cr is 95.63(2)−98.49(2)°. The
CrIII ions are displaced above and below the Ln3 triangles by
2.585(2) Å in 1 and 2.593(2) Å in 2 describing the
{Cr2IIILn3

III} trigonal bipyramidal unit. The metal ion core is
stabilized by six μ3-OH− ligands, six μ2-benzoate ligands, a
single chelating nitrate and benzoate ligand, a terminal
isopropoxide, and three terminal water molecules. Each μ3-
OH− bridges connected through two LnIII ions to a CrIII ion,
and each μ2-carboxylate bridges a LnIII to a CrIII ion. The
chelating and terminal ligands complete the coordination

sphere of the LnIII ions. The CrIII ions are nearly in a perfect
octahedral geometry involving six O donor sets, whereas LnIII

ions have eight O donor coordination sites. The geometry of
CrIII and LnIII centers is thoroughly examined using SHAPE
2.1 software, resulting in an octahedral geometry of Cr1 and
Cr2 (with a deviation value of 0.246 and 0.215, respectively),
whereas Dy1, Dy2, and Dy3 have square antiprismatic
geometry (D4d with a deviation value 0.622, 0.712, and 0.904
from ideal square antiprismatic geometry for Dy1, Dy2, and

Scheme 1. Reaction Scheme Used to Isolate Complexes 1 and 2

Figure 1. Crystal structure of 1 and 2. Hydrogen atoms were omitted
for clarity.
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Dy3 centers, respectively; Table S1 in SI). The packing
diagram of 1 shows closely packed molecules with the shortest
DyIII−DyIII distance of 8.851 Å, and such close packing is
associated with the intermolecular C−H π interactions
observed (see Figure 2).

Magnetic Characterization. The temperature-dependent
dc magnetic susceptibility of a polycrystalline sample was
measured from 1.8 to 300 K for both 1 and 2. At room
temperature, the χMT product of 45.67 cm3 K mol−1 for 1 and
27.11 cm3 K mol−1 for 2. These values are in good agreement
with the theoretical value (46.26 cm3 K mol−1 and 27.38 cm3 K
mol−1 for 1 and 2, respectively) expected for two uncoupled
CrIII (S = 3/2, g = 2, C = 1.875 cm3 K mol−1) and three DyIII
(S = 5/2, L = 5, 6H15/2, g = 4/3, C = 14.17 cm3 K mol−1) ions
or three GdIII (S = 7/2), respectively. For complex 1, on
lowering the temperature, the χMT products remain nearly
constant down to 100.2 K, followed by a decrease down to
20.6 cm3 K mol−1 at 40.5 K. After that, a sharp increase to
reach a maximum value of 101.5 cm3 K mol−1 at 1.8 K was
observed for 1. Similarly, the χMT products remain nearly
constant up to 102.0 K. Thereafter, a sharp increase to reach a
maximum value of 59.3 cm3 K mol−1 at 4.4 K was observed for
2 (see Figure 3a,b).

In the magnetic field range of 0−7 T at 2, 3, 5, and 10 K
field dependence of the magnetization was studied for both 1
and 2. For fields up to 2 T, there is an initial rapid increase at
low temperatures, reaching 16.28 μB for 1 and 27.27 μB for 2.
This was followed by a slower quasi-linear increase up to 7 T,
reaching 18.9 and 28.02 μB for 1 and 2, respectively (see Figure
3c, d). The population of low-lying excited states and/or
magnetic anisotropy could be the reason for the non-

superposed reduced magnetization curves at different temper-
atures.

The magnetic susceptibility of complex 2 was fitted using the
PHI suite with three different exchange interactions employing
DFT calculations as the starting point (see below). This yield
an excellent fit with the estimated J values of JGdIII−GdIII = +0.008
cm−1, JCrIII−GdIII = +0.27 cm−1, and JCrIII−CrIII = −0.007 cm−1 for
2. The magnetization plot (see Figure 3d) suggests a saturation
of magnetization ∼27 at 2 K, suggesting a ground state of S =
27/2, which is consistent with the dominant ferromagnetic
coupling in the cluster.

The alternate current (ac) magnetic susceptibility measure-
ments were performed to examine the dynamic of magnet-
ization relaxation, which show significant in-phase (χ′) and
out-of-phase (χ″) peaks in the 2−2.8 K temperature range for
an oscillating field range of 1 to 900 Hz that are temperature-
and frequency-dependent under zero dc field (see Figure 4a
and b), which indicate the presence of slow relaxation of
magnetization and SMM behavior. The Cole−Cole plots of χ′
versus χ″ from 2 to 2.8 K obtained by fitting the measurement
data using a generalized Debye model (see eq 1) with α values
ranging from 0.02 to 0.25 (see Table S2) displayed
nonsymmetrical semicircles, suggest a single step relaxation
process of magnetization.

= +
+

( )
1 (i )ac S

T S
1 (1)

where χS, χT, ω, and τ represent adiabatic susceptibility,
isothermal susceptibility, angular frequency, and relaxation
time.

By fitting the Cole−Cole plot (see Figure 4c), relaxation
times (τ) were extracted to determine the effective energy
barrier (Ueff). The following general equation was used to
model the magnetic relaxation data considering several
relaxation processes:

= + U k T1/ CT exp( / )n
0

1
eff B

Figure 2. Crystal packing arrangement of complex 1 along the a-axis.
Dashed green, cyan, violet, and orange lines indicate the C and H pi
interactions between the centroids (Cg) and respective hydrogens.

Figure 3. (a, b) Plot of temperature-dependent dc magnetic
susceptibility (χMT) vs temperature (T) for 1 and 2, respectively.
The measured (blue circle for 1 and blue square for 2), fitted and
simulated (via the ab initio parametrized red solid line 1 with 96.2%
match and PHI simulation for 2 are in solid red line with a match of
99.9%) and (c, d) the field-dependent magnetization isotherms for 1
and 2, respectively.
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The Raman relaxation process is represented by the first
term, and the Orbach relaxation process is represented by the
second term. Many fits were tried using a number of variable
parameters in the equation. The linear fit (shown by a solid
blue line) relates to the Orbach relaxation pathway only. By
taking into account the Orbach and Raman relaxation
processes, the best fit for the Arrhenius plot was obtained,
with the Raman exponent n closer to 6.3. The values obtained
from the best fit are n = 6.3, C = 19.85 s−1 K−6.3, Ueff = 30.9 K
(21.4 cm−1), and τ0 = 4.09 × 10−10 s (see Figure 4d).

Estimation of Exchange Coupling. DFT calculations were
performed on the crystal structure of complex 2 to obtain the
exchange coupling between GdIII−GdIII (J1), CrIII−GdIII (J2),
and CrIII−CrIII (J3) interactions (see Figure 7b). From these
calculations, we have obtained J1 = +0.015 cm−1, J2 = +1.38
cm−1, and J3 = −0.558 cm−1

, indicating a ferromagnetic
interaction between GdIII−GdIII and CrIII−DyIII, and an
antiferromagnetic interaction between CrIII−CrIII (see Table
2). These values are consistent with the results of the PHI
fitting, though the magnitude of the J’s is overestimated in the
DFT calculations. Both in DFT and the PHI fitting, the CrIII−
DyIIIJ2 interaction is the strongest and thus dictates the
magnetic properties of the cluster.

For complex 1, the estimated exchange coupling constants
corresponding to CrIII−GdIII interactions were rescaled by S =
5/2 (Dy(III)) as established earlier.15,47 In the {CrIIIDy6III}
ferrotoroidal complex reported earlier, the exchange inter-
action between the CrIII−DyIII and DyIII−DyIII ions are
antiferromagnetic, and this is due to the absence of a
carboxylate bridge between CrIII and DyIII ions.30 In that
case, the ions are only connected via μ3-OH− bridges. In 1,
CrIII and DyIII ions are connected both via μ3-OH as well as the
carboxylate bridge, and the CrIII magnetic orbitals were found
to mix strongly with the carboxylate bridges, and such mixing
offers a counter-complementarity effect and alters the sign of
exchange as shown by some of us earlier in CrIII dimers (see
also Figure S4 in SI).48

Further, the overlap integral between the SOMOs of CrIII
and GdIII ions reveals a very weak overlap, and this diminishes
the contributions from the antiferromagnetic part of the
exchange (see Table S10). The strongest overlap was visible

between fxyz(GdIII) and dxz(CrIII) orbitals (see Figure 5b), and
the strength of the overlap for this pair is dictated by the CrIII-

O-GdIII angles. In comparison, a previously reported dinuclear
CrIII−GdIII dimer with an F-bridge exhibited stronger overlap
leading to a net antiferromagnetic coupling.20 Further, the
computed spin density plot (see Figure 5a) reveals a strong
spin polarization mechanism for both the CrIII and GdIII ions,
with atoms coordinated to these ions exhibiting a large
negative spin density (as much as −0.1 on the μ3-OH−

bridges). Such a spin polarization mechanism also favors
ferromagnetic coupling as the exchange here is mediated via an
odd number of bridging atoms as per the McConnell
mechanism.49 Further, the CrIII-O-GdIII angle found here is
in the range of 103−104°, and this range is expected to yield
ferromagnetic coupling as per the magneto-structural correla-
tion developed earlier for various {3d-Gd} pairs.17,18

Although J1 and J3 are small, the structural parameters
observed for J1, i.e., GdIII-O-GdIII angles in the range of 108−
110° are expected to yield an exchange value close to zero as
per the magneto-structural correlation developed.50 The values
we reported fit very well within this hypothesis. Additionally,
the J3 interaction is strongly correlated to the CrIII-GdIII-CrIII
angle as the angle here is greater than 71.50°; an
antiferromagnetic J3 interaction is expected based on earlier
correlations.51 While there is no direct bridging available
between two CrIII ions, it is very well-known that the (1,3)
interaction between two transition metal ions/radicals is
stronger and sometimes comparable to or even exceeds the
strength of (1,2) 3d−4f interactions.17,52 This is essentially due
to the fact that CrIII SOMOs overlap effectively via the formally
empty 5d/6s orbitals of the LnIII ions.

Dynamics of Magnetization from Single-Ion Anisotropy
of DyIII Ions. To enlighten the experimental observations, we
performed ab initio calculations on the X-ray structure. The
computed direction of the local magnetic anisotropic axes is
shown in Figure 7a. The calculations yielded the following low-
lying energies (see Table 3) and g-tensor principal values:
(Dy1; gx = 0.0728, gy = 0.1509, and gz = 19.5221); (Dy2; gx =
0.4592, gy = 0.9379, gz = 18.6176); (Dy3; gx = 0.0036, gy =
0.0052, and gz = 19.6985); and (Cr1; gx = gy = gz = 1.96 and
Cr2; gx = gy = gz = 1.96) (see Table 3). This indicates that for
the Dy1 and Dy2 centers, a small but non-negligible transverse
anisotropy is present in the ground state, whereas for the Dy3,
a near axial anisotropy has been observed. The direction of the
gzz axis of the Dy1 and Dy2 ions is found to be perpendicular

Figure 4. Temperature-dependence ac magnetic susceptibility
measurement. (a) in-phase χM′ and (b) out-of-phase ac magnetic
susceptibilities at the shown frequencies for complex 1. (c) Cole−
Cole plot and (d) Arrhenius plot.

Figure 5. (a) DFT computed spin density plot high spin with the red
and blue area representing positive and negative spin densities,
respectively. (b) The representative d and f orbitals show there is no
overlap. The isodensity surface shown corresponds to a value of 0.023
e−/bohr3.
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to the {Dy3} triangular motif, while for Dy3 the axis is found to
be along the plane of the triangle. This arrangement does not
support SMT behavior. Despite the structural resemblance to
{CrDy6}, this molecule does not exhibit SMT behavior as the
direction of the gzz anisotropy axes is altered.

We carefully analyze the reason behind the change, and this
is essentially due to the fact that the carboxylate bridges in

{CrIIIDyIII6} lie in the plane of the {Dy3} triangle, and this
geometry is enforced due to the coordination of MeOH
perpendicular to the plane for all three DyIII ions. In complex
1, such a geometry is retained only for Dy3, where the
presence of iPrO− and the absence of a carboxylate bridge
enforces the gzz axis to lie in the {Dy3} plane. The absence of
iPrO− groups and the presence of a carboxylate bridge
perpendicular to the {Dy3} triangle in Dy1 and Dy2 alters
the gzz direction (see Figure 8 for the LoProp charges
computed). As the carboxylate oxygen of Dy1 and Dy2 has the
highest negative charge, the gzz is found to lie along this
direction. In Dy3, as the carboxylate bridge is absent, the next
largest negative charge was detected at the oxygen atom of the
iPrO− group leading to the gzz lying along this group.

The relaxation mechanism based on a single DyIII ion is
given in Figure 6 for Dy3 (see Figure S2 for Dy1 and Dy2).
The computed energies of the eight low-lying Kramers
Doublets (KDs) of individual DyIII ions in the complex are
shown in Table 3. The energy gap between the ground and the
first excited state KDs is 78.8, 37.3, and 184.2 cm−1 for Dy1,
Dy2, and Dy3, respectively. This large difference in the
estimated gap is due to the difference in the charge distribution
observed. The presence of the iPrO− group in Dy3 offers the
strongest axiality and leads to the largest ground state−excited
state gap. The ground to first excited state energy gap is quite
large compared to the experimentally obtained Ueff value. This
indicates the overall magnetic relaxation depends on the
exchanged coupled states rather than the single DyIII ions.

The CF characteristics of complex 1 were examined in order
to acquire a better understanding of the mechanism of
magnetic relaxation. The equation contains the associated
crystal field Hamiltonian:

=
=

H B O
k q

q

k
q

k
q

CF

where Bkq is the crystal field parameter and Õkq is the Steven’s
operator.

The CF parameters for 1 are given in Table S9 in the SI. In
1, the nonaxial terms are found to be larger than axial terms,
and this leads to a significant transverse anisotropy at the
ground state and hence significant QTM probability. Due to
such strong QTM behavior, at the single-ion level, 1 does not
expect to exhibit zero-field SMM behavior.53

Dynamics of Magnetization from the Exchange
Coupled {CrIII2DyIII3} System. We used the Lines approach
to fit the susceptibility with the starting values of J1−J3
estimated from DFT employed. A satisfactory fit to the
susceptibility data yields J2 = +1.20 cm−1, which is only
marginally larger than the DFT estimated value assuming
isotropic GdIII ion (see Table 2). The magnetization relaxation
mechanism developed for the coupled {CrIII2DyIII3} is shown
in Figure 9. In this case, magnetization is projected to blockade
via the 17th excited doublet, resulting in a Ueff value of 38.59
cm−1, which is reasonably close to the experimental value
(21.47 cm−1). The ground state QTM here is estimated to be
0.91 × 10−4 μB, while for the single ion anisotropy, the largest
ground state QTM was computed to be 0.23 μB for the Dy2,
unveiling the extent of quenching at the ground state. The
relatively strong {CrIII−DyIII} exchange was found to quench
the tunneling at the ground state and the excited states leading
to a sustained SMM behavior as observed in the experiments.

Figure 6. Ab initio computed qualitative magnetic relaxation
mechanism for Dy3 ion center in 1. The thick black line represents
the KDs as a function of the magnetic moment computed. The green/
blue arrows indicate a potential pathway via the Orbach/Raman
relaxation. The presence of QTM and thermally assisted QTM (TA-
QTM) between the connected pairs is represented by the dotted red
lines. The numbers next to each arrow represent the mean absolute
values of the relevant matrix element of the transition magnetic
moment.

Figure 7. (a) The orientation of the magnetic anisotropy axes. (b)
Magnetic exchange pathways J1, J2, and J3 are highlighted.

Table 3. Energies of the Lowest Kramers Doublets and
Ground State g-Tensors of Each DyIII Center

E (cm−1)

KD’s Dy1 Dy2 Dy3

1 0 0 0
2 78.8 37.3 184.2
3 154.0 60.9 236.5
4 192.3 82.2 291.8
5 207.5 104.5 367.8
6 239.9 136.8 442.0
7 276.1 159.3 451.9
8 434.0 327.0 734.8

g-tensor
gx 0.0728 0.4592 0.0036
gy 0.1509 0.9379 0.0052
gz 19.5221 18.6176 19.6985
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■ CONCLUSIONS
In summary, a rare CrIII−Dy/GdIII SMM with the formula
[CrIII2LnIII

3(Benz)7(OH)6 (iPrO)(NO3)(H2O)3] (1 = DyIII, 2
= GdIII) has been synthesized and characterized using
magnetic and theoretical studies. Complex 1 exhibited slow
magnetization relaxation with a Ueff value of 30.9 K, while 2
exhibited a very high spin ground state of S = 27/2. The DFT
and ab initio calculations highlight the importance of the
structural difference between 1/2 and our previously reported
{CrIIIDyIII

6} SMT. Particularly the alcohol composition
combined with the alteration in the number of carboxylate
bridges alter the direction of the gzz axis of the DyIII ion, thus
destroying the SMT characteristics despite possessing a similar
{Dy3} motif. Furthermore, ab initio and DFT calculations
establish that a relatively strong ferromagnetic CrIII−DyIII
interaction quenches the QTM at the ground state leading
to the zero-field SMM behavior for 1. As the CrIII−DyIII
exchange coupling is strong (∼1 cm−1), this quenches the
QTM probability of the low-lying doublets. Thus, our study
highlights the importance of CrIII in d−f cluster aggregation to
enhance the exchange coupling and simultaneously disclose the
subtle SMT behavior in such a class of molecules.
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Figure 8. Computed LoProp charges with the label of the particular oxygen atom and magnetic anisotropic axes direction (blue arrow) of the
ground state (KD1) along each DyIII centers (left is for Dy1, middle for Dy2, and the right is for Dy3 ions).

Figure 9. Low-lying exchange spectrum computed for the
{CrIII2DyIII3} motif. The magnetic moments of the exchange-coupled
states (KDs) are represented on the diagram (bold black lines). The
blue arrows indicate a possible pathway through Orbach/Raman
relaxation. The existence of QTM/TA-QTM between the connecting
KDs is represented by the dashed red arrows, and the effective energy
barrier is represented by the green arrows.
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