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ABSTRACT: We herein reported the syntheses, structures,
and magnetic properties of three dinuclear heterometallic
M"Ln™ complexes, namely, [M'"Ln'"'(H,L)-
(CH;0H),(NO;),](NO;):S (M = Co, Ln = Dy, S =
MeOH (ICODY); M = Zn, Ln = Dy, S = MeOH (ZZnDy); M
= Co,Ln =Y, S = MeNO, (3¢,y), HiL = 2,6-diacetylpyridine
bis[2-(semicarbazono) propionylhydrazone]. Synthesized
from the predesigned multidentate ligand H,L, which has
two different coordination pockets (smaller N3O, and larger
N,O, pockets) suitable for either a 3d or a 4f metal center, all
these complexes have very similar structures, where the M"
centers possess a pentagonal bipyramidal (PBP) geometry and
the Ln" sites have a tetradecahedron geometry. Magnetic measurements on these compounds revealed the existence of weak
ferromagnetic coupling between the Co?* and Dy’ centers and the field-induced slow magnetic relaxation of all three
complexes. Furthermore, theoretical calculation on all these complexes indicates that although the change of the diamagnetic
Zn*" ion to the paramagnetic Co’* ion only slightly modifies the local magnetic anisotropy of the Dy’* ion, the weak Co—Dy
magnetic interaction decreases the energy barrier. These compounds are the first systematic results of a heterometallic 3d—4f

single-molecule magnet containing predesigned PBP 3d metal ions.

B INTRODUCTION

Since the discovery of the magnetic bistability and slow
magnetic relaxation in the molecular cluster Mn,,,' single-
molecule magnets (SMMs) have attracted a great deal of
interest because of their potential applications in diverse fields
including ultrahigh-density information storage, quantum
computation, and molecular spintronics.” Regarding metal
centers bearing magnetic anisotropy, different types of spin
centers (nd, 4f, and Sf metal centers) have been used to
construct high-performance SMMs. In the early days, 3d metal
complexes have been extensively studied hoping to increasing
the energy barriers (U.gs) and blocking temperatures (Tps) of
SMMs by increasing the spin ground-state S.” However,
because of the countervailing trends of the spin ground state
and the magnetic anisotropy, it proved to be extremely difficult
to increase the performances of the 3d metal SMMs." Thus,
metal centers of f electrons, such as the lanthanide (4f) and
actinide (Sf) ions, have been shown to be very promising for
high-performance SMMs because of their very large intrinsic
single-ion magnetic anisotropy. After the first report of the
lanthanide SMMs (Ln-SMMs),” SMMs containing f electrons,
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such as pure lanthanide SMMs,” heterometallic 3d—4f SMMs,”
and even actinide (5f) SMMs® have been extensively studied.
For these systems, it has been reported that ligand fields of
high symmetries, such as C, D Ss(Iy), Dig and Dy,
symmetries, can efficiently suppress the quantum tunneling
of the magnetization (QTM) effect frequently observed in the
Ln-SMMs, which shortcuts the relaxation barrier and decreases
the Uy and Ty values. By considering both the strength and
the symmetry of the ligand fields of the Ln** centers, dramatic
increases of both the Ugs and Tgs have been achieved in
SMMs. Outstanding examples include the double-decker
[TbPc,]" (H,Pc = phthalocyanine) complexes (D, U =
374 K),° (C;Mey)Er(COT) (D, Uy = 323 K),* [Dy-
(O'Bu),(py)s][BPh,] (Dg;, Uy = 1813 K),° and [Fe,Dy]
(Dyj,, Ug = 459 K).”° The current records for the U, and Ty
values are U,z = 1837 K and Ty = 60 K for [(Cp™),Dy][B-

(CeFs),])”
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Scheme 1. Structure of the H,L Ligand and Syntheses of Complexes 1-3
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Besides these Ln®* complexes of high symmetries, we and
some other groups are also highly interested in the transition-
metal ions of the pentagonal bipyramidal (PBP) geometry
(Dg;,)."° For examples, for the 3d complexes, we have reported
the first field-induced PBP Co'-SIMs'' and the tuning of the
magnetic anisotropy of a series of PBP Co"-SIMs by changing
the axial coordination atoms (C, N, O, and S)."* On the basis
of the PBP SIMs, series of one-dimensional (1D) chain
compounds, 1D tubular compound, and two-dimensional
(2D) layer compounds have been constructed success-
fully."”~" Depending on the PBP metal centers, magnetic
coupling between the spin centers and also the magnetic
dimensionality of these complexes, a variety of magnetic
properties, ranging from simple paramagnet, field-induced
SIM, single-chain magnet, and long-range magnetic ordering
(antiferromagnet and metamagnet) have been observed in
these complexes. In addition, using the [Mo(CN),]*" unit
with a PBP Mo center, we succeeded in the construction of
the first Mo-based SMM whose magnetic anisotropy is
believed to originate from the anisotropic magnetic exchange
coupling.'® By manipulating the symmetry of the Mo™ center
through a solid-state dehydration/rehydration process, we also
achieved the on-off switching of the SMM behavior in a
Mn,Mo SMM."”

From the above results, several valuable conclusions can be
drawn. (I) Considerable magnetic anisotropy is present for the
metal centers of PBP geometry for both d and f metal centers;
(1I) the strong magnetic anisotropy of the PBP metal centers
can be modified effectively by the adjustment of the ligand field
strength; and (III) the magnetic anisotropy of these PBP metal
centers can be maintained even in the extended structures,
such as the 1D and 2D frameworks and have significant
impacts on the magnetic properties of these frameworks.
Despite these interesting aspects of both the 3d and 4f PBP
metal centers, we noticed that the heterometallic 3d—3d" and
3d—4f SMMs containing 3d PBP metal centers have been
rarely explored.'® As a matter of fact, current research studies
on most of the reported 3d—4f SMMs focused on the tuning of
the geometry of the 4f centers and thus on their magnetic
properties. For examples, Ton? group reported several 3d—4f
complexes with Dgj, Dy™ ions,”” among which the Fe''—~Dy"'—
Fe'" trinuclear cluster has a record anisotropy barrier for all d—f
complexes so far.” Besides, the strong magnetic anisotropy of
the Dy center, the efficient magnetic coupling between the
Fe* and Dy" ions also contributes significantly to its large U,
value. In fact, the role of the magnetic coupling between the
3d—4f and also 4f—4f centers in the SMM properties has been
demonstrated well in several systems, such as the [Cr'"™,Dy".,]
and [Ni",Dy"™,] SMMs reported by Murray and co-workers,”
and the N, radical-bridged dinuclear lanthanide complexes by
Long’s group.”'
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Inspired by these aforementioned aspects, we devoted to the
study of the heterometallic 3d—4f clusters containing the PBP
3d metal centers. Our synthetic strategy involves the widely
used “compartmental ligand approach” using a predesigned
multidentate ligand, which has two different coordination
pockets suitable for either a 3d or a 4f metal center. The ligand
we used in this work is a hydrazonic ligand H,L (H,L = 2,6-
diacetylpyridine bis[2-(semicarbazono) propionylhydrazone],
Scheme 1), where the inner N3O, pocket is perfect for a 3d
metal center with a PBP geometry and the outer N,O, pocket
is suitable for a 4f metal ion. Through the reaction of this
ligand with Co** and Dy** salts, a Co—Dy compound,
[Co""Dy"(H,L)(CH;0H),(NO;),](NO3)-MeOH  (1¢opy),
has been prepared. Moreover, to gain a better understanding
of the contributions of the 3d or 4f spins to the magnetic
property of lc,p,, diamagnetic analogues, namely
[Zn"Dy"'(H,L)(CH;0H),(NO;),](NO3)-MeOH  (22,p,)
and [COHYHI(HZL)(CHsoH)z(NO3)2] (NO;)-MeNO, (3¢ay),
where either the Co®* ion was replaced by the Zn** jon (2,p,)
or the Dy*" ion by the Y** ion (3,y), were also prepared and
studied. All the 3d metal centers in 1—3 are indeed of the PBP
geometry. To the best of our knowledge, these compounds are
the first systematic result of a heterometallic 3d—4f SMM
containing predesigned PBP 3d metal ions. Magnetic studies
revealed that complexes 1—3 all exhibit field-induced SMM
behaviors. Combined with theoretical calculations, we revealed
that although the change of the diamagnetic Zn®" ion to the
paramagnetic Co”* ion only slightly modifies the local
magnetic anisotropy of the Dy’* ion, the weak Co—Dy
magnetic interaction actually decreases the energy barrier.

B EXPERIMENTAL SECTION

All reagents were commercially available and used as received. The
H,L ligand was prepared according to a literature method.”*

Synthesis of [CoDy(H,L)(CH;0H),(NO;),1(NO;)-CH;0H
(1copy)- CoCly-6H,0 (23.7 mg, 0.1 mmol) and Dy(NO,);-6H,0
(45.7 mg, 0.1 mmol) were dissolved in 10 mL of CH;OH, and then
H,L (44.5 mg, 0.1 mmol) was added to the solution. The mixture was
stirred vigorously for 30 min and a clear pink solution was obtained.
Red block-shaped crystals suitable for single-crystal X-ray analysis
were obtained by the diffusion of ethyl ether into the above pink
solution. Yield: 39 mg (~42%). Elemental analysis (%) calcd. for
C,oH330,6N,,CoDy: C, 25.37; H, 3.51; N, 20.71. Found: C, 25.36;
H, 3.53; N, 20.70. IR (KBr, cm™): 3430(w), 3296(w), 3244(w),
3184(vs), 3055(w), 2838(w), 2524(w), 1693(w), 1671(s), 1638(w),
1614(w), 1593(w), 1545(s), 1506(s), 1435(w), 1384(s), 1285(vs),
1219(s), 1168(s), 1024(s), 926(w), 812(w), 743(w), 666(w), 572(s),
541(w), 524(w), 443(w).

Synthesis of [ZnDy(H,L)(CH;0H),(NO;),1(NO;)-CH;0H
(2znpy)- This complex was synthesized using the similar method as
complex 1¢yp,. Yield: 36 mg (~38%). Elemental analysis (%) calcd.
for C,,H;304N4,ZnDy: C, 25.19; H, 3.49; N, 20.57. Found: C,
25.19; H, 3.48; N, 20.55. IR (KBr, cm™): 3423(w), 3241(vs),
3189(s), 3056(w), 2837(vs), 1694(w), 1637(s), 1612(w), 1543(s),
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Table 1. Crystallographic Data and Structure Refinement Parameters for Complexes 1—3

Lcony
formula C,0H330,N4,CoDy
Mr [g:mol™] 947.03
crystal system monoclinic
space group P2,/n
a [A] 11.0883(11)
b [A] 16.8917(16)
¢ [A] 19.9826(15)
a [deg] 90
B [deg] 111.442(4)
7 [deg] 90
V [A%] 3483.7(5)

V4 4

T [K] 153(2)
Peca [g em™] 1.806

My [mm™] 2.693

F (000) 1888

refl. collected/unique 23 543/8098
Tonax/ Tonin 0.616/0.589
data/restraints/parameters 8098/3/449

R,%/wR,” (I > 26(I)) 0.0415/0.1050
R,/wR, (all data) 0.0573/0.1148
GOF on F* 1.027

CCDC numbers 1872144

“R, = YIFE,| — IFAl/YIF,l. "WR, = {3 [w(F.2 — F2)*]/ X [w(F.2)*]}2

274Dy 3coy
Cy0H330,6N,4ZnDy CyoH3,015N,5CoY
953.47 918.45
monoclinic monoclinic
P2,/n C2/c
10.864(3) 12.1435(6)
16.713(5) 20.1725(10)
18.983(6) 14.3553(7)
90 90
101.335(4) 97.265(2)
90 90
3379.3(18) 3488.3(3)
4 4
153(2) 153(2)
1.874 1.749
2.995 2.229
1900 1868
23 479/5947 15 306/4004
0.559/0.615 0.818/0.739
5947/4/467 4004/0/266

0.0415/0.1088 0.0457/0.1349
0.0547/0.1154 0.0528/0.1405
1.052 1.058

1872145 1872146

Figure 1. (a) Crystal structure of complex 1¢,p,, representing the common structure of 1—3; H atoms, anions, and solvent molecules are omitted

for clarity. (b,c) View of the core structure of 1¢opy along two directions.

1501(w), 1430(w), 1384(s), 1304(s), 1260(w), 1220(s), 1204(w),
1167(s), 1023(s), 925(w), 815(w), 744(w), 666(w), 650(w), 570(s),
536(w), 526(w), 443(w).

Synthesis of [CoY(H,L)(CH;OH),(NO5),1(NO;)-CH;NO, (3¢oy)-
This complex was synthesized using a similar method as complex
1copy using a mixed solvent of CH;OH (5 mL) and CH;NO, (5
mL). Yield: 27 mg (~29%). Elemental analysis (%) caled. for
C,0H;,05N5CoY: C, 26.16; H, 3.51; N, 22.88. Found: C, 26.27; H,
3.50; N, 22.89. IR (KBr, cm™): 3422(vs), 3254(vs), 3195(s),
3103(w), 3055(w), 2921(w), 2795(w), 1699(s), 1679(s), 1637(w),
1543(s), 1510(w), 1432(w), 1373(s), 1306(s), 1219(s), 1165(s),
1039(s), 925(s), 816(s), 744(s), 666(s), 652(w), 570(s), 542(w),
526(w), 444(w).

B RESULTS AND DISCUSSION

Syntheses and Crystal Structures of 1-3. In the
previous reports, we and some other groups have utilized the
pentadentate macrocyclic ligands, such as H,dapb, dpop, and
so on to construct the 3d metal complexes of the PBP
coordination geometry. This strategy has been proved very
successful because these pentadentate ligands provide a very

rigid equatorial plane of the PBP geometry. Herein, we
extended the size and coordination sites of these pentadentate
ligands and built a larger N,O, pocket, hoping to construct the
3d—4f clusters while maintaining the PBP geometry of the 3d
metal center. Interestingly, the coordination ability of this
ligand is very robust and a series of heterometallic complexes
can be synthesized, which is very helpful to probe the
individual contributions of different spin centers and the effect
of magnetic exchange interactions on their magnetic proper-
ties. From the reaction of H,L, MCl,-6H,0, and Ln(NO;);
6H,0 in a solvent of methanol or methanol/nitromethane
with a molar ratio of 1:1:1, the heterometallic crystalline
compounds 1—3 have been obtained. The block single crystals
suitable for X-ray analysis are obtained by the slow diffusion
method with ethyl ether. Also, we have to point out that for
compound 3.y, @ mixture of methanol and nitromethane was
necessary for its preparation. Therefore, compounds 1—3 are
not exactly isostructural, although their core structures are very
close to each other (vide post). The powder X-ray diffraction
(PXRD) patterns of complexes 1—3 agree well with the
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simulated patterns from the single crystal X-ray data (Figures
$1-S3), confirming their phase purities. The thermogravi-
metric analyses were performed to check the thermal stability
of complexes 1—3. The crystallized solvent molecules start to
lose at room temperature, suggesting their poor thermal
stability (see Figures S4—S6). Therefore, the magnetic
properties of these compounds were performed on the freshly
prepared samples.

Single-crystal XRD analyses revealed that 1¢,p, and 27,p,
are isostructural, crystallizing in the monoclinic space group
P2,/n, whereas 3¢,y crystallizes in the monoclinic crystal
system with a different space group C2/c (Table 1). Despite
their different space groups, the structures of 1—3 are very
similar to different crystalized solvent molecules. Therefore,
only the structure of 1¢,p, will be described in details (Figure
1).In 1¢opy, the asymmetric unit consists of the whole cationic
coordination cluster [CoDy(H,L)(CH;0H),(NO,),]", a
counter anion NO;~, and a methanol solvent. As for the
ligand, it exists as a dideprotonated form [H,L]*". The C—N
bond distances involving C4—N4 and C14—N8 are 1.302(9)
and 1.311(10) A, which are typical for a normal C=N double
bond. In contrast, the C1—N2 and C17—N10 bond distances
are 1.355(4) and 1.373(3) A, respectively, which are typical for
a C—N single bond. Furthermore, the C4—02 (1.294(3) A)
and C14—03 (1.295(4) A) bonds are significantly longer than
C1-01 (1.238(3) A) and C17—04 (1.242(2) A). All these
bond lengths clearly suggest that there is a keto—enol
tautomerism in N4---C4---O2 and N8:--C14---O3 groups
(Scheme 1). Within the dinuclear [CoDy]" cation, the
equatorial plane of the Co*" ion is provided by the inner
N;O, compartment pocket of the ligand, whereas the axial
positions were occupied by two methanol molecules, forming a
N;O, coordination environment of a slightly distorted PBP
geometry. The PBP geometry of the Co®* center is further
confirmed by a very small continuous-shape measure value
(CShM = 0.289 calculated by SHAPE, which is zero for an
ideal pentagonal bipyramid, Table S1).* The bond distances
in the equatorial plane are in the range of 2.116(4) to 2.133(4)
A, whereas the axial two Co—O distances are 2.172(2) and
2.181(2) A, respectively (Table S4). The axial bond angle of
05—Co01-06 (174.0(2)°) is close to linearity (Figure 2a).

(a)

Figure 2. Coordination geometry around the metal centers in 1¢opy:
(a) a distorted PBP Co center and (b) a distorted tetradecahedron Dy
center.

As for the Dy** ion, it is ten coordinated, with the
coordination sphere being composed of eight O atoms and two
N atoms from the N,0, pocket of the ligand and two
coordination NO;™ anions. The 10-coordinate polyhedron is
close to a tetradecahedron with a CShM value of 2.879 (Table
S2, Figure 2b). The shortest bond is Dyl—02 (2.370(3) A),
whereas the other Dy—O and Dy—N bond lengths are from
2.381(3) to 2.532(4) and 2.624(4) to 2.649(4) A, respectively.
At this point, we want to point out that although the molecule

structure of the ligand seems to have a planar structure
(Scheme 1), the six coordination atoms of the outer N,O,
pocket (O1, 02, 03, 04, N3, and N9) are not coplanar,
especially after they coordinate to the Dy’* center (Figure lc).
This reflects the flexibility of the outer part of the ligand.

Between the Co** and Dy’* centers, two O atoms (O2 and
03) serve as y,-bridges. The distance between Col and Dyl is
3.774(7) A, and the angles are 112.460(1)° for Col—02—Dyl
and 113.720(1)° for Col—03—Dyl, respectively (Table S3).
On the other hand, the Co—Dy clusters are separated by the
anions and the solvent molecules efficiently, with the shortest
intermolecular Co™--Dy™, Co™--Co", and Dy"™--Dy™ dis-
tances being 7.978(4), 10.204(4), and 10.072(3) A,
respectively. These relatively long intermolecular metal ion
distances make the intermolecular dipole—dipole interactions
negligible.

For complexes 27,p, and 3y, the CShM values calculated
for Zn" and Co" are 0.311 and 0.274, and for Dy" and Y™ are
2.990 and 3.16S, respectively (Tables S1 and S2). Further-
more, the intramolecular distances of M"—Ln'" and the angles
of M"—p,-O—Ln™ in 27,0y and 3cgy are also similar with
Lcopy (Table S3). These results indicate that the metal centers
in all three complexes possess very similar coordination
geometries, although 3¢,y has a different space group from
those of 1¢opy and 2,p,. This fact makes the comparison of
their magnetic properties more reasonable.

Magnetic Properties. Temperature-dependent direct
current (dc) magnetic susceptibility data (T = 2—300 K and
H,. = 1000 Oe) and isothermal magnetization curves (T = 2.0
K, Hy. = 0=70 kOe) of 1¢,p, were measured on the fresh
sample of the ground single crystals using a Quantum Design
VSM SQUID magnetometer. At 300 K, the experimental y T
value (16.13 cm®K:mol™") for 1¢,p, is in fair agreement with
the theoretical value expected for one Co" (S = 3/2, assuming
g =20, C = 1.875 cm®K:mol™") and one Dy™ (S = 5/2,
GHIS/Z, g =4/3, C = 14.17 cm®K-mol™") ions. Upon cooling,
the yyT product gradually decreases to a minimum of 13.72
cm®K-mol™" at ca. 15.0 K, and then increases sharply to a
value of 15.74 cm*K-mol ™" at 2.0 K (Figure 3). This upturn at
a low temperature of yyT clearly demonstrates the presence of
the ferromagnetic interaction between Co' and Dy" ions in
Icopy- At 2.0 K, the field-dependent magnetization of 1¢,p,
shows a typical paramagnetic behavior (Figure S10). At 70
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Figure 3. Temperature dependence of the yyT curves for 1-3 at 1
kOe. The red solid line corresponds to the calculated curves and the
lowest curve is the result of the AyyT = (rT)1 — (rnT)2 — (D)3
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Figure 4. Frequency dependence of the in-phase (y’) and out-of-phase (y") signals of the ac susceptibilities for 1¢,p, (a), 2zapy (b), and 3¢y (c)

collected under a 1 kOe dc field.

kOe, the magnetization value (7.30 NJ3) is not saturated and is
much lower than the theoretical saturation value (3 Nf for a
spin only Co" ion and 10 N for a Dy ion). This behavior
indicates the presence of significant magnetic anisotropy and/
or possibly low-lying excited states.

To further explore the source of magnetic anisotropy and
also the magnetic interaction between the Co®* and Dy*" ions,
magnetic properties of 2., and 3¢,y containing the
diamagnetic Zn>* and Y*' were also measured under the
same conditions. At 300 K, the y\T value of 27,5, is 13.92
cm*K-mol™!, which is slightly below the expected value for a
diamagnetic Zn** ion and one Dy** ion. Upon lowering the
temperature, the y\T product decreases monotonously down
to the minimum value of 8.76 cm®K-mol™' at 2.0 K. This
behavior is common for a mononuclear Dy** compound,
originating from a combination of the large inherent magnetic
anisotropy and/or the depopulation of the excited Stark
sublevels of the Dy ions. As for 3¢y, the yT product is 2.41
cm®K-mol™ at 300 K. This value is significantly larger than
the spin-only value of 1.875 cm®K-:mol™' for a magnetically
isolated high-spin Co" ion, indicating a significant orbital
contribution to the magnetic moment and is consistent with
most of the reported results.”* Upon cooling, the yyT value
also decreases monotonously to a value of 1.59 cm*K-mol™* at
2 K. Similar to the situation of Dy**, such a decrease can be
mostly attributed to the intrinsic magnetic anisotropy of the
isolated Co®* ions. In addition, the field dependence of the
magnetizations below 5.0 K increases gradually and reach 5.94
and 2.08 N for 27,p, and 3¢,y at 7 T, respectively, which is
also far from the saturated values of one Dy’* and one Co**
ions (Figures S11 and S12).

It’s well known that the magnetic interaction involving the 4f
spins is usually rather weak because of the contracted inner f
orbitals. Furthermore, it is also very difficult to determine these
magnetic interactions, even qualitatively, because of the
intrinsic magnetic anisotropy and the complicated crystal
field terms of the 4f ions. However, in some situations, a
diamagnetic substitution approach has been used to estimate
the magnetic interactions involving the 4f spins.”> For the 3d—
4f systems, for examples, the paramagnetic 3d and/or 4f metal
centers can be individually replaced by a diamagnetic metal
center (usually Zn** for 3d metal, and La*" or Y** for 4f metal)
while the rest of the structure is mostly unchanged. Therefore,

the contribution of the individual paramagnetic metal centers
can be obtained and subtracted from the entire magnetic curve,
leaving the magnetic coupling as the only source of the
remaining magnetic curve.”® As the local structures of the
metal centers in 1—3 are very similar, we can estimate the
magnetic interaction between the Co** and Dy’ ions in Leopy
by this approach. By subtracting the sum of the y,T values for
2.0y and 3¢,y from the yT values of 1¢,p, (Figure 3), we
can see that the remaining yy,T curve increases monotonously
from 300 down to 2 K, clearly indicating the ferromagnetic
Co"—Dy™ interaction. Detailed analysis of the magnetic
coupling was performed by the theoretical calculations.

To study the dynamic magnetism of these complexes, the
alternating current (ac) magnetic susceptibility measurements
at various temperatures and frequencies were measured under
zero dc field and applied dc bias fields. No observable out-of-
phase signals (y”) can be observed for all three complexes
under a zero dc field (Figure S9), which can be because of the
presence of fast magnetic relaxation processes, such as the
QTM effect and the direct relaxation process because of the
low-lying multiplets. An external dc field was then applied
during the ac measurements to reduce the QTM effect. To
determine the optimum dc field, the ac susceptibilities were
measured by varying the dc fields from 0 to 4500 Oe at 2.0 K
(Figures S13 and S14). For 2g,p, and 3¢y, frequency
dependent ac peaks appear upon application of dc fields
from 200 to 4500 Oe, indicating the efficient suppression of
the QTM effect of the Dy** and the Co*" centers. Relaxation
time 7 was then extracted by fitting the cole—cole plots with
the generalized Debye model (Figures S15 and S16, Table
S4).”” From the plot of 7 versus H (Figures S17 and S18), we
can see that the relaxation time shows a peak at around 1 kOe
for both 2;,p, and 3¢,y. Therefore, the optimal field of 1 kOe
was chosen to perform further ac measurements under variable
temperatures and frequencies. However, for 1¢,p,, no peaks of
the y” curves can be observed under an external dc field. For
better comparison, the ac measurements for 1¢,p, were also
performed under 1 kOe. The resulting temperature and
frequency dependent ac data of 1—3 were shown in Figures 4,
$19, and S20.

For 1¢,p,, although nonzero and frequency-dependent y”
values were observed, no observable peaks in the y” versus v
plot (with frequencies up to 1 kHz) appear (Figure 4a).
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Figure 5. Cole—cole plots for 2,5, (a) and 3¢,y (c) and Arrhenius plots with the In(z) vs T~ for 2;,p, (b) and 3¢,y (d). Red lines in (c,d) show
fits to the Arrhenius law 7 = 7y-exp(U,g/ksT), assuming the Orbach relaxation mechanism. Blue lines represent the fits to all the data considering

other possible processes.

Hence, further analysis of the data was not performed to
determine its energy barrier. For 27,p, and 3¢y, the semicircle
cole—cole plots at 1.8—5.0 K were constructed and fitted with
a generalized Debye model to obtain the relaxation times (7)
and their distribution (@, Tables S7 and S8). The obtained a
values (0.25—0.30 for 2;,p, and 0.11—0.21 for 3c,y) suggest
the relatively narrow distribution of 7. The energy barriers of
27,0y and 3cey can thus be estimated by fitting the high-
temperature data (T > 3.4 K for 24,p,, T > 3.3 K for 3¢,y) of
the Arrhenius plots (Figure Sb,d) using the Arrhenius law, 7 =
79-exp(Ug/kgT). The obtained results are U, = 20.7 K (14.4
em™) and 7, = 1.1 X 107 s for 2;,p, and U = 7.0 K (4.9
em™) and 75 = 6.2 X 107 s for 3¢y

Of course, the estimation of the Ugs of 27,p, and 3¢y
assumes the Orbach relaxation at high temperatures, which is
not the case for many compounds. As we can see, the apparent
curvature of the Arrhenius plots from linearity suggests the
existence of multiple relaxation processes. Furthermore, the
U values for 27,p, and 3¢,y are significantly smaller than the
calculated energies of the excited Kramers doublets (KDs)
(vide post, Table S11), suggesting that the Orbach process
should not dominate in these complexes. Generally, consider-
ing multiple relaxation processes, the relaxation data can be
modeled using the following equation

= TQTM_I + AH*T + CT" + 7, " exp(=Ug/KyT)
(1)

where 7qry is the QTM relaxation time, the second term
denotes the direct process, the third term represents the
Raman process with coefficients C and n, and the final term
corresponds to a thermally activated Orbach process.
Obviously, there are too many parameters in this equation,
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and fitting of the relaxation time data using all these processes
together will lead to overparameterization. To avoid this
problem, we analyze the field-dependent magnetic relaxation
data at low temperature using only QTM and direct processes,
as these two processes are field dependent.”® Therefore, the 7
versus H data were fitted at 2.0 K using the following eq 2 to
determine the coefficients of A, B;, and B,.

-1 4 B,
= AHT + —
1+ B,H (2)

The best fit gives the coefficients A = 0.035 s™' K™! kOe™,
B, = 0.860 s™', and B, = 6.053 kOe™ for 2,p, and A = 0.108
s7' K™ kOe™, By = 2.969 s™', and B, = 7.628 kOe ™ for 3¢y,
respectively. Then, these parameters corresponding to direct
(A) and QTM (B, and B,) processes were fixed; and the 7
versus 1/T data were fitted using eq 1. As we can see in Figure
5b,d, the best fits afforded the following parameters: C = 3.40
sTTK™ n=26317,=47X 107" s, Ug=329 K (229 cm™)
for 27,p, and C = 5.66 K™, n = 4.98, 7y = 5.8 X 107 s, Uy =
7.5 K (5.2 em™) for 3¢y, respectively.

From the above ac data of all three complexes, we can see
that the magnetic relaxation of 1¢,p, is much faster than that of
27,py and 3¢,y, which leads to the absence of the peaks in the
frequency-dependent y” curves of lc,p,. Originally, as the
Co—Dy interaction is ferromagnetic and both ions are strongly
anisotropic as confirmed by the SMM behaviors of both 2;,p,
and 3¢y, a large spin ground state and energy barrier are
expected for 1¢,p,. However, the experimental results suggest
that the weak ferromagnetic interaction between Co>* and
Dy’ ions destroys the single-ion magnetic property of the
Co?* and Dy*" ions, and the magnetic property is determined
by the exchange state of the entire [CoDy] molecule.”

DOI: 10.1021/acs.inorgchem.8b02875
Inorg. Chem. 2018, 57, 15526—15536


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02875/suppl_file/ic8b02875_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02875/suppl_file/ic8b02875_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b02875
http://pubs.acs.org/action/showImage?doi=10.1021/acs.inorgchem.8b02875&iName=master.img-006.jpg&w=379&h=285

Inorganic Chemistry

a)2s0 - i b) 2804
( ) -11/2 +1172 ( ) 1 1572 = -— 152
240 - —i5R ek
1 21/2 — —t1/2
200 o — 2004
-3 +372 o 1 Y J— —t52
<160 92— —t912 ‘£ 160 = —tT12
g S
Zi204 [z 120
) 1
804 12— — 12 80 4 32— -—+32
i 13/2e= 0.45 —+13/2 4 11/2 — -—t1112
T +712 1 0.99
0.20 ] 2.1-9 +9/2
04 -15/2=8= +15/2 04  -132 T I 1] 3/2
T T T T T T T 1 T T T T T T
-12 -9 -3 0 3 -9 -6 -3 0 6 2
M (ps) M (is)

Figure 6. Magnetization blocking barriers in 1¢op, (a) and 2znpy (b). The thick black lines represent the KDs as a function of their magnetic
moment along the magnetic axis. The purple lines correspond to diagonal quantum tunneling of magnetization; the blue lines represent the off-
diagonal relaxation process. The numbers at each arrow stand for the mean absolute value of the corresponding matrix element of the transition

magnetic moment.

Actually, it has been reported in several reports that the
substitution of a paramagnetic ion by a diamagnetic Zn>* ion
considerably improves the SMM properties of the 3d—4f
complexes.'”**° Therefore, we infer that the anisotropic Co*
ion in 1¢,p, creates a random transversal field for the Dy*" ion,
that is, the strong transverse anisotropy would favor the faster
QTM process and mask of the slow relaxation process. For
clarifying the effect of 3d—4f magnetic interactions on the
magnetic property and the origin of the magnetic anisotropy of
the Co®>* and Dy’* ions, theoretical calculations were
performed on these complexes.

Theoretical Calculations. Complete-active-space self-
consistent field (CASSCF) calculations on individual Co"
and Dy" fragments for complexes 1—3 on the basis of X-ray
determined geometries have been carried out with MOLCAS
8.2 and SINGLE_ ANISO programs (see Figure 6).31’32
Individual Dy™ fragment in 1copy Was calculated maintaining
the experimentally determined structure of the corresponding
compound while replacing the neighboring Co" ion by
diamagnetic Zn". In the calculation of individual Co"
fragment, the neighboring Dy™ ion was replaced by
diamagnetic Y'. The basis sets for all atoms are atomic
natural orbitals from the MOLCAS ANO-RCC library: ANO-
RCC-VTZP for Dym, Co';, VTZ for close N and O; VDZ for
distant atoms. The calculations employed the second order
Douglas—Kroll-Hess Hamiltonian, where scalar relativistic
contractions were taken into account in the basis set and the
spin—orbit couplings were handled separately in the restricted
active space state interaction (RASSI-SO) procedure. For the
individual Dy" fragment, active electrons in seven active
spaces include all f electrons (CAS(9 in 7 for Dy™)) in the
CASSCEF calculation. To exclude all the doubts, we calculated
all the roots in the active space. We have mixed the maximum
number of spin-free state which was possible with our
hardware (all from 21 sextets, 128 from 224 quadruplets,
130 from 490 doublets for Dy™). For individual Co" fragment,
active electrons in 10 active spaces include all six or seven 3d
electrons for Co" fragment (CAS(7 in 10 for Co")), and the
mixed spin-free states which is possible with our hardware (all
from 10 quadruplets and all from 40 doublets for Co™).
SINGLE_ANISO’” program was used to obtain the zero-field
splitting parameters D(E) (cm™'), g tensors, energy levels,
magnetic axes, et al. for complexes 1—3 (Figure 6, Tables S10
and S11), based on the above CASSCF/RASSI calculations.
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The energies and the corresponding g tensors of the lowest
eight KDs of the individual Dy fragment, and the zero-field
splitting parameters D (E) (cm™') for the individual Co"
fragment are shown in Table S11. From these results, we can
see that although their structures are very similar, the
calculated results for the individual Dy" ions are slightly
different from each other in 1¢,p, and 27,p,; and the same
happens to the Co" ions in both Lcopy and 3¢,y- This reflects
that the crystal field splitting is very sensitive to the very small
changes of the coordination environments. As we can see, the
energy gaps between the lowest two KDs of the individual Dy™
fragments of 1c,p, and 2;,p, are both rather small (14.9 and
33.6 cm™ for Lcopy and 24,p,) compared with the recently
reported Ln-SMMs, indicating the small magnetic anisotropy
of the Dy"' center. The m; components for the lowest two KDs
of individual Dy" fragments for 1copy and 27,p, are shown in
Table S10. We can see that the ground states are found to be
16%I|+15/2) + 36%I+£13/2) + 6%l+11/2) + 21%|+9/2) +
13%I+5/2) for 1copy, and 46%I+15/2) + 33%|+£13/2) + 6%l
+11/2) +9%I+9/2) + 4%I+7/2) for 24,p,. The severe mixing
of the states can lead to large QTM in the ground states for
both complexes. The energy levels and the corresponding
transverse magnetic moments (4qry) between the ground and
first KDs were also calculated and shown in Figure 6. As we
can see that the yigry values in the ground and the first excited
KDs for 1copy are quite large (0.72 and 0.99 ), allowing a
significant QTM via the ground states and also the excited
states. For 27,p,, the pqry values are slightly smaller (0.20 and
0.45 ug between the ground and first excited KDs), which
might be the reason of the slower magnetic relaxation of 27,p,.

On the other hand for the Co" ions, the calculated D values
of the individual Co" fragments of Icopy and 3¢,y are both
positive (36.8 and 40.8 cm™). The g parameters for the Co
ions are calculated to be g, = 2.337, g, = 2.320, and g, = 2.003
for 1¢,py and g, = 2.391, g, = 2.375, and g, = 2.008 for 3¢y,
respectively. These results are consistent with the easy-plane
magnetic anisotropy of the PBP Co' center as observed in
similar complexes.'*”'>**

On the other hand, we noticed that there are two types of
magnetic ions in 1lcep, Therefore, the Co"—Dy™ magnetic
interaction is important to understand its magnetic property.
As have been discussed before, the Co"—Dy™ magnetic
interaction is determined to be ferromagnetic from dc
magnetic susceptibility. To gain more information, theoretical
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Figure 7. Orientations of the local main magnetic axes of the ground KDs on Co" and Dy™ ions in complexes 1—3.

treatment was also performed. First, we calculated individual
Co" and Dy"™ fragments using CASSCF/RASSI to obtain the
corresponding magnetic properties. From these calculations,
the yuT versus T plots of complexes 2;,p, and 3¢,y were
calculated, which are in fair agreement of the experimental
curves (Figure 3). This agreement shows the validity of our
calculation. Then, the exchange Hamiltonian

A, = _]totalgDy§Co was used to fit the magnetic data,

where the ], is the parameter of the total magnetic
interaction (Jiowl = Jaipolar + Jexchange) Detween Co** and Dy**
ions, whereas the pseudospin S = 1/2 for the Dy ion and S =
3/2 for the Co*" ion were used. The exchange interaction
(]exchange) between the magnetic centers is considered within
the lines model,>* while the account of the dipole—dipole
magnetic coupling (]dipolar) is treated exactly. The lines model
is effective and has been successfully used in the research field
of d and f-element SMMs.>""* Although the calculated
ground g, values (13.947 for 1¢opy 2nd 16.640 for ZZnDy) of the
individual Kramers Dy" fragments are not close to 20, the
CoH—DyIII exchange interaction was also approximately
regarded as the Ising type during the fitting (Figure 6, Table
S11). The program POLY ANISO was used to fit the
magnetic susceptibility of 1cop, (Figure 3), giving the
following exchange parameters: J,, = 3.92 cm™, Jdipolar =
—0.08 cm™, and Jexchange = 4-00 cm™". These parameters clearly
indicate the ferromagnetic Co**—Dy’" interaction. Further-
more, with these parameters, the exchange energies and the
main values of the g, for the lowest four exchange doublets of
1¢opy Were calculated and listed in Table S12. As we can see,
the energy differences between the ground and the excited
exchange doublets are very small, consistent with the very
small energy barrier of 1¢,p,.

Furthermore, as shown in Figure 7, the main magnetic axes
on the magnetic ions for 1—3 were calculated. The hard axes
(g.) for the anisotropic Co' centers in lcgp, and 3¢,y are
almost collinear with the axial direction of the PBP geometry,
whereas the easy axes (g, and gy) are in the equatorial plane
defined by the N;O, pocket of the ligand. In addition, the
orientations of the main magnetic axes of the ground KDs of
the Dy** ions of both 1copy and 27,p, are almost parallel. The
similar magnetic axes of the Co®* and Dy®" ions indicate that
the replacement of the diamagnetic Zn** ion in 27.py to the
paramagnetic Co** ion in 1¢opy does not change the magnetic
axes of the Dy*" ions. On the other hand, the low energy
barrier of 1¢,p, clearly indicates that the Co** center and/or
the magnetic coupling indeed influence the magnetic relaxation
processes. For the Dy’ ion, the electrostatic potential
distribution around the spin center may be the main factor
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to affect its single-ion magnetic anisotropy. The replacement of
the Co*" ion to the Zn** ion might lead to a larger charge
polarization on the oxygen atoms, which in turn induces a large
electrostatic interaction on the Dy** ion. This could lead to the
increasing of the ground-to-first-excited state energy

ap.'”39%%¢ In addition, the weak magnetic interaction
between the Co** and Dy ions results in the very low
excited exchange doublets, which also leads to the very small
energy barrier of 1¢,p,.

Bl CONCLUSIONS

In summary, using a compartmental ligand approach, a ligand
with two distinct coordination pockets for 3d and 4f metal
centers was designed and used for the construction of the 3d—
4f heterometallic clusters. Three new heterometallic M"Ln™
complexes (Co"Dy™, Zn"Dy™, and Co"Y™) were prepared
and studied structurally and magnetically. All of them have
similar coordination configurations, where the MY centres
possess a PBP geometry and the Ln"' sites have a
tetradecahedron geometry. These similar complexes provide
a good system to study the influence of the magnetic coupling
to the magnetic property of the 3d—4f clusters. The
ferromagnetic interaction between the Co®>" and Dy®' ions
was confirmed from the dc magnetic measurements. Dynamic
ac measurements revealed that all of these complexes exhibit
field-induced slow relaxation of the magnetization. Theoretical
calculations were also performed to clarify Co—Dy magnetic
interactions and the magnetic anisotropy of the Co** and Dy**
ions. These studies revealed that although the change of the
diamagnetic Zn>* ion to the paramagnetic Co®* ion only
slightly modifies the local magnetic anisotropy of the Dy** ion,
the weak magnetic Co—Dy interaction actually decreases the
energy barrier. These compounds are the first systematic
results of a heterometallic 3d—4f SMM containing predesigned
PBP 3d metal ions. Future attempts are made to prepare more
compounds of other metal centers using the same strategy,
hoping to improve their SMM properties.
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