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A one-dimensional dysprosium(IlI)-carboxylate chain in
which the Dy" ions sit in pseudo D,,-symmetry environment
is synthesized and shows different slow magnetic relaxation
behaviours depending on the field and dilution effects.
Besides, the chiral ligand introduces the additional functions
of Cotton effect and polarization for this compound.

Since the discovery of mononuclear lanthanide complexes
functioning as single molecule magnets (SMMs),' lanthanide ions
with large orbital momentum and strong magnetic anisotropy are
broadly used in developing new generation molecule-based magnetic
information storage materials.” Amongst these molecular materials
dysprosium(III)-based complexes are particularly popular due to the
inherent strong spin—orbital coupling effect and hence very high
magnetic anisotropy of the H,s, state with ground Kramers
doublet.*> The magnetic anisotropy of the Dy ions is significantly
affected by the coordination geometry and the strength of ligand
field, which governs the barrier height of the Dy"™ ions for
magnetization-reversal.®

Other than the dominated single-ion behaviour the intriguing roles
of magnetic exchange-coupling and dipole—dipole interactions
between the 4fions are complicated. As shown by several groups, on
one hand, weak magnetic interaction between the 4f ions allows
quantum tunneling effect that mitigates the full potential of magnetic
blocking,**” while on the other hand, strong magnetic exchange
enhances the slow magnetic relaxation.*™® Hitherto, understanding
the nature of the magnetic relaxation in Dy"'-based mononuclear
SMMs remains challenging, especially when the lanthanide ions are
chemically linked.

For structurally one-dimensional (1D) Dy"-systems, dynamic
magnetic behaviour may be observed.*> However, due to the subtle
magnetic exchange-coupling between the lanthanide centres,
whether the relaxation is underpinning by the single-ion or single-
chain magnetic origin is debatable. To thoroughly understand the
magnetic dynamics of these 1D chain systems magnetic dilution is
thus essential.” Uniquely, magnetic dilution in molecular systems
can be successfully accomplished by doping of chemically-identical
diamagnetic metal ions (i.e. Y™), which was highlighted in some
mononuclear and polynuclear lanthanide molecular magnets.'7
Moreover, the introduction of chirality might bring multi-
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functionality to the system such as ferroelectricity and magneto-
optical coupling effect.'’

Pursuing these clues, we report herein the syntheses, structures
and magnetic properties of a 1D dysprosium(IIl)-carboxylate
compound {[Dy(L);(H,0)]-5H,0}, (1) and its 50% diluted sample
{[Dyo.sYo5(L);(H0)]-5H,0}, (2) ( HL = D-~(-)-quinic acid). Slow
relaxation of magnetization can be modulated as suppressing the
quantum tunneling effect differently by field and/or dilution.

The reaction of D-(-)-quinic acid with Dy(NOj3);6H,0 in water—
acetonitrile, in the presence of Et;N, affords well shaped colorless
needle-like crystals. Single-crystal X-ray structural study at 150 K
indicates that 1 belongs to monoclinic system with P2, space group.
Crystallographic data, structure refinement, selected bonds and
angles are listed in Tables S1 and S2 (ESI). The Dy™ ion is eight
coordinated, surrounded by oxygen atoms, six of which come from
three chelating ligands, one from u, bridging ligand and one from
coordinated water molecule (Figs. 1 and S1, ESI). In literature, the
geometries of eight-coordinate Dy"™ ions are mostly taking
symmetries such as the D,,~dodecahedron (DD), C,—bicapped
trigonal prism (TP) and D4;square antiprism (SAP). Continuous
symmetry measure (CSM) method for 1 indicates that the DD
geometry is the closest one (cacld. values: D,,, 0.961; Dy, 1.716;
Cay, 2.289)."" Further study using the semi-quantitative method of
polytopal analysis according to the relevant dihedral angles in Table
S3 (ESI) confirms the Dy™ ion in 1 has the distorted D,; local
symmetry.'> The neighboring Dy ions are singly bridged by u—
n'#' carboxylic groups in syn—anti mode to form one-dimensional
infinite chain, resulting the Dy---Dy distance of 6.085 A. Adjacent
chains are further expanded to a 3D supramolecular architecture via
strong hydrogen bonds between the water molecules and the quinate
ligands with the O-O distances ranging from 2.608(3) to 3.231(4) A
(Fig. S2, ESI). The nearest interchain Dy--Dy separation is
10.5635(4) A.

Meanwhile, the Y™ doped sample {[Dyq.sYo.s(L);(H,0)]-5H,0},
(2) is prepared to modulate the magnetic properties. Inductively
coupled plasma (ICP) measurement is thus necessary to study the
composition precisely. That the exact ratio for Dy™: Y™ is 1.04:1.00
is perfectly consistent with the starting stoichiometry in the synthesis.
The single-crystal structural data indicates compound 2 is
isostructural to 1 with indistinguishable metal centres (Table S4,
ESI). The good agreement of powder X-ray diffraction patterns
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between 1 and 2 further confirms the phase purity of the bulk
materials (Fig. S3, ESI).

Fig. 1 a) Local structure of 1; b) The coordination polyhedron of Dy" in 1;

¢) 1D chain structure of 1. Symmetry code: #1 x+1,y,z.

Dc magnetic susceptibility data of 1 and 2 are measured in an
applied field of 2 kOe and in the temperature range of 2-300 K (Fig.
2). At 300 K, the yyT product of 1 is 14.54 em® K mol™, close to
14.17 cm® K mol™! expected for one DyJII ion(S=5/2,L=5,J=15/2
and g = 4/3). Upon cooling, the y\ T products keep constant until 30
K, and then decrease sharply to the minimum of 10.02 cm® K mol ™
at 2 K. For 2, the yyT product 14.39 cm® K mol ™' at 300 K accords
well with the expected value. Upon cooling, similar behaviour of the
temperature-dependent yy7 products is observed, but the lowest
value 9.35 cm® K mol " at 2 K is slightly smaller than the undoped
sample. Because the coordination environments of the Dy" ions
remain unchanged, comparison of magnetic data of 2 with that of 1
could reveal that ferromagnetic interaction in the system is weaken
by the dilution method.
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Fig. 2 ymT as a function of temperature in an applied field of 2 kOe for 1 and

2. The yuT curve of 2 has been rescaled for one Dy ion.
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The field dependences of magnetization for both compounds have
been determined at low temperatures. Upon applying the magnetic
field, magnetizations increase up to maximum values of 7.18 and
6.03 NB at 70 kOe and 2 K for 1 and 2, respectively, without
saturation. This may due to the large magneto-anisotropy and/or low
lying excited states of the Dy" ions, as also proved by the non-
superposition on M/NP versus HT' plots at various temperatures in
1 (Fig. S4, ESD).
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To further explore the dynamics of magnetization, ac magnetic
susceptibilities as functions of both temperature and frequency are
studied for both samples. For 1, a significant frequency dependence
of ac signals can be observed in zero dc field, indicating slow
relaxation of magnetization, but unfortunately, no maximum of peak
is found in both the in-phase () and out-of-phase (y") ac signals,
which is possible due to the tunneling of the magnetization (QTM)
(Fig. 3a). As the application of external magnetic field can suppress
the QTM effect,>”!* subsequent ac measurements were taken under
various dc fields (Fig. S5, ESI).

At Hy. = 500 Oe obvious peaks of the " data can be detected, and
move to higher temperature as increasing the frequency, clearly
showing frequency dependent behavior (Fig. S6, ESI). A peak tail at
low temperatures is indicative of QTM often reported in lanthanide
SMMs.'#6%1% The ac susceptibility as a function of frequency with
varying temperatures reveals two independent relaxation domains.
Relaxation in domain #1 shifts from low frequency to high
frequency upon warming, while relaxation domain #2 involves high
frequencies with temperature independent feature (Fig. S7, ESI).
When the relaxation time (7) is plotted as Inz vs. 1/T (Fig. 3b), one
thermally activated regime (pathway A) and a gradual crossover to
the temperature independent relaxation regime (pathway B, 7 = 76
ms at 2.0 K, indicative of a QTM process) in domain #1, and
relaxation at 7 ~ 0.3 ms in domain #2 (pathway C) are obtained."
Analysis of the data for thermally activated regime (A) using the
Arrhenius law gives a pre-exponential factor of 7p=1.6 x 10"'* s and
an effective energy gap of Uy = 55.8 K. Cole—Cole plots suggest
that relaxation domains #1 and #2 are both well-defined at low
temperatures, and begin to merge above 3.0 K as the peak of " in
domain #1 shifts to high frequency (Fig. S8, ESI). At higher
temperature, thermally activated pathway A is dominant.

When increasing the dc field to 1 kOe, the process in relaxation
domain #2 is eliminated, leaving only one uniformed relaxation
domain (Fig. S5, ESI). The ac susceptibilities as functions of both
temperature and frequency at 1 kOe confirm the remaining processes
in relaxation domain #1 (Figs. 3a and S9, ESI). As temperature
decreases from 4.0 to 3.0 K, the maximum in y” moves gradually to
lower frequency, falling into an Arrhenius-like behavior region
(pathway A, o= 1.1 x 10” s and U,z = 48.2 K). Below 3.0 K, the
relaxation is dominated by a quantum tunneling process (pathway B,
7 = 107 ms at 2.0 K) (Fig. 3b). Cole—Cole plots at different
temperatures show one semicircle (Fig. S10, ESI). The ac
measurements indicate that one of the relaxation processes at high
frequencies with temperature independent feature can be suppressed
by applying a static magnetic field.

Slow magnetic relaxation in a ferromagnetic 1D dysprosium chain
through double syn—anti carboxylic groups originating from the
single-ion behaviour of Dy" has been evidenced by the group of
Gao,” in which the closest Dy-Dy distance is 1 A shorter than that
in 1 bridged by single syn—anti carboxylic group. Weaker intrachain
exchange coupling of 1 further clarifies the domination of single-ion
anisotropy in thermal relaxation. It is well known that magnetic
interactions with the neighbouring motif can greatly influence the
quantum tunneling of magnetization in discrete molecules,>**'° but
the doping effect in 1D lanthanide chain is still poorly understood.’

Herein we study the ac magnetic property of doped sample 2, with
50% concentration of the dopant ion to modulate the relaxations. In
the plot of y” data versus v at 2 K for 2 under various dc fields, the
peak with a maximum shifts from 162 Hz at 0 Oe to 0.56 Hz at 1
kOe dc field (Fig. S11, ESI). Surprisingly, when further increasing
the dc field, a broad peak shows up and then separates into two sets,
one of which resides at about 0.5 Hz, and the other of which displays
strong field dependence with increasing frequency toward higher
field.

This journal is © The Royal Society of Chemistry 2012

Page 2 of 5



Page 3 of 5

Dalton Transactions

a) s b) o
- 6| _
6 1, Dy, Hdc-ooe 1, Dy, Hdc_1koe 1, B(1 kOe)
4 2r e
4l i , 8 8 e
"3 % 1, B(500 Oe)
L 2}
E 2 3
L) L P~
E o4+ttt £ o+t Q
= —a—1Hz ~., —s—1Hz &
10t —o—10Hz N 10t —o—10Hz = s 2l s s
—4— 100 Hz ——100 Hz
—v— 500 Hz —v— 500 Hz 1, C(500 Oe)
051 —<—1000 Hz 05 —<—1000 Hz
—— 1500 Hz —— 1500 Hz
00| oooe PP 0.0 ;
1 I 1 L L 1 1 L L 1 A2 1 3 L L I I
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 s 10 020 025 030 035 040 045 050 056
TIK TIK c) .r1 / K-|
4 0
2, C(4 kOe) T e §
3+ P ° °
L] 2, B(1 kOe)
- 2
° 2, B(4 kOe)
,,E T o o . .
§ o+ t t t } } } } Q
—o—10Hz H —e— 10 Hz \;; . . o
—&—100 Hz N 1.0F —4— 100 Hz =
—v— 500 Hz —v— 500 Hz 2, B(0 Oe)
—<— 1000 Hz o5k —<— 1000 Hz
—»— 1500 Hz : —>— 1500 Hz
ot 0.0
L L 1 L L I L L L L L 12 1 1 L L L L
7 8 9 10 2 3 4 5 6 7 8 9 10 020 025 030 035 040 045 050 055

TIK

TIK T'I1K'

Fig. 3 a) Temperature dependence of the in-phase and out-of-phase ac susceptibility for 1 and 2 under 0 or 1 kOe dc field. b) Plots of In(z) vs. 1/T for 1 at Hgc
=500 Oe and 1 kOe. ¢) Plots of In(z) vs. 1/T for 2 at Hg. = 0, 1 kOe and 4 kOe. The solid lines represent Arrhenius fits of the frequency-dependent data.

As shown in Figs. 3a and S12 (ESI), Y(III) diluted sample 2
exhibits significant temperature and frequency dependent behaviour
with a peak maximum which is absent in 1 in a zero dc field.
Furthermore, the tail in x"(7) plot below 3.0 K shows strong
frequency dependence with increasing intensity toward lower
frequency (except 10 Hz). This indicates that QTM effect, albeit
remains, is efficiently reduced by dilution. Temperature independent
peaks signaling the quantum tunneling region (pathway B) can be
observed, ranging from 2.0 K to 3.2 K, with relaxation time of about
0.7 ms, which is much shorter than the one in 1 at applied dc fields.
At higher temperatures, the relaxation obeys Arrhenius law (pathway
A), affording 7o = 9.4 x 10" s and U.s = 46.1 K (Fig. 3c).
Semicircle Cole—Cole plots suggest the relaxation domain #1 is
present (Fig. S13, ESI).

With an external field of 1 kOe, single peak remains, and the tail
in y"(T) plot almost disappears at low temperature, indicating a more
efficient suppression of QTM (Figs. 3a and S14, ESI). The
temperature dependence of the relaxation time in the range of 3.0—
4.2 K follows an activated Arrhenius law (pathway A), giving 7o =
3.8 x 10 s and Uy = 535K (Fig. 3c). Deviation from linearity
due to the quantum tunneling process (pathway B, 7 = 244 ms at 2.0
K) is observed below 3.0 K. The Cole—Cole plots imply a single
relaxation domain (Fig. S15, ESI).

At 4 kOe, two independent relaxation domains, one at high
frequencies (3—1500 Hz, relaxation domain #1) and the other at
lower frequencies (0.1-3 Hz, relaxation domain #2) appear (Figs.
S16 and S17, ESI)."> Relaxation domain #1 involves thermally
activated process (pathway A) with 7,= 6.8 x 107" s and U= 52.3
K and temperature independent regime (pathway B, 7 = 8 ms at 2.0
K) (Fig. 3c). Relaxation domain #2 shows relatively little
temperature dependence and field dependence (pathway C). Its
relaxation time (ca. 300 ms) is 3 orders of magnitude slower than
that of domain #1, and no asymmetry is in Cole—Cole plots for this
process (Fig. S18, ESI).

Taken together, field and dilution effects result in a various degree
of reduction in the quantum tunneling (Fig. S19, ESI). Interestingly,

This journal is © The Royal Society of Chemistry 2013

multiple relaxation modes are observed and accessible through the
application of dc fields, as reported in mononuclear SMMs."
However, due to the absence of peak maximum in ac measurements
for 5% Dy sample, further experiments and theoretical calculation to
investigate the detailed impact of dilution on the dynamic properties
are necessary.

Given that 1 crystallises in a chiral space group P2, at room
temperature (Table S5, ESI) while it belongs to a point group of C,
falling into one of 10 polar point groups, its optical and ferroelectric
properties were investigated at room temperature. As shown in Fig. 4,
both the circular dichroism (CD) spectra for the ligand in an aqueous
solution and compound 1 in the solid state exhibit strong positive
Cotton effect at ~240 nm, denoting significant dichroism associated
to the homochiral ligand. Open electric field dependent polarization
loop can be clearly, albeit with small remnants, observed for powder
pellet sample of 1 (inset Fig. 4), showing the potential ferroelectric
behavior.
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Fig. 4 Circular dichroism spectra for the D-(-)-quinic acid in an aqueous solution
(left) and 1 in the solid state (right). Inset: Electric hysteresis loop of 1 at room
temperature.
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In summary, a novel enantiomer-pure 1D dysprosium chain has
been assembled from chiral carboxylate ligand. The Dy™ ion in 1
sits in a distorted D,; symmetry, and is bridged by single syn—anti
carboxylic group to form an infinite chain, which shows very weak
ferromagnetic interaction and slow relaxation of the magnetization.
By application of a magnetic field and/or dilution, the quantum
tunneling is suppressed in various degrees, thereby suggesting the
dominated single-ion origin of the slow magnetic relaxation rather
than the single-chain dynamics. Thus, a symbol M°U’S' is
presumably appropriate to describe such system.'” Our comparative
investigations confirm the plausible fine-tuning of QTM via dilution,
which mainly alternates the magnetic interactions between
individual metal centres. Moreover, the presence of small remnant in
the electric-polarization measurement may bring multiferroic
properties to such molecule-based materials.
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A novel enantiomer-pure dysprosium chain shows various slow magnetic relaxation behaviours depending on the
field and dilution effects.



