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ABSTRACT: A pair of homochiral β-diketonate ligands (+)-3-trifluoroacetyl)camphor (d-Htfc)
and (−)-3-trifluoroacetyl)camphor (l-Htfc) were used to construct two enantiomeric pairs of
Dy(III) single-ion magnets [Dy(d-tfc)3(bpy)]2 (d-1)/[Dy(l-tfc)3(bpy)]2 (l-1) (bpy = 2,2′-
bipyridine) and [Dy(d-tfc)3(phen)]·2H2O (d-2)/[Dy(l-tfc)3(phen)] (l-2) (phen = 1,10-
phenanthroline). The capping aromatic N,N′-donors have a dramatic influence on the structural
and magnetic characteristics of the Dy(III) β-diketonate enantiomeric pairs: the cocrystal of two
homochiral Dy(III) β-diketonate stereoisomers with the 2,2′-bipyridine ligand was formed,
showing field-induced single-ion magnet behaviors with a two-step relaxation process, while no
stereoisomerization happened for the homochiral Dy(III) β-diketonate with the 1,10-
phenanthroline coligand, exhibiting a single relaxation process of the magnetization only. The
anisotropy barriers of d-1 (36.5 and 46.1 K) are slightly smaller than those of l-1 (37.0 and 49.3
K), while d-2 has a larger energy barrier (30.5 K) with respect to l-2 (25.1 K).

■ INTRODUCTION

Recently, it has become a practical strategy for assembly of
multifunctional molecular materials utilizing enantiopure chiral
isomers of organic ligands to transfer chiral information into
the entire magnetic system through coordination bonds. The
motivation is that chirality may bring extra functions such as the
magnetochiral dichroism (MChD) effect,1 second harmonic
generation (SHG),2 and ferroelectric properties3 in magnetic
molecules.4 On the other hand, during the past two decades,
much attention has been paid to the design and construction of
single-molecule magnets (SMMs), which are characterized as
slow magnetization relaxation caused by the association of large
spin ground states (S) with a negative uniaxial magnet-
icanisotropy (D). The SMMs have found potential applications
in high-density information storage, quantum information
processing, and spintronics at the molecular level.5 Further-
more, although most SMMs are polynuclear metallic
complexes, recent research indicated that the assembly of
SMMs utilizing a single ion is also feasible in lanthanide
complexes,6 actinide complexes,7 Fe(III) complexes,8 Fe(II)
complexes,9 and Co(II) complexes.10 The magnetic anisotropy
in these single-ion magnets (SIMs) has roots in the interaction
between the single metal ion and the ligand field, leading to a
preferential orientation of the magnetic moment,7a so the
coordination geometry has a strong influence on the SIM
properties. However, despite many endeavors, only limited
success has been obtained due to the great challenge in
synthesis of enantiopure chiral SMMs and SIMs,11 with most
chiral aggregates being apt to crystallize as racemic mixtures or
encounter rapid racemization in solution.3g

It is well-known that β-diketonates are good bidentate
chelating ligands, providing feasible ligand fields to investigate

the SMMs/SIMs properties of simple lanthanide complexes.
We are especially interested in the homochiral Dy(III) β-
diketonate complexes with suitable capping ligands because
some of them exhibit not only SMM/SIM properties but also
other additional properties related to the chirality.11a,d,f Up to
now, the chiral information of the reported homochiral Dy(III)
β-diketonate SMMs/SIMs is just transferred from the chiral
capping ligands.11a,d,f Considering the chirality is also able to
come from the chiral β-diketonates themselves, we chose
(+)/(−)-3-trifluoroacetyl)camphor (d-Htfc/l-Htfc, Scheme 1)
as the enantiopure chiral ligands and applied 2, 2′-bipyridine
(bpy) and 1,10-phenanthroline (phen) as the capping ligands
to construct two new Dy(III) β-diketonate enantiomeric pairs,
[Dy(d-tfc)3(bpy)]2 (d-1)/[Dy(l-tfc)3(bpy)]2 (l-1) and [Dy(d-
tfc)3(phen)]·2H2O (d-2)/[Dy(l-tfc)3(phen)] (l-2). Very in-
triguingly, two stereoisomers of the homochiral Dy(III) β-
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Scheme 1. Enantiomeric Ligands (+)-3-
Trifluoroacetyl)camphor (d-Htfc) and (−)-3-
Trifluoroacetyl)camphor (l-Htfc)
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diketonate complexes coexist in d-1 (or l-1) as a cocrystal,
displaying two magnetic relaxation processes. This work
represents the first cocrystal of two stereoisomers of the
homochiral lanthanide SIMs/SMMs. d-1 and l-1 are also the
first examples where the two magnetic relaxation processes are
associated with two cocrystallized stereoisomers rather than
two different paramagnetic components of the same molecule
or two crystallographically independent Dy3+ sites in the crystal
structure.

■ EXPERIMENTAL SECTION
Materials and Characterization Techniques. All commercial

chemicals were used as received without further purification. Elemental
analyses were carried out on a Varlo ELIII elemental analyzer. IR
spectra were recorded using a TENSOR27 Bruker spectrophotometer
as KBr pallet in the range 4000−400 cm−1. The CD spectra were
recorded on a JASCO J-815 spectropolarimeter at room temperature.
The magnetic susceptibility measurements were carried out on
'polycrystalline samples (7.28 mg of d-1, 7.92 mg of l-1, 7.05 mg of
d-2 and 8.88 mg of l-2) with a Quantum Design MPMS-XL5 SQUID
magnetometer. Diamagnetic corrections were estimated from Pascal’s
constants for all constituent atoms.
Preparation of d-1. A mixture of (+)-3-trifluoroacetyl)camphor (d-

tfc) (0.3 mmol) and Me4NOH (10% aqueous solution) (0.3 mmol) in
40 mL of CH3OH/MeCN (v/v 1:1) was stirred for 30 min at room
temperature, and then 0.1 mmol of DyCl3 and 0.1 mmol of 2,2′-
bipyridine (bpy) were added in succession. After being stirred for
another 24 h at room temperature, the resultant light-yellow solution
was evaporated for 2 weeks, and light-yellow plate crystals of d-1 were
obtained (yield 55% based on Dy). Anal . Calcd for
C92H100Dy2F18N4O12: C, 52.10; H, 5.23; N, 2.64%. Found: C, 52.03;
H, 5.28; N, 2.59%. IR (KBr, cm−1): 2962(m), 2874(w), 1653(s),

1602(w), 1577(w), 1546(m), 1477(w), 1439(m), 1390(w), 1375(w),
1331(m), 1297(w), 1269(m), 1228(s), 1201(m), 1185(m), 1130(s),
1080(w), 1054(w), 1010(w), 921(w), 805(w), 765(m), 740(w),
715(w), 682(w), 646(w), 557(w), 493(w), 416(w).

Preparation of l-1. Complex l-1 was obtained as pale-yellow
crystals by a method similar to that of d-1, except that (−)-3-
trifluoroacetyl)camphor (l-tfc) was employed instead of (+)-3-
trifluoroacetyl)camphor(d-tfc). Yield: 60% (based on Dy). Anal.
Calcd for C92H100Dy2F18N4O12: C, 52.10; H, 5.23; N, 2.64%.
Found: C, 52.13; H, 5.27; N, 2.60%. IR (KBr, cm−1): 2961(m),
2874(w), 1653(s), 1602(w), 1577(w), 1545(m), 1477(w), 1439(m),
1390(w), 1375(w), 1331(m), 1297(w), 1269(m), 1228(s), 1202(m),
1186(m), 1130(s), 1080(w), 1054(w), 1011(w), 921(w), 805(w),
765(m), 740(w), 715(w), 683(w), 646(w), 557(w), 494(w), 417(w).

Preparation of d-2. A mixture of (+)-3-trifluoroacetyl)camphor (d-
tfc) (0.3 mmol) and Me4NOH (10% aqueous solution) (0.3 mmol) in
40 mL of CH3OH/MeCN (v/v 1:1) was stirred for 30 min at room
temperature, and then 0.1 mmol of DyCl3 and 0.1 mmol of 1,10-
phenanthroline (phen) were added in succession. After being stirred
for another 24 h at room temperature, the resultant light-yellow
solution was evaporated for 2 weeks, and light-yellow plate crystals of
d-2 were obtained (yield 50% based on Dy). Anal. Calcd for
C48H50DyF9N2O6: C, 53.16; H, 4.65; N, 2.58%. Found: C, 53.22; H,
4.71; N, 2.54%. IR (KBr, cm−1): 3431(b, w), 3073(w), 2962(m),
2930(w), 2875(w), 1652(s), 1546(s), 1522(m), 1477(w), 1428(m),
1390(w), 1375(w), 1331(m), 1296(m), 1268(s), 1227(s), 1202(s),
1185(m), 1131(s), 1108(m), 1080(m), 1054(m), 1005(w), 921(w),
849(w), 804(w), 732(m), 682(w), 645(w), 557(w), 494(w), 415(w).

Preparation of l-2. Complex l-2 was obtained as yellow crystals by
a method similar to that of d-2, except that (−)-3-trifluoroacetyl)-
camphor (l-tfc) was employed instead of (+)-3-trifluoroacetyl)-
camphor (d-tfc). Yield: 55% (based on Dy). Anal. Calcd for
C48H54DyF9N2O8: C, 53.16; H, 4.65; N, 2.58%. Found: C, 53.11; H,

Table 1. Crystal Data and Structural Refinement Parameters

d-1 l-1 d-2 l-2

chemical
formula

C46H50DyF9N2O6 C46H50DyF9N2O6 C48H54DyF9N2O8 C48H50DyF9N2O6

fw 1060.38 1060.38 1120.43 1084.40
cryst syst triclinic triclinic orthorhombic orthorhombic
space group P1 P1 P212121 P212121
a/Å 12.267(2) 12.267(2) 10.903(2) 11.081(2)
b/Å 12.899(3) 12.899(3) 15.216(3) 14.459(3)
c/Å 16.729(3) 16.729(3) 29.672(6) 29.774(6)
α/deg 69.88(3) 69.88(3) 90.00 90.00
β/deg 73.43(3) 73.43(3) 90.00 90.00
γ/deg 71.44(3) 71.44(3) 90.00 90.00
V/Å3 2309.9(8) 2309.9(8) 4922.6(17) 4770.4(16)
Z 2 2 4 4
T/K 173 (2) 173 (2) 173 (2) 173 (2)
λ(Mo Kα)/Å 0.71073 0.71073 0.71073 0.71073
ρcalc/g cm−3 1.525 1.525 1.512 1.510
μ(Mo Kα)/
mm−1

1.702 1.702 1.605 1.650

θ range 2.00° ≤ θ ≤ 25.00° 2.16° ≤ θ ≤ 25.00° 1.99° ≤ θ ≤ 26.36° 2.29° ≤ θ ≤ 25.00°
limiting indices −14 ≤ h ≤ 14, −15 ≤ k ≤ 15, −19

≤ l ≤ 19
−14 ≤ h ≤ 14, −15 ≤ k ≤ 15, −19
≤ l ≤ 19

−13 ≤ h ≤ 13, −18 ≤ k ≤ 16, −36
≤ l ≤ 37

−13 ≤ h ≤ 13, −17 ≤ k ≤ 13, −29
≤ l ≤ 35

reflns collected 25 068 25 523 30 546 28 542
unique reflns 15 271 15 282 9967 8396
R1a [I > 2σ(I)] 0.0552 0.0490 0.0642 0.0595
wR2b [I >
2σ(I)]

0.1159 0.0956 0.1584 0.1352

R1a (all data) 0.0584 0.0522 0.0671 0.0695
wR2b (all data) 0.1195 0.0983 0.1610 0.1451
S 1.064 1.069 1.078 1.133
aR1 = ∑||Fo| − |Fc||/∑|Fo|.

bwR2 = ∑{[w(Fo
2 − Fc

2)2]/∑[wFo
2]2}1/2.
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4.71; N, 2.55%. IR (KBr, cm−1): 2962(m), 2930(w), 2874(w),
1653(s), 1546(m), 1522(m), 1477(w), 1428(m), 1389(w), 1375(w),
1331(m), 1296(w), 1268(s), 1227(s), 1202(s), 1185(m), 1132(s),
1108(m), 1080(w), 1055(w), 1005(w), 921(w), 849(w), 804(w),
732(w), 682(w), 645(w), 557(w), 494(w), 416(w).
X-ray Crystallography. The diffraction data were collected with Mo

Kα (λ = 0.710 73 Å) radiation using a Rigaku Saturn 724
diffractometer at 173(2) K. The data were corrected for Lorentz
polarization effects, and absorption corrections were applied. The
structures were solved by direct methods and refined with full-matrix
least-squares techniques using SHELXS-97 and SHELXL-97 programs.
All non-hydrogen atoms were refined anisotropically, and all hydrogen
atoms were allowed for as riding atoms. Selected crystallographic data
and structure determination parameters are given in Table 1. CCDC
929734−929737 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

■ RESULTS AND DISCUSSION

Preparation, Circular Dichroism (CD) Spectra, and
Ferroelectr ic Studies. React ion of (+)/(−)-3-
trifluoroacetyl)camphor, DyCl3 and 2,2′-bipyridine in the
presence of Me4NOH (10% aqueous solution) in CH3OH/
MeCN solution led to the formation of pale-yellow crystals of
d-1 and l-1, respectively. When the capping ligand 1,10-
phenanthroline instead of 2,2′-bipyridine was used, pale-yellow
crystals of d-2 and l-2, respectively, were obtained. The optical
activity and enantiomeric nature of d-1/l-1 and d-2/l-2 were
verified by their circular dichroism (CD) spectra (Figure 1). In
methanol solution, the spectrum of d-1 shows a positive Cotton
effect at λmax = 241 and 306 nm, while l-1 exhibits Cotton
effects of the opposite sign at the same wavelengths. The
typically positive and negative CD couplets around 306 nm are
arising from the π−π* transition of the β-diketone ligands,12

whereas the Cotton effects centered at 241 nm are assigned to
the π−π* transition of the bpy ligands. The CD signals of the
two compounds form an obvious mirror image, indicating that
the d-1 and l-1 isomers are enantiomeric compounds. A similar
trend was observed for the d-2/l-2 compounds: d-2 exhibits
positive Cotton effects at λmax = 240 and 304 nm, which
originate from the π−π* transition of the β-diketone ligand and
the phen ligand, respectively, and l-1 shows Cotton effects with
opposite signs at the same wavelengths. Although d-1 and l-1
crystallize in a polar point group (P1) required for ferroelectric
properties, no ferroelectric behaviors were observed at room
temperature for both complexes.
Crystal Structures. X-ray crystallographic analyses further

confirmed that both d-1/l-1 and d-2/l-2 are pairs of
enantiomers, which crystallize in the chiral space groups P1
and P212121, respectively. Since the enantiomers possess similar
structures, only the crystal structures of d-1 and d-2 are
described in detail here. The most striking feature of d-1 is that
two homochiral stereoisomers are cocrystallized together
(Figure 2); such a case is rather rare for the lanthanide
complexes. In stereoisomer 1, all three d-tfc− asymmetric
ligands are cis arranged and coordinated to the Dy1 ion, with
their trifluoroacetyl groups being situated at the same side;
however, in stereoisomer 2, only two trifluoroacetyl groups of
the d-tfc− anions bound to the Dy2 ion are located at the same
side, and the third trifluoroacetyl group of the d-tfc− ligand is
situated at the other side. Therefore, it can be regarded that the
third d-tfc− ligand results in two types of stereoisomers with
two different bonding ways, with its trifluoroacetyl group cis or

trans to the other two cis trifluoroacetyl groups of the d-tfc−

ligands.

Figure 1. CD spectra of d-1/l-1 (a) and d-2/l-2 (b) at room
temperature (2 × 10−5 M, MeOH).

Figure 2. Enantiomeric pair of d-1 and l-1, and all H atoms are
omitted for clarity.
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The Dy3+ center of each stereoisomer is eight coordinated,
completed by six O atoms from three d-tfc− ligands and two N
atoms of the bpy ligand, generating a DyN2O6 coordination
polyhedron (Figure S1, see the Supporting Information). A
detailed analysis of coordination geometry by the creased
angles of two approximate square planes is generally used to
judge the eight-coordinate polyhedron conformations: the
corresponding angles are 0° and 0° for a square antiprism,
29.5° and 29.5° for a dodecahedron, and 21.8° and 0° for a
bicapped trigonalprism.13 For the Dy1 atom of d-1, the two
approximate square planes defined by O1−O2−O4−O3 and
N1−N2−O6−O5 are creased about the respective diagonals
O2−O3 and N2−O5 with angles of 10.3° and 6.7°. For the
Dy2 atom, the creased angles of two approximate square faces
defined by O7−O8−O11−O12 and O9−O10−N4−N3 about
the respective diagonals O7−O11 and N3−O10 are 0.9° and
7.0°. Therefore, the polyhedron defined by the Dy3+ ion and its
bound atoms can be best described as a distorted square
antiprism geometry, and the square antiprism polyhedron of
the Dy1 atom is more distorted than that of the Dy2 atom. As
shown in Table 2, both the N−Dy1−N bond angle (63.2°) and

the O−Dy1−O bond angle defined by the d-tfc− ligand and the
Dy1 atom (mean value of 74.85°) in stereoisomer 1 are slightly
larger than the corresponding N−Dy2−N bond angle (63.0°)
and O−Dy2−O bond angle (mean value of 74.38°) in
stereoisomer 2. The Dy1−N bond distances (2.553 and
2.554 Å) in stereoisomer 1 are comparable with the Dy2−N
bond lengths (2.555 and 2.557 Å) in stereoisomer 2, while the
mean Dy1−O bond distance(2.336 Å) in stereoisomer 1 is a
little longer than the average Dy2−O bond length (2.327 Å) in
stereoisomer 2. The shortest Dy···Dy distance in the crystal
structure is 9.174 Å, suggesting that intermolecular interactions
are negligible.
There also exist two homochiral stereoisomers in l-1, and

two Dy3+ ions adopt the same coordination modes as those in
d-1 (Figure S2). Complexes l-1 and d-1 are a pair of racemic
compounds, and their imaging structures are shown in Figure 2.
In l-1, each Dy3+ ion also adopts a distorted square

antiprismatic environment, with approximate square planes
defined as O1−O2−O4−O3 and N1−N2−O6−O5 for the
Dy1 atom, and O7−O8−O11−O12 and O9−O10−N4−N3
for the Dy2 atom. The creased angles of two approximate
square faces about the respective diagonals O2−O3 and N2−
O5 for the Dy1 atom are 10.2° and 7.9°, and the creased angles
about the respective diagonals O7−O11 and N3−O10 for the
Dy2 atom are 1.2° and 6.5°. Similar to d-1, the square antiprism
polyhedron of the Dy1 atom is more distorted than that of the
Dy2 atom.
Unlike d-1, no any stereoisomerization was observed in d-2.

As shown in Figure 3, the distorted square-antiprism

coordination environment of the Dy3+ ion in d-2 is quite
similar to that of the stereoisomer 2 in d-1 except for the phen
capping ligand instead of the bpy capping ligand (Figure S3).
The creased angles of two approximate square planes defined as
O4−O3−O6−O5 and N1−N2−O1−O2 about the respective
diagonals O3−O5 and O1−N1 are 1.5° and 11.2°. The third
trifluoroacetyl group of the d-tfc− ligand in d-2 is arranged trans
to the other two cis trifluoroacetyl groups of the d-tfc− ligands.
Both the Dy1−N bond distance (mean value of 2.560 Å) and
the N−Dy1−N bond angle (64.3°) are a little larger than the
corresponding length and angle (mean values of 2.555 Å and
63.1°, respectively) in d-1. The mean Dy−O bond distance
(2.340 Å) is also a little longer than that of d-1 (2.332 Å), but
the O−Dy−O bond angle defined by the d-tfc− ligand and the
Dy1 atom (mean value of 73.8°) is slightly smaller than the
corresponding O−Dy−O bond angle (mean value of 74.6°) of
d-1. The shortest Dy···Dy distance in the crystal structure is
9.777 Å. Complexes l-2 and d-2 are a pair of racemic
compounds, and their imaging structures are shown in Figure
3. The Dy3+ ion adopts the same coordination mode as that in
d-2 (Figure S4). The creased angles of two approximate square
planes defined as O4−O3−O6−O5 and N1−N2−O1−O2
about the respective diagonals O3−O5 and O1−N1 are 0.1°
and 13.1°.

Magnetic Properties. Direct-current (dc) magnetic
susceptibility studies of d-1/l-1 and d-2/l-2 were performed
under a field of 1000 Oe in the temperature range 2−300 K.
Since the enantiomers possess similar magnetic behaviors, only
the magnetic properties of d-1 and d-2 are described in detail.
The plots of χT versus T are shown in Figure 4. The χT value
at room temperature for d-1 is 28.54 cm3 K mol−1, in good
agreement with the theoretic value of 28.34 cm3 K mol−1 for
two uncoupled Dy3+ ions (S = 5/2, L = 5, 6H15/2, g =

4/3), while
the χT value of 14.64 cm3 K mol−1 at 300 K for d-2 is close to
the expected value of 14.17 cm3 K mol−1 for the single Dy3+

ion. Upon cooling, the χT product of both compounds
decreases slowly and remains almost constant and then falls

Table 2. Selected Bond Distances (Å) and Angles (deg) for
d-1 and d-2

d-1

Dy(1)−O(6) 2.281(6) Dy(1)−O(2) 2.309(5)
Dy(1)−O(4) 2.328(6) Dy(1)−O(3) 2.354(6)
Dy(1)−O(5) 2.364(6) Dy(1)−O(1) 2.378(6)
Dy(1)−N(2) 2.553(7) Dy(1)−N(1) 2.554(7)
Dy(2)−O(12) 2.276(7) Dy(2)−O(10) 2.296(6)
Dy(2)−O(8) 2.302(6) Dy(2)−O(9) 2.345(6)
Dy(2)−O(7) 2.369(5) Dy(2)−O(11) 2.376(6)
Dy(2)−N(4) 2.555(7) Dy(2)−N(3) 2.557(7)
N(2)−Dy(1)−N(1) 63.2(2) N(4)−Dy(2)−N(3) 63.0(2)
O(2)−Dy(1)−O(1) 74.4(2) O(4)−Dy(1)−O(3) 74.5(2)
O(6)−Dy(1)−O(5) 75.8(2) O(8)−Dy(2)−O(7) 73.8(2)
O(10)−Dy(2)−O(9) 74.4(2) O(12)−Dy(2)−O(11) 74.9(2)

d-2
Dy(1)−O(6) 2.270(6) Dy(1)−O(4) 2.285(6)
Dy(1)−O(2) 2.323(5) Dy(1)−O(5) 2.365(5)
Dy(1)−O(1) 2.375(5) Dy(1)−O(3) 2.421(6)
Dy(1)−N(1) 2.554(7) Dy(1)−N(2) 2.565(8)
N(1)−Dy(1)−N(2) 64.3(3) O(2)−Dy(1)−O(1) 74.1(2)
O(4)−Dy(1)−O(3) 73.7(2) O(6)−Dy(1)−O(5) 73.6(2)

Figure 3. Enantiomeric pair of d-2 and l-2, and all H atoms and two
hydrate molecules of d-2 are omitted for clarity.
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rapidly when T < 50 K, down to minimum values of 23.65 and
10.55 cm3 K mol−1 at 2 K, respectively, which is mostly due to
the crystal-field effects (thermal depopulation of the Dy3+ Stark
sublevels).14 The magnetization variation for d-1 and d-2 at
different applied fields was determined between 2 and 7 K
(Figure 5); the nonsuperposition of the isofield lines in the M
versus H/T plots suggests the significant anisotropy and/or
low-lying excited states of the Dy3+ ion in both complexes.
To investigate the spin dynamics, alternating-current (ac)

magnetic susceptibilities were measured. When the static field
was zero, d-1 exhibits the frequency dependence of magnetic
susceptibilities in out-of-phase at low temperature, but no peak
was observed (Figure S5). The relaxation of SMMs can be
partially influenced by quantum effects, and the application of a

dc field probably may remove the ground state degeneracy and
induce the quantum tunneling effects.15 Therefore, the variable
temperature ac susceptibility at 250 Hz was measured with
application of small dc fields for checking for quantum
tunneling effects above 2 K. As shown in Figure S6, the
optimum field is 1000 Oe, so ac susceptibility measurements as
a function of temperature were determined again under a dc
field of 1000 Oe. Now both the χ′ and χ″ signals are strongly
frequency-dependent below 15 K, and good peak shapes are
observed (Figure 6a). Notably, there are two thermally

activated relaxation phases, corresponding to the low-temper-
ature signal region and the high-temperature signal region. The
shift of peak temperature (Tf) of χ″ was assessed using the
parameter ϕ = (ΔTf/Tf)/Δ(log f) ( f denotes the frequency),
and gave the value of 0.33, in good agreement with a normal
value for a superparamagnet (ϕ > 0.1) rather than a spin glass
state (ϕ ≈ 0.01),16 confirming the SIM behaviors of d-1.
To further understand the nature of the two types of

dynamics, two sets of magnetization relaxation parameters in
the form of ln(τ) versus 1/T plots were analyzed by the
Arrhenius law, τ = τ0 exp(Ueff/kB), extracting two effective
energy barriers, with Ueff = 36.5 K (τ0 = 7.9 × 10−7 s) and Ueff =
46.1 K (τ0 = 6.4 × 10−6 s), respectively (Figure S7). These
values are consistent with the expected τ0 values of 10

−6−10−11

Figure 4. χT versus T plots for d-1 and d-2.

Figure 5. Plots of reduced magnetization (M/Nβ) vs H/T for d-1 (a)
and d-2 (b).

Figure 6. Alternating-current susceptibilities measured in a 2.5 Oe ac
magnetic field with a 1 kOe dc-field for d-1 (a) and Cole−Cole plots at
3−9 K for d-1 (Hdc = 1 kOe and Hac = 2.5 Oe). The solid lines
represent the best fitting with the sum of two modified Debye
functions (b).
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s for SMMs/SIMs reported previously. Both thermally activated
relaxation processes are ascribed to the Orbach process,6h

because two τ0 values are similar, and 36.5 K versus 46.1 K is
not much of a difference. The existence of two-step relaxation
of the magnetization in d-1 was also supported by the dynamic
investigations of magnetic behaviors in the Cole−Cole plots in
the form of χ″ versus χ′. The two separate relaxation processes
are obviously observed in the semicircle Cole−Cole diagrams at
4−9 K (Figure 6b), which could be well fitted using the sum of
two modified Debye models.17
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The results are summarized in Table 3 and shown as Figures
S8−S13 and Figure 6b. The parameters α1 and α2 in eq 1 are

used to evaluate slight deviations of the two thermally activated
relaxation processes from the corresponding pure Debye
processes. Over the temperature range 4−9 K, both the α1
and α2 values are less than 0.093, indicating that both thermally
activated relaxation processes have a narrow distribution of
relaxation time. In addition, the M versus H plot of d-1 displays
no hysteresis at 1.9 K (Figure S14). The magnetization reaches
a maximum value of 11.99 Nβ at 50 kOe, lower than the
theoretical value for two Dy3+ ions (2 × gJ × J = 2 × 4/3 × 15/
2 = 20 Nβ), implying a much smaller effective spin in d-1.6f,18

The magnetic behaviors of l-1 are similar to that of d-1 because
they are a pair of enantiomers (Figures S15−S26 and Table
S1). The Arrhenius analysis allowed two anisotropy barriers to
be extracted, with Ueff = 37.0 K (τ0 = 7.7 × 10−7 s) and Ueff =
49.3 K (τ0 = 4.8 × 10−6 s), respectively. These Ueff values are

slightly larger than the corresponding values of d-1 (Ueff = 36.5
and 46.1 K, respectively).
To date, more and more multiple relaxations of magnet-

ization have been observed in SMMs,6h,11e,f,17b,19 which even
can happen in mononuclear Dy3+ complexes induced by
dilution and/or magnetic field.19i Although different mecha-
nisms maybe are involved, the distinction of metal coordination
environments has been believed to be one probable cause to
take charge of the multiple relaxation of SMMs. For example,
Hendrickson et al. postulated that the “Jahn−Teller isomerism”
in the [Mn12O12] core is responsible for the second relaxation
process of the [Mn12O12(O2CR)16(H2O)4] SMMs;20 the two
thermally activated magnetic relaxation processes of the
mononuclear organometallic single-ion magnet (C8H8)Ln-
(C5Me5) (Ln3+ = Er3+ or Ho3+, C8H8 = cyclooctatetraenide;
C5Me5 = pentamethylcyclopentadienide) reported by Gao’s
group are attributed to the existence of two stable conformers
with different cyclooctatetraenide conformations at low
temperature.6h,19g The Dy3+ coordination environments of
two Dy(d-tfc)3(bpy) stereoisomers in d-1/l-1 show some
structural differences as described therein before, so two
separate slow magnetic relaxation processes probably happen
simultaneously when these two stereoisomers are cocrystallized
together, and the two-step relaxation of the magnetization of d-
1/l-1 is expected. In comparison, the You group’s recent
investigations indicated that two polymorphs of the same Dy3+

complex may display distinct slow magnetic relaxation
behaviors owing to the different local environments of the
Dy3+ ion.18 It is noteworthy that such a two-step magnetic
relaxation process is generally attributed to different para-
magnetic components of the same molecule or two crystallo-
graphically independent Dy3+ sites;6h,11e,f,17b,19 our results
suggest that growing stereoisomers’ cocrystal maybe is a new
way to obtain two-step magnetic relaxation behaviors.
The zero-field ac susceptibility of d-2 also cannot show any

out-of-phase peak (Figure S27). However, applying a dc field of
1000 Oe allows us to clearly see peaks in χ″ versus T plots
(Figure 7a). The ϕ value was calculated to be 0.28, precluding
any spin glass state (ϕ ≈ 0.01). The ln(τ) versus 1/T curve of
d-2 (Figure S28) was also fitted to the Arrhenius law, giving the
Ueff value of 30.5 K and the τ0 value of 1.1 × 10−7 s. The τ0
value is in the range of those for previously reported SMMs/
SIMs, while the Ueff value of d-2 (30.5 K) is obviously smaller
than both Ueff values of d-1 (36.5 and 46.1 K, respectively). At 3
and 4 K, the Cole−Cole diagrams display two nearly
semicircular shapes (Figure 7b), and the least-squares fitting
by a Debye model21 gave α = 0.051 and 0.038 for 3 and 4 K,
respectively, indicating the narrow distribution of a single
relaxation process.21b The M versus H plot of d-2 displays no
hysteresis at 1.9 K (Figure S29). The magnetization reaches a
maximum value of 7.23 Nβ at 50 kOe, lower than the
theoretical value for one Dy3+ ion (1 × gJ × J = 1 × 4/3 × 15/2
= 10 Nβ), implying a smaller effective spin in d-2.6f,18 Again, the
magnetic properties of l-2 are similar to those of d-2 because
they are a pair of enantiomers (Figures S30−S35). Analysis of
the out-of phase ac susceptibility data of l-2 gave Ueff = 25.1 K
(τ0 = 4.0 × 10−7 s), which is somewhat smaller than that of d-2
(30.5 K). As a reference, the classical single relaxation process
of d-2 and l-2 corroborates that the two-step relaxation of the
magnetization in d-1 and l-1 is associated with the two
mononuclear Dy stereoisomers.

Table 3. Linear Combination of Two Modified Debye Model
Fitting Parameters from 4 to 9 K of d-1 under 1000 Oe
Direct-Current Field

T
(K)

χ2 (cm
3

mol−1)
χ1 (cm

3

mol−1)
χ0 (cm

3

mol−1) τ1 (s) α1 τ2 (s) α2

4 6.38 2.87 0.086 22 0.003 78 0.022 0.108
79

0.093

5 4.98 2.60 0.069 63 0.0012 0.047 0.031
96

0.057

6 4.21 2.25 0.000 06 0.000 42 0.068 0.012
67

0.037

7 4.28 2.21 0.014 35 0.000 16 0.050 0.006
01

0.030

8 3.77 1.94 0.085 03 0.000 07 0.030 0.003
19

0.020

9 3.38 1.72 0.000 02 0.000 03 0.012 0.001
87

0.032
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■ CONCLUSIONS
In summary, the enantiopure chiral β-diketonate ligands were
successfully applied to construct new homochiral Dy(III) SIMs.
The capping diamine ligands have great influence on the
structures and magnetic properties of the Dy(III) β-diketonate
enantiomeric pairs: when 2,2′-bipyridine acts as the capping
ligand, two homochiral Dy(d-tfc)3(bpy) or Dy(l-tfc)3(bpy)
stereoisomers cocrystallize together, exhibiting field-induced
SIM behaviors with two separate relaxation processes, while
only one homochiral Dy(d-tfc)3(phen) or Dy(l-tfc)3(phen)
conformer and a single relaxation process of the SIM are
generated by using 1,10-phenanthroline as the capping ligands.
Although isomers of SIMs18 and single-chain magnets
(SCMs)22 are known, the cocrystal compound d-1/l-1
represents the first example of a homochiral Dy(III) SIM
containing two types of stereoisomers. Furthermore, this work
demonstrates that using enantiopure chiral β-diketonate ligands
is an effective approach to the assembly of homochiral
lanthanide SIMs/SMMs, and growing stereoisomer crystals
represents a simple way for modulating SIM/SMM and other
physical properties.
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