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ABSTRACT: A new family of 3d-4f polynuclear cocrystals [LnZn2L2(CH3CO2)4]·[Zn2Cl4L]·H2O [where LnIII = Gd(1), Tb(2),
and Dy(3)] are synthesized by the sequential reaction of a tetradentate multisite coordinating compartmental ligand, i.e., (E)-2-
methoxy-6-(((pyridine-2-ylmethyl)imino)methyl)phenol, in the presence of LnCl3·6H2O and Zn(OAc)2·2H2O. The detailed studies
involve mainly synthesis, structure, and magnetic properties of three isostructural cocrystals. The X-ray diffraction analysis reveals
that complexes 1−3 crystallize in triclinic crystal system with the P1̅ space group. The dimeric [Zn2Cl4L]− complex appears as a
cocrystal in the vicinity of the [LnZn2L2(CH3CO2)4]+ crystal structure to counter balance the overall charge on the primary
coordination sphere. Magnetic relaxation studies indicate that zero-field out-of-phase magnetic susceptibility signals are observed
only for complex 3 (DyIII analogue) which gets well resolved in the presence of a Hdc = 0.5 kOe magnetic field. The extracted
effective energy barrier (Ueff) and pre-exponential factor (τ0) for 3 is found to be 13.53 K and 1.78 × 10−6 s, respectively. The
appearance of single-ion magnet properties for 3 is rationalized with CASSCF/SO-RASSI/SINGLE_ANISO based ab initio
calculations.

■ INTRODUCTION
The construction of novel crystalline solids with necessary
intriguing physiochemical characteristics is highly reliant on
developing, comprehending, and rationalizing the intra- to
intermolecular interactions in the context of crystal packing.1−5

In real scenarios, identical molecular units form oligomers or an
extended network through intermolecular interactions.6−8

Consequently, intermolecular interactions between distinct
molecular components at a definite stoichiometric ratio can
lead to the development of crystalline adducts or multi-

component crystals called cocrystals.9−21 Cocrystallization of

two separate molecules is undeniably a method to deliberately
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influence the position of molecules in the crystal lattice, which
might affect the possibilities of improving material performance
for applications.22−32 For instance, pharmaceutical cocrystals
can enhance the dissolution rate and bioavailability of an active
pharmaceutical ingredient (API) without changing its native
structure.33−44 Moreover, the cocrystallization technique of
energetic materials such as 2,4,6-trinitrotoluene (TNT) can
boost the explosive intensity of the substance.45−49 Further-
more, molecular cocrystals can also exhibit other physiochem-
ical properties such as nonlinear optical, ferroelectric, dielectric,
and charge-transfer properties, making them more appealing to
the scientific community.50−55 Until now, because of the rational
understanding of supramolecular noncovalent interactions,
reports on cocrystals mainly involve organic systems, partic-
ularly those with acid−base pairs and pharmaceutical mole-
cules.56−59 Although inorganic−organic cocrystals do exist,
cocrystals with distinct metal complexes are limited. The
fundamental reason for this is that metal complexes with
different coordination environments rarely have the same
potential energy for lattice packing and crystallization
kinetics.60−67 However, various other parameters that directly
impact cocrystal processing include good ligand design, a
suitable solvent ratio, temperature, and proper stoichiometric
and enantiomeric ratios. Although some transition metal-based
cocrystals were reported in the literature, cocrystals comprising
4fmetal ions or 3d-4f metal ions are exceedingly rare. Liu and co-
workers have reported the first 4f-based tetranuclear metallo-
cage and mononuclear DyIII cocrystal complex.68 Das and co-
workers have also reported 4f based cocrystals containing a
spirocyclic pentanuclear cationic lanthanide (Ln) unit and one
mononuclear anionic lanthanide unit [LnIII = DyIII and TbIII].69

Zhang and co-workers have reported the first genuine 3d-4f
cocrystal of a mononuclear DyIII complex with a square-planar
CuII complex consisting of only one reactant.70 In fact, the field
of lanthanide coordination chemistry has gained a lot of
attention because of its potential applications in catalysts,
photoluminescent materials, and molecular magnetic materi-
als.71−89 Compounds containing lanthanide (Ln) ions are of
special interest in the field of molecular magnetism because they
may exhibit an extraordinary slow relaxation of magnetization
behavior or single molecule/ion magnet (SMM/SIM) behavior
arising from the large spin and significant magnetic anisotropy of
LnIII ions.90−99 Despite substantial progress in the field of
SMMs, it is worth mentioning that QTM-induced relaxation
processes are the biggest roadblock in lowering the effective
energy barrier (Ueff) of lanthanide-containing SMM com-
plexes.98,100−106 There are a few strategies to mitigate the
QTM, such as ligand fields of high symmetries around the
lanthanide ions, application of a tiny static magnetic field,
dilution of such complexes in a diamagnetic matrix, or a strong
superinteraction among the paramagnetic ions (3d and 4f metal
ions).92,107−113 However, a review of the literature has shown
thatmagnetic exchange coupling resulting from 3d/4f metal ions
is often weak and has a small effective energy barrier, but when
paramagnetic 3d ions are replaced by diamagnetic metal ions, it
may offer magnetic dilution to the system, slowing the QTM
process and elevating the energy barrier.114,115 Furthermore,
recent studies revealed that the presence of diamagnetic
coordinating ions in a DyIII system can alter the electron density
distribution around the DyIII ion (particularly around the
bridging phenoxido oxygen donor), influencing the orientation
of the DyIII g tensor and therefore increasing the energy
barrier.116−119

Based on our research backgrounds and motivated by the
above-mentioned discussion, in this study, we have attempted to
construct a distinct type of polynuclear ZnII-LnIII complex
utilizing a tridentate Schiff base ligand (E)-2-methoxy-6-
(((pyridine-2-ylmethyl)imino)methyl)phenol in the presence
of Zn(OAc)2·2H2O and LnCl3·6H2O [LnIII = GdIII, TbII, and
DyIII], which allows an assembly of cocrystals having a general
formula [LnZn2L2(CH3CO2)4]·[Zn2Cl4L]·H2O [Ln = GdIII,
TbIII, and DyIII]. According to the CCDC database, this is the
first ever report of 3d-4f and 3d cocrystals based on a ZnII-LnIII
system, and hereby, we report the syntheses, structural
properties, and magnetic behavior of [LnZn2L2(CH3CO2)4]·
[Zn2Cl4L]·H2O [LnIII = GdIII(1), TbIII(2), and DyIII (3)].

■ EXPERIMENTAL SECTION
Experimental Section. Materials and Methods. All chemicals,

solvents, and reagents were purchased from commercial sources and
were used without further purification. o-Vanillin (99%, 148-53-8), 2-
picolylamine (99%, 3737-51-9), DyCl3·6H2O (99.99%, 15059-52-6),
and Zn(OAc)2·2H2O (99.99%, 557-34-6) were obtained from Sigma-
Aldrich Chemical Co (USA). Solvents were reagent grade and distilled
under nitrogen prior to their use. All other chemicals were reagent
grade, available commercially, and used as received. IR data were
collected in the range of 450−4500 cm−1 using a PerkinElmer Spectrum
two FTIR spectrometer with an ATR module. Elemental analysis was
done using a Carlo Erba EA 1108 analyzer. The Thermoquest CE
instrument CHNS-O, EA/110 model was employed for elemental
analysis. The thermal stability of the complexes, i.e., thermogravimetric
analysis (TGA), was assessed by a TA Instruments Q 600 device. The
phase purity of the polycrystalline samples was confirmed by obtaining
the powder X-ray diffraction data at room temperature on a Bruker AXS
D8 advanced diffractometer using CuKα radiation (λ = 1.5418 Å)
across the 2θ range from 5 to 50°. All the samples were analyzed using
an inductively coupled plasma optical emission spectrometer (Thermo
Fischer Scientific, Magnetic sector, ICPMS, IIT Powai). Single crystal
X-ray data of compounds 1−3 were collected from a Bruker Kappa
APEXII diffractometer having graphite-monochromatic with MoKα
radiation (λ = 0.71073 Å). The structure was solved by the software
packages SMART and SAINT,120 SADABS,121 SHELXTL122,123 and
refined by the full-matrix least-squares of F2 using the SHELXL-2014124

along with Olex-2 software.125 Anisotropic thermal parameters were
assigned to all non-hydrogen atoms. Diamond 3.1e software126 was
used to design the crystal structure. The CCDC numbers of complexes
1−3 are 2216581 (for 1), 2216586 (for 2), and 2216591 (for 3)
respectively and can be obtained from www.ccdc.cam.ac.uk/data_
request/cif. The crystallographic data and parameters are presented in
Table S1. Magnetic measurements were performed in the temperature
range 2 K−300 K with an applied field of 1000 Oe, using a Quantum
Design MPMS-XL-7 SQUID magnetometer on polycrystalline
samples. The diamagnetic corrections for compounds were estimated
using Pascal’s constants. Alternating current (ac) susceptibility
experiments were performed using an oscillating ac field of 2.0 Oe at
ac frequencies ranging from 1 to 1000 Hz. The magnetization was
measured in the field range 0−7 T. The diamagnetic corrections were
calculated from Pascal’s constants. For computational studies on
complex 3, we have chosen CAS (9, 7) ab initio calculations using the
MOLCAS 8.2 suite.

Synthesis of LH.The pyridinemoiety based Schiff based ligand (LH)
was synthesized by the condensation reaction of o-vanillin with 2-
picolylamine at 70 °C.127−130

Synthesis of 1−3. The ligand LH was dissolved in MeOH/MeCN
solvent and stirred followed by the addition of DyCl3·6H2O, and 30min
later, Zn(OAc)2·2H2O was added to the reaction mixture and then
NaOH base was added in a 1:1:1:2 stoichiometric ratio, and again
stirred for a period of 16 h at room temperature. After that, the reaction
mixture was filtered out, and the precipitate was dissolved in MeOH/
MeCN. Good quality yellow colored block-shaped crystal was obtained
by slow evaporation and was appropriate for single crystal XRD. The
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specific amount of each complex and characterization data is given
below.

[GdZn2L2(CH3CO2)4]·[Zn2Cl4L]·H2O (1). Quantities: LH (0.040 g,
0.16 mmol, GdCl3·6H2O 0.062 g, 0.16 mmol, Zn(OAc)2·2H2O (0.036
g, 0.16 mmol), Et3N (0.045 mL, 0.45 mmol). Yield: 0.039 g 30% (based
on Gd3+) Anal. Calcd for C50H53Cl4GdN6O15Zn4 (1512.74) Cald C,
28.59; H, 3.53; N, 5.56 Found: C, 28.49; H, 3.32, N, 5.69 IR (KBr)
(cm−1): 1608.61(s), 1572.52(s), 1519.93(s), 1448.78(s), 1404.44(m),
1368.35(m), 1288.95 (m), 1084.78(m).

[TbZn2L2(CH3CO2)4]·[Zn2Cl4L]·H2O (2). Quantities: LH (0.040 g,
0.16 mmol), TbCl3·6H2O (0.062 g, 0.16 mmol), Zn(OAc)2. 2H2O
(0.036 g, 0.16 mmol), and Et3N (0.045 mL, 0.45 mmol). Yield: 0.039 g,
36% (based on Tb3+) Anal. Calcd for C50H53Cl4N6O15TbZn4
(1535.87): Cald C, 38.98; H, 3.47; N, 5.47 Found: C, 39.07; H, 3.66,
N, 5 .59 ; IR (KBr) (cm− 1) : 1635 .42(s) , 1545 .71(s) ,
1501.37(s),1475.59(s), 1404.44(s), 1297.20(m), 1226.05(m),
1110.56 (m) 995.07(m)

[DyZn2L2(CH3CO2)4]·[Zn2Cl4L]·H2O (3). Quantities: LH (0.040 g,
0.16 mmol), DyCl3·6H2O (0.062 g, 0.16 mmol), Zn(OAc)2·2H2O
(0.036 g, 0.16mmol), Et3N (0.045mL, 0.45mmol). Yield: 0.038 g, 34%
(based on Dy3+) Anal. Calcd for C50H53Cl4DyN6O15Zn4 (1543.82):
Calcd C, 38.89; H, 3.47; N, 5.44 Found: C, 40.03; H, 3.36, N, 5.58; IR
(KBr) (cm−1): 1599.33(s), 1572.52(s), 1528.18(s), 1421.97(s),
1270.39(m), 1129.12(m), 1084.78(m), 923.92(m).

■ RESULTS AND DISCUSSION
Synthesis Aspects. Cocrystallization is one of the

fascinating wings of crystal engineering that alters the
physicochemical properties of the material. In that context, the
tridentate Schiff base ligand (LH) possessing a well-defined
N,N,O potential coordination environment has been previously
employed for the synthesis of 3d, 4f, and 3d-4f metal−ligand
complexes. The ligand has two definite pockets to hold themetal
ions in a μ2-η1: η1: η2: η1 binding mode (Figure S3), which is
supported by a literature review.127−130

LH was used by Powell et al. to assemble linear shaped
heterometallic [Zn2Ln4] clusters

127 where the ligand has utilized
μ2-η1: η1: η2: η1 binding. Wang et al. has utilized LH in a step-by-

step and competitive assembly of two Dy(III)-base compound
where similar binding mode has been observed.128

Utilizing the same ligand system, we report the syntheses of a
series of rare heterometallic cocrystals [Zn2Cl4L]·
[LnZn2L2(CH3COO)4]·H2O [LnIII = GdIII (1), TbIII (2), and
DyIII (3)].
Single-crystal X-ray diffraction (SCXRD) study of all the

complexes (1−3) disclosed that all these compounds are
crystallized in the triclinic crystal system and P1̅ space group. We
have taken the representative complex 1 for the crystal structure
description of all. The selected bond distances and bond angles
are given in the Supporting Information (Tables S2−S4). The
asymmetric unit of 1 is depicted in Figure 1, while the
asymmetric unit structure of 2 and 3 is presented in the
Supporting Information (Figure S1 and Figure S2). The
asymmetric unit of 1 is electronically neutral, and a total of 11

Scheme 1. General Synthetic Route to Isolate 1−3

Figure 1. Perspective view of the crystal structure of complex 1 present
in the asymmetric unit (ASU).
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cationic charges from the crystallographically independentmetal
ions (four Zn2+ and one Gd3+, all are full occupancy) are
balanced by the three anionic charges from the three
deprotonated main ligands (L−), four anionic charges from
four chloride ions, and four anionic charges from four acetate
(OAc) ligand. Interestingly, the structure of 1 and all complexes
2−3 consists of a binuclear anionic [Zn2LCl4]− unit as a
cocrystal and a trinuclear cationic [Zn2GdL2(Ac)4]+ unit
(Figure 1). In addition, one water molecule is crystallizing
between the two units (Figure 1).
From the design perspective of the ligand network of HL, it is

clear that it contains two different pockets for a metal ion
binding site (Figure S3). The pocket A consists of 2N and one O
as a metal chelating sites. The pocket B has 2O as a metal
chelating sites (Figure S3). Remarkably, these pockets are
capable of accommodating the metal ions very comfortably,
resulting in the formation of a multimetallic clustered
architecture. Also, the −OH group present on the benzene
ring of the main ligand HL is deprotonated during the reaction
to produce phenolate oxygen, which holds the metal ions very
strongly through μ2 fashion. A close inspection of the crystal
structure of 1 revealed that the discrete cocrystallized trinuclear
cationic counterpart of 1 is constructed from two deprotonated
main ligand (L−), four OAc anions as a coligand, two Zn2+ ions,
and one Gd3+ ion. The binding fashion of the main ligand and
the coligand in this cationic counterpart is presented in Figure
2a. Each ligand binds to the two metal ions (Zn2+ and Gd3+)
through η1-nitrogen, η1-nitrogen, η2-oxygen and η1-oxygen, i.e.
μ2-η1: η1: η2: η1, and each Ac anion is binding to two metal ions
(Zn2+ and Gd3+) through a syn-syn bidentate bridging mode (μ2-
η1: η1) (Figure 2b).
These coordination modes lead to the formation of a linear

trimeric metal cluster of formula [Zn2GdO12N4]+ where Gd3+
ion is occupying the central position of the core, and the two
Zn2+ ions are at the extreme end of the trimeric core (Figure 3b).
The analogous anionic binuclear [Zn2O2N2Cl4]− and trinuclear
cationic [Zn2MO12N4]+ clusters also exist in another two
cocrystals (ZnII−TbIII and ZnII−DyIII) (Figures S4 and S5). A

point to be noted here is that the high oxophilic character of
gadolinium renders a greater number of oxygen anions to get
attached with the gadolinium in this trinuclear core. The
coordination number of Gd1, Zn1/Zn2 are eight and five
respectively. These coordination numbers are fulfilled by 8O for
Gd1 and 3O, 2N for both ZnII1 and ZnII2, leading to the
building of a distorted square antiprismatic geometry for GdIII
and distorted trigonal bipyramidal geometry for both the ZnII
ions (Figure 4).

On the other hand, another cocrystallized anionic binuclear
discrete unit, [Zn2LCl4]−, contains two Zn2+ ions (full
occupancy), one deprotonated main ligand (L−), and four
chloride (Cl−) ions (Figure 1). The main ligand binds to the two
Zn2+ ions through η1-nitrogen, η1-nitrogen, η2-oxygen, and η1-
oxygen, i.e., μ2-η1: η1: η2: η1. Out of four Cl− ions, three Cl− ions
are attached to the two Zn2+ ions through η1 fashion, and a

Figure 2. (a, b, c) Presentation of the binding fashion of the main ligand, coligand (acetate ion), and main ligand respectively in complex 1.

Figure 3. (a, b) The anionic binuclear [Zn2O2N2Cl4]− and trinuclear cationic [Zn2GdO12N4]+ clusters respectively in 1.

Figure 4. (a−e) The representation of coordination environment
around Zn1, Zn2, Zn3, Zn4, and Gd1 metal ions in 1.
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fourth Cl− ion binds to both the Zn2+ ions via a η2 manner (μ2-
η2) (Figure 2c). These binding patterns of both the main ligand
and chloride ions afforded bimetallic metallic clusters of formula
[Zn2O2N2Cl4]− (Figure 3a). The coordination number of both
the Zn2+ ions (Zn3 and Zn4) is five, which are obtained from
3Cl, 2O for Zn3 and 1O, 2N, and 2Cl for Zn4, giving rise to
trigonal bipyramidal and square pyramidal geometry for Zn3
and Zn4 respectively (Figure 4). The coordination number and
coordination environment around the respective metal ions in
other two cocyrstals are displayed in Figures S6 and S7. The
metric parameters of the current case are comparable to the
same core found in the literature and are briefed in Table S9.
It is worth mentioning that the synthesis and stabilization of

the cocrystal involves the suitable noncovalent supramolecular
interaction between two or more components in their solid state
and that allows their perfect atomistical orientation in the
cocrystal network. In 1, the two components viz. cationic and
ionic parts displayed the various noncovalent interactions (C−
H····π, π ··π, and hydrogen bonding) in the crystallographic
network (Figure 5 and Table 1). As per our speculation, the

presence of water molecules between the two discrete ionic units
helps to bring them close together and stabilize them through
noncovalent interactions (Figure 5). The similar noncovalent
supramolecular interactions are also present in other two
cocrystals (ZnTb and ZnDy) (Figures S8−S9 and Tables S5−
S6).
The phase purity of polycrystalline samples of complexes 1, 2,

and 3was confirmed by the powder X-ray diffractionmethod. As
given in Figure S11, the experimental PXRDpatterns are in good

agreement with the simulated patterns generated from their
single crystal X-ray diffraction data for complexes 1, 2, and 3.
The thermogravimetric analysis (TGA) has been employed to

check the thermal stability of complexes 1−3. The TGA studies
reveal that all the complexes 1−3 have a similar pattern of TGA,
and all complexes are stable up 250 °C as weight losses are
negligible up to this temperature. Above 350 °C, rapid loss
validated the disintegration of these complexes (Figure S12).
An ICP-MS analysis was conducted on the powder sample of

1, 2, and 3 respectively for the elemental analysis, and the results
show that the calculated values correspond with the mass
percentages obtained practically. The ICP calculation details are
provided in Supporting Informatiomn.

Hirshfeld Surface Analysis on 1−3. The past few years
witnessed investigations on the role of intermolecular
interactions with counterions and/or solvent molecules to
modulate the dynamic magnetic behavior of metal com-
plexes.131 In a majority of the cases, the experimental effective
energy barrier (Ueff) for spin reversal was found to be much
lower compared to the calculated (Ucal) one. Investigations
revealed that intermolecular interactions may trigger the under
barrier magnetic relaxation such as Raman and QTM processes.
The Hirshfeld surface analysis proves to be a useful tool to
determine qualitatively and quantitatively the intermolecular
interactions through hydrogen bonding/short contacts and the
stability of crystal. We have calculated and analyzed the
Hirshfeld surface using CrystalExplorer 21.5 software132 for all
the complexes 1−3. We have mapped calculated Hirshfeld
surfaces in dnorm 3D plots along with 2D fingerprints (Figure 6
and Figures S13−S16). Here de and di represent the nearest
distance of a molecule from outside and inside of the Hirshfeld
surface respectively. In all the cases 1−3 the major 50−60%
intermolecular interactions are found to be throughH···H, while
14−16% of interactions are through H···O/O···H contacts.
Other weak interactions such as π−π/CH-π can be analyzed
through different views (shape index, curvedness etc.) of
Hirshfeld surfaces. The obtained asphericity parameter in the
range of 0.136−0.138 indicates highly structural anisotropy
present in these metal complexes 1−3.

Magnetic Properties of 1−3. The direct-current (dc)
magnetic susceptibility measurements of polycrystalline sample
1−3 have been performed in the temperature range of 2 to 300
K, employing an applied field of 1 kOe (Figure 8). At 300 K, the
experimental χMT values are 8.06 cm3·K·mol−1 for 1, 11.96 cm3·
K·mol−1 for 2, and 14.32 cm3·K·mol−1 for 3 respectively, which
are close to the expected value of one uncoupled LnIII ion (7.88
cm3·K·mol−1, 8S7/2, S = 7/2, g = 2 for 1, 11.81 cm3·K·mol−1, 7F6,
S = 3, L = 3, g = 3/2 for 2 and 14.17 cm3·K·mol−1, 6H15/2, S = 5/2,
L = 5, g = 4/3 for 3). In the case of 1, as the temperature drops,
the χMT values found to be almost constant down to 15 K and
then decrease dramatically to reach the lowest χMT value of 7.61
cm3·K·mol−1 at 2 K. The sudden downtrend can be put down to
the presence of weak antiferromagnetic coupling between GdIII
ions and/or zero-field splitting (ZFS) effects of the GdIII
ions.133−135

We have fitted the magnetic susceptibility and magnetization
data simultaneously for complex 1 using the PHI program. The
best fit yieldedD = +0.21 cm−1, gGd = 2.035, zJ = −0.0075 cm−1.
The magnetic anisotropy in the case of complex 1 results from
the structural anisotropy as indicated from the asphericity value
of 0.138 during Hirshfeld surface analysis.
The values of χMT for 2 and 3 decrease slowly from 300 to 100

K, which were followed by a sharp drop, reaching minimum

Figure 5. Existence of noncovalent interaction in 1.

Table 1. Various Possible Interaction Parameters for
Complex 1 (Zn−Gd)

components bond distance (Å) bond angle (deg)

C37−H37B·····π 2.637(1) 142.497(7)
O15−H15E·····Cl3 2.653(3) 109.545(7)
C15−H15B·····O15 3.280(1) 102.729(7)
C37−H37C·····O15 3.073(1) 101.990(8)
O15−H15D·····O14 3.191(8) 108.809(4)
C36−H36B·····Cl3 3.580(3) 124.568(7)
O15−H15D·····O10 3.369(7) 108.736(1)
C34−H34C·····O15 3.848(1) 113.703(8)
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values of 6.18 cm3·K·mol−1 for 2 and 10.85 cm3·K·mol−1 for 3 at
2 K, respectively. This typical decrease may be attributed to the
thermal depopulation of the Stark sublevels of LnIII ions in 2 and
3.
The magnetization measurements for 1−3 have been

performed at different temperatures in an applied field varying

from 0 to 70 kOe (Figure 9). For 1, the magnetization value
increases with increasing magnetic field up to 20 kOe field and
slowly reaches a saturation value of 7.18 NμB at 70 kOe, which is
close to the theoretical value of single GdIII ions (7 NμB). The
declined magnetization data illustrate that the curves experience
magnetic saturation, all of which are superimposed onto a single

Figure 6.Hirshfeld surface mapped in 3D dnorm surface plots (left) and the major intermolecular interactions (right) shown by 2D fingerprint plots for
complex 3. The interactions through H-bonding shown in green dotted lines. The white area represents contacts with lengths equivalent to the sum of
the Van der Waals radii of the interacting atoms.
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master curve, suggesting that the isotropy of GdIII ions exists.136

However, for 2 and 3, the magnetization values are 6.25 NμB and
7.41 NμB at 2 K and 70 kOe, which are away from the theoretical
saturation values of one independent DyIII ions (10 NμB) and
one independent TbIII ions (9 NμB). Such a deviation can be
ascribed to the existence of magnetic anisotropy in two
complexes and/or low-lying excited states.137,138 Meanwhile,
non-superimposedM versusH/T curves at 2 K, 3 and 5 K can be
observed, which further confirms the presence significant
magnetic anisotropy139 (Figure 9).
To achieve a better understanding of dynamic magnetic

properties of 1−3, the temperature-dependent alternating
current (ac) susceptibility values were measured at different
frequencies and under a zero field (Figures S17−S19). There is
no out-phase (χM″) signals of 1 and 2 at zero field. However, the
in-phase (χM′) and out-phase (χM″) signals of 3 show a
noticeable upturning trend as the temperature declines,
implying the existing of the slow magnetic behavior. Notably,
no peaks can be observed due to the strong quantum tunnelling
of magnetization (QTM) (Figure S19). This is consistent with
the observation from the frequency-dependent alternating
current (ac) susceptibility measurements of 3, where no peaks

shifts have been observed (Figure S20). Therefore, ac
susceptibility measurements have been carried out at 2.0 K
and varying dc fields from 0 to 4 kOe for 3 to suppress the QTM.
As shown in Figure S21, several obvious χM″ peaks can be seen
by the application of different dc fields from 0.5 to 3.5 kOe,
which means an applied magnetic field can suppress QTM
effectively. Therefore, the optimum dc field 0.5 kOe field was
chosen to achieve the slowest magnetic relaxation. Under a 0.5
kOe field, the out-phase (χM″) signals of 3 shows that this
process is temperature-dependent, and it further confirms that 3
exhibits SMM behavior (Figure 10). Meanwhile, fitting of the
cole−cole plots with the generalized Debye model (eq 1)
yielded α parameters in the range of 0.23−0.18 (Figure 10,
Table S8).

= +
+ i

( )
1 ( )

T
s s

s
1 (1)

The α value fall in the range of earlier reported SMMs with a
relatively wide distribution of the relaxation process suggests the
presence of multirelaxation processes in 3. Further to extract the
effective energy barrier of 3, the Arrhenius plot (ln(τ) versus
T−1) was constructed (where τ is the relaxation time obtained
from a Cole−Cole fit). The slight deviation of the ln(τ) versus
T−1 plot from linearity indicates the presence of other under
barrier magnetic relaxations such as Raman and direct processes.
We have fitted the Arrhenius plot using the following equation:
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where the first term of right-hand side denotes the QTM
process, the second term denotes a field dependent direct
process, the third term denotes the Raman process, and the last
term denotes the Orbach process. An excellent fit was observed
with the Raman and Orbach process. The effective energy
barrier (Ueff) for the Orbach process was found to be 13.53 K (τ0
= 1.78 × 10−6 s) along with the Raman (C = 433, n = 2.48)
process.

Computational Studies on 3. The observation of
experimental magnetic behavior for complexes 2 and 3 suggests

Figure 7. Different views of Hirshfeld surfaces for 3 indicating the presence of weak intermolecular interactions.

Figure 8. χMT versus T plots for 1−3 at 1 kOe.
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that the electronic structure around oblate TbIII and DyIII is not
suitable to stabilize the magnetic ground state having the highest
± mJ value in the present ligand environment. To shed light on
the observed dynamic magnetic behavior and to get the
electronic structure, we have performed CASSCF calculations
on the X-ray structures of 3 using the MOLCAS 8.2 suite. In the

case of 3, the obtained g-tensors gx = 0.7327, gy = 3.6739, and gz =
14.4462 clearly suggest that the DyIII ion is very far away from
the Ising nature.
The consequence of this can be seen in the energy spectrum

(Table S10) of low-lying Kramers’ doublets (KD1-KD8)
originated from the 6H15/2 which does not exceed 418 cm−1

Figure 9.Magnetization (M versusH) and reducedmagnetization (M versusHT−1) plots for 1 (panel A andD), for 2 (panel B and E), and for 3 (panel
C and F) respectively at the indicated temperatures. The solid lines represent the best fitted data in the case of 1 (panel A) using PHI, while in the case
of 3 (panel C) these are ab initio computed data using MOLCAS 8.2.

Figure 10. Frequency dependence of the in-phase (A) and out-of-phase (B) ac susceptibility signals underHdc = 0.5 kOe for 3. Fit of Cole−Cole (C)
and ln(τ) vs 1/T (D) plots using a generalized Debye model and Arrhenius law respectively.
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and the first excited state (KD2) found to be located at only
19.19 cm−1 from the ground state (KD1). The computed
transition magnetic moment value of 0.734 μB between ground
state KD1 was found to be very high and triggers fast magnetic
relaxation from the ground state itself. This theoretical finding
rationalized well the experimentally observed non-SMM
behavior of 3 under a zero applied field. Further the direction
of the main magnetization gzz axis on the DyIII ion was found
toward the μ2-O(phenoxo) bridging ligand which brings the highest
charge density (−0.88). To shed light further on the magnetic
anisotropy and purity of the ground magnetic state, we have also
computed crystal field parameters and wave function decom-
position (Table S11). From Table S11 and Figure 11, the
present ligand environment stabilizes the ±mJ = 13/2 as ground
state with 41% purity and highly admixed with the first excited
state± mJ = 15/2 (39%) and other excited± mJ states. We have
c ompu t e d c r y s t a l fi e l d p a r ame t e r s f o l l ow i n g

= =H B Ok q
q

k
q

k
q

CF Hamiltonian where Bkq and Ok
q are the

crystal field parameters and Stevens’ operators respectively. The
obtained B2q values are given in Table S11. The positive value of
B20 = 0.23 × 1001 (while for B2‑2 = −0.20 × 1001, B2‑1 = −0.18 ×
1001, B21 = −0.13 × 1001 and B22 = 0.38 × 1001) leads to a strong
deviation from the axial nature and leads to transverse magnetic
anisotropy on DyIII in complex 3. Our theoretical finding is
found be well matched with the experimental observations.

■ CONCLUSIONS
We have utilized a serendipitous approach to self-assemble first
ZnII-LnIII based cocrystals by using simple but effective pyridine
based tetradentate ligand in the presence of LnCl3·6H2O [LnIII =
Gd(1), Tb(2), and Dy(3)] and Zn(OAc)2·2H2O. The novel
ZnII-LnIII based cocrystals are isostructural and consist of an
anionic dimeric ZnII unit, a cationic trimeric linear ZnII-LnIII-
ZnII unit, and H2O a solvent of crystallization. As per
crystallographic studies, the presence of water molecules
between the two discrete ionic units helps to bring them close
together and stabilize them through various noncovalent
interactions like C−H····π, π ··π, and hydrogen bonding, and
these are supported by intermolecular interactions through
Hirshfeld surface analysis. In addition, we have also investigated
the static and dynamic magnetic behavior of all the complexes.
In the series, only DyIII analogues (complex 3) exhibit field
induced SIM behavior with 13.53 K (τ0 = 1.78 × 10−6 s) under

Hdc = 0.5 kOe. We have also rationalized the observed
experimental magnetic behavior for 3 through CAS (9, 7)
based on ab initio theoretical study using MOLCAS 8.2.
Furthermore, in the future, we will investigate the compart-
mental ligand’s coordinating adaptability, as it may lead to new
complexes with structural diversity and improved magnetic
characteristics.
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