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ABSTRACT: A family of four Dy; triangular circular helicates, namely,
[Dy;(HL);(u3-OH) (CH;0H),(H,0),]Cl, s(OH)(5:0.5H,0 (1), [Dy;(HL);(us-
OH)(CH;0H);(H,0),Cl]CI-CH;0H (2), [Dy;(HL);(u;-OH)-
(CHsoH)3(H20)2(NO3)](NO3) (3),and [DY3(HL)3(/43‘OH)(CH3OH)4(CIO4)]'
(ClO,) (4), were assembled by the reaction of a new acylhydrazone ligand H,L [(3-
hydroxy)-N’-((8-hydroxyquinolin-2-yl)methylene)picolinohydrazide] with different
dysprosium(III) salts. These compounds represent the first examples of -
O, ¢yihydrazone-Pridged  triangular Dy; SMMs reported to date. Alternating-current
magnetic susceptibility measurements revealed that compounds 1 and 2 show
typical SMM behavior with the occurrence of multiple relaxation processes, whereas
frequency-dependent relaxation signals without y” peaks were observed in 3 and 4
under zero dc field. Such distinct dynamic behaviors are attributed to the different
sizes of the terminal coordination solvent/anions (H,O, CI~, NO,~, and ClO,~ for
1—4, respectively) at the Dy, site. Here, similar deviations from the ideal
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monocapped square-antiprismatic (C,,) geometry defined by SHAPE software were observed around local Dy centers in 1 and 2,
whereas the situation was completely different in 3 and 4 as a result of the presence of relatively large anions in the limited space

defined by three intercrossing rigid hydrazone ligands.

B INTRODUCTION

Single-molecule magnets (SMMs) with the slow relaxation of
magnetization deriving from molecular-based blocking aniso-
tropy have been a burgeoning topic of intense interest to
physical, chemical, and materials scientists over the past two
decades because of their exotic technological applications in
high-density information storage, quantum computing, and
spintronics.' > Since the seminal discovery that Ishikawa et al.’s
double-decker compound (Bu,N)[Tb(Pc),] (H,Pc = phthalo-
cyanine) shows slow relaxation of the magnetization at low
temperatures,'® considerable attention has been directed
toward introducing 4f ions in to elaborate high-barrier SMMs
in either mixed 3d/4f or pure 4f systems as a result of their
inherent magnetic anisotropy arising from a large, unquenched
orbital angular momentum.'"'* Certainly, dysprosium plays a
crucial role in the exploitation of lanthanide-based SMMs
because of its unparalleled single-ion anisotropy and the spin-
parity effect for a Kramers ion (odd number of 4f electrons)
and is thus responsible for numerous ground-breaking
results,">™'? such as the record anisotropic energy barriers of
U = 692 K in the {Dy,K,} system.

The meteoric progress in this field makes clear that the
alteration of the coordination environment on local metal
centers is of great importance in modulating the relaxation
dynamics of lanthanide-based SMMs.2*"® For instance, the
group of Tong™* synthesized a [Zn—Dy—Zn] single-ion magnet
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(SIM), where the switching of the anisotropy barrier was
realized by a change in the coordination geometry around the
Dy™ site from pentagonal-bipyramidal (quasi-Dy;) to octahe-
dral (quasi-O;) through a single-crystal-to-single-crystal
(SCSC) transformation, an important approach to probing
the importance of the local symmetry on the performance of
SIMs. In addition, the replacement of auxiliary ligands in some
f-diketone-based mononuclear dysprosium compounds has
also been shown to play a crucial role in controlling the local
coordination geometries of the Dy™ ions associated with the
relaxation process.”>”” More importantly, Sessoli and co-
workers revealed that even a change in hydrogen bonding in
the coordinated water molecule has a significant impact on the
orientation of the anisotropy axis in a Dy/DOTA compound
(DOTA = tetraazacyclododecane tetraacetic acid).?®

Herein, with the aim of investigating the influence of anion
size on the local coordination geometry and eventually the
relaxation behavior in Dy™ compounds, we employed DyCl,,
Dy(NO;);, and Dy(ClO,); salts as the origins of anions of
different sizes and assembled them with the new aroylhy-
drazone ligand (3-hydroxy)-N’-((8-hydroxyquinolin-2-yl)-
methylene)picolinohydrazide (H;L). As a result, a family of
four Dy, triangular circular helicates, namely, [Dy;(HL);(p5-
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Table 1. Crystallographic Data and Structure Refinement Details of Compounds 1—4

compound

1 2 3 4
formula (CsoHyssCly sDysN,O1r), CsH;,CLDy;N;,046 Csi1HyDy3N Oy, Cs,H,;CLDy;N,,05,
Mr 3260.37 1658.45 1679.53 1750.42
crystal system orthorhombic monoclinic triclinic triclinic
space group Ibam P2, /c PT PT
T (K) 296(2) 296(2) 296(2) 296(2)
a (A) 26.881(3) 12.1432(6) 12.0267(7) 12.2026(5)
b (A) 28.411(3) 13.8045(7) 14.5603(8) 14.7513(6)
¢ (A) 36.617(4) 34.8017(18) 16.7639(10) 17.1605(7)
a (deg) 90 90 82.9470(10) 77.9870(10)
B (deg) 90 91.5890(10) 88.0140(10) 86.5850(10)
7 (deg) 90 90 80.4420(10) 78.2860(10)
V (A%) 27965(6) 5831.6(5) 2872.6(3) 2957.9(2)
V4 8 4 2 2
Peatea (g cm™) 1.549 1.888 1.942 1.965
u(Mo Ka) (mm™") 3.296 3.974 3.953 3.931
F (000) 12672 3224 1634 1702
reflns collected 83746 36315 18210 18814
unique reflns 14049 11562 11327 11683
Ry 0.1078 0.0447 0.0438 0.0323
parameters/restraints 765/18 774/12 808/0 827/0
GOF 1.051 1.025 1.009 1.035
R, [I>26(1)] 0.0680 0.0361 0.0512 0.0442
wR, (all data) 0.2567 0.0827 0.1394 0.1253

OH)(CH;0H),(H,0),]Cl, s(OH),5-0.5H,0 (1),
[Dy;(HL)3(#3-OH)(CH;0H);(H,0),Cl]Cl-CH;0H  (2),
[Dy;(HL);(#3-OH)(CH;0H)3(H,0), (NO3)](NO3) (3),
and [Dy;(HL),(u5-OH)(CH;0H),(ClO,)](ClO,) (4), were
isolated, and their magnetic properties were characterized in
detail. Direct-current (dc) magnetic susceptibility measure-
ments of compounds 1—4 indicated similar static magnetic
behaviors. Alternating-current magnetic susceptibility measure-
ments revealed that 1 and 2 exhibit multiple relaxation
processes, whereas 3 and 4 exhibit merely frequency-dependent
slow magnetic relaxation under zero dc field.

B EXPERIMENTAL SECTION

Materials and Measurements. All reagents and solvents were of
AR. grade and were used without further purification. Elemental
analysis (C, H, and N) was performed with a Perkin-Elmer 2400
analyzer. Fourier transform infrared (FTIR) spectra (Figure SI,
Supporting Information) were recorded with a Perkin-Elmer Fourier
transform infrared spectrophotometer using the reflectance technique
(4000—300 cm™"). Samples were prepared as KBr disks. Magnetic
susceptibility measurements were carried out on a Quantum Design
MPMS-XL7 superconducting quantum interference device (SQUID)
magnetometer equipped with a 7 T magnet. Direct-current (dc)
measurements were collected with an external magnetic field of 1000
Oe in the temperature range of 1.9—300 K, and alternating-current
(ac) measurements were carried out in a 3.0 Oe ac field oscillating at
different frequencies from 1 to 1500 Hz. The experimental magnetic
susceptibility data were corrected for the diamagnetism estimated from
Pascal’s tables® and sample-holder calibration.

Synthesis of the Ligand. 3-Hydroxypicolinohydrazide was
prepared by the literature procedure previously reported.’® The
Schiff-base ligand H;L [(3-hydroxy)-N’-((8-hydroxyquinolin-2-yl)-
methylene)picolinohydrazide] was synthesized by a simple hydrazone
condensation reaction of 3-hydroxypicolinohydrazide (10 mmol, 1.53
g) and 8-hydroxyquinoline-2-carbaldehyde (10 mmol, 1.73 g) in a 1:1
ratio in methanol (50 mL). Then, the reaction mixture was stirred
overnight at room temperature. The yellow precipitate formed was
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filtered off and washed with methanol. Yield: 90%. '"H NMR (CDCl,,
8, ppm): 12.12 (s, 1H, —OH), 9.51 (s, 1H, —NH), 8.47 (d, 1H, —CH),
7.25-7.65 (8H, Ar—H), 7.81 (s, 1H, —OH). IR (KBr, cm™"): 3384
(w), 3276 (m), 3056 (br), 1676 (s), 1538 (s), 1508 (s), 1467 (s), 1446
(s), 1326 (s), 1296 (s), 1238 (s), 1183 (s), 1146 (m), 1118 (s), 949
(w), 839 (m), 802 (m), 751 (m), 721 (m), 668 (m).

Synthesis of [Dy;(HL);(u5-OH)(CH3;0H),(H,0),ICl; 5(OH), 5
0.5H,0 (1). DyCL;:6H,0 (0.1 mmol, 0.038 g) was added to a
suspension of H;L (0.1 mmol, 0.031 g) in CH;0H/CH;CN (10 mL/
5 mL), and then Et;N (0.2 mmol, 0.028 mL) was added. The resultant
red solution was stirred for 4 h and subsequently filtered. The filtrate
was exposed to air to allow the slow evaporation of the solvent. Dark
red needles of 1 suitable for X-ray diffraction analysis were collected
after 2 weeks. Yield: 20 mg (37%, based on Dy). Elemental analysis
(%): caled for CygH,540Cly5oDy3N 1,0y, C, 36.84, H, 3.00, N, 10.31;
found C, 36.59, H, 2.97, N, 10.12. IR (KBr, cm™): 3321 (br), 3216
(br), 1636 (w), 1588 (s), 1547 (w), 1521 (s), 1496 (s), 1477 (s), 1443
(s), 1377 (m), 1331 (s), 1306 (s), 1279 (m), 1249 (m), 1214 (s),
1103 (m), 1074 (m), 1048 (m), 971 (w), 928 (w), 905 (w), 832 (w),
767 (w), 767 (w), 707 (w), 677 (w), 567 (w), 533 (w).

Synthesis of [Dy;(HL);(u3-OH)(CH;0H);(H,0),Cl1(Cl)-CH;0H
(2). Diethyl ether was allowed to diffuse slowly into the filtrate
obtained from 1 at room temperature, and red plates of 2 formed in 1
week. Yield: 16 mg (29%, based on Dy). Elemental analysis (%): calcd
for C¢,H;,ClL,Dy;N,0,4 C, 37.66, H, 3.10, N, 10.13; found C, 37.29,
H, 3.09, N, 10.25. IR (KBr, cm™): 3216 (br), 1651 (w), 1585 (s),
1546 (w), 1522 (s), 1495 (s), 1476 (s), 1444 (s), 1376 (m), 1331 (s),
1304 (m), 1276 (m), 1247 (m), 1214 (s), 1105 (m), 1072 (w), 1047
(w), 1030 (w), 971 (w), 930 (w), 904 (w), 838 (w), 815 (w), 767 (w),
737 (w), 676 (w), 567 (w), 535 (w).

Synthesis of [Dy;(HL);(u3-OH)(CH;0H);(H,0),(NO5)1(NOs) (3).
Dy(NO,);-6H,0 (0.1 mmol, 0.046 g) was added to a suspension of
H,L (0.1 mmol, 0.031 g) in CH;OH/CH,Cl, (10 mL/10 mL), and
then Et;N (0.3 mmol, 0.042 mL) was added. The resultant red
solution was stirred for 4 h and subsequently filtered. The filtrate was
exposed to air to allow the slow evaporation of the solvent. Red
needles of 3 suitable for X-ray diffraction analysis were collected after 1
week. Yield: 28 mg (50%, based on Dy). Elemental analysis (%): calcd
for C,H,,Dy;N,,0,, C, 36.47, H, 2.82, N, 11.68; found C, 36.50, H,

DOI: 10.1021/acs.inorgchem.5b00702
Inorg. Chem. 2015, 54, 5571-5578


http://dx.doi.org/10.1021/acs.inorgchem.5b00702

Inorganic Chemistry

2.79, N, 11.72. IR (KBr, cm™): 3591 (w), 3354 (br), 3069 (br), 2810
(br), 1588 (s), 1546 (w),1523 (s), 1495 (m), 1474 (m), 1445 (s),
1376 (m), 1330 (s), 1302 (s), 1250 (m), 1216 (m), 1104 (m), 1075
(w), 1017 (w), 930 (w), 905 (w), 838 (w), 806 (w), 760 (w), 707 (w),
677 (w), 569 (w).

Synthesis of [Dys(HL)3(u3-OH)(CH30H),(CIO,)1(CIO,) (4). A
procedure similar to that used for 3 but with Dy(ClO,);:6H,0 (0.1
mmol, 0.057 g) and Et;N (0.2 mmol, 0.028 mL) afforded compound
4. Dark red blocks of 4 suitable for X-ray diffraction analysis were
collected after 10 days. Yield: 22 mg (38%, based on Dy). Elemental
analysis (%): caled for Cs,H,,CL,Dy;N,0,, C, 35.68, H, 2.71, N, 9.60;
found C, 36.03, H, 2.66, N, 9.69. IR (KBr, cm™"): 3430 (br), 3077
(br), 2817 (br), 1633 (w), 1588 (s), 1545 (w), 1521 (s), 1494 (s),
1473 (s), 1443 (s), 1376 (m), 1328 (s), 1305 (s), 1276 (w), 1248 (m),
1217 (m), 1103 (s), 1058 (s), 969 (w), 930 (w), 906 (w), 841 (w),
804 (w), 757 (w), 738 (w), 694 (w), 621 (w), 569 (w), 535 (w).

X-ray Crystallography. Crystallographic data for 1—4 were
collected on a Bruker Apex II charge-coupled device (CCD)
diffractometer with graphite-monochromated Mo Ka radiation (1 =
0.71073 A°) at 296(2) K. The structure was solved by direct methods
and refined on F* by full-matrix least-squares using SHELXS-97 and
SHELXL-97.%" The locations of Dy atoms were easily determined, and
O, N, C and Cl atoms were subsequently determined from the
difference Fourier maps. All non-hydrogen atoms were refined with
anisotropic thermal parameters. The H atoms were introduced in
calculated positions and refined with a fixed geometry with respect to
their carrier atoms. Details for the crystallographic data and refinement
are summarized in Table 1, and selected bond distances and angles are
listed in Table S1 (Supporting Information).

B RESULTS AND DISCUSSION

For the monohydrazone ligand H,L' (Scheme 1), the presence
of two such linearly arranged coordination pockets (A and B)

Scheme 1. Relationship between the Feature of

Coordination Pockets and the Resultant Products™?
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“Coordinated solvent molecules and anions omitted for clarity. YA—D
represent coordination pockets.

sharing a carbonyl oxygen atom is generally known to result in
a propensity for the formation of centrosymmetric or
asymmetric Dy, compounds,”***~>* in which two ligands are
coordinated to dysprosium centers in an antiparallel or parallel
fashion (Scheme 1, top). The feature of coordination pockets in
a linear arrangement almost rules out the possibility of
assembling dysprosium triangles or other polynuclear clusters
with odd numbers of Ln ions, as supported by numerous recent
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examples employing this type of monohydrazone ligand and
their analogues such as H,L’2%3%3¢ With this in mind, an
additional coordinated site (phenol groups) of the aldehyde
part of the ligand was introduced to alter the angle of pocket A,
which promotes the potential for nonparallel arrangement of
ligands. As expected, fi;-hydroxo-bridged triangular circular
helicates were successfully synthesized, with three dideproto-
nated HL*" ligands around the central Dy;O in a head-to-tail
fashion at an angle of about 60° (Scheme 1, bottom). It is
worth mentioning that this is the first observation of such y-
O.qylhydrazone-bridged Dys trianglar SMMs.

Structure Descriptions. The reactions of ligand H;L with
the corresponding dysprosium salts under basic conditions
yielded compounds 1—4, whose molecular structures are
depicted in Figure 1. Single-crystal X-ray diffraction studies
revealed that compounds 1—4 are essentially isomorphous,
sharing a similar triangular core structure, and that they mainly
differ in the terminal ligands (solvent or anion) around the Dy3
ions.

Remarkably, such a Dy; triangle is capped by only one ;-
hydroxo bridge, lying approximately 0.6825, 0.6582, 0.6757,
and 0.7135 A above the Dy, plane for compounds 1—4,
respectively, which appears to be distinct from the results for
previously reported Dy;-related compounds.”'>*"~* Some
important bond distances and angles for the central [Dy;0,]
cores of 1—4 are compared in Table S1 (Supporting
Information). For 1—4, three almost-equal edges (Dy---Dy
distances) of the triangle and Dy---Dy---Dy angles close to 60°
reveal a nearly equilateral Dy; triangle. The resultant [Dy;(us-
OH)]®* core is surrounded by three intercrossing rigid HL*~
ligands along a pseudo-3-fold axis defined by Dyl, Dy2, and
Dy3, thus resulting in a limited space within a triangular circular
helicate (Figure 2). Herein, each HL?™ ligand bridges two Dy
ions through one carbonyl oxygen atom (02, OS, and O8),
adopting the deprotonated enol form in a 2.1,2,,01,1,01,
binding mode (Scheme S1, Supporting Information) indicated
by Harris notation.*" This notation describes the coordination
mode as [X.Y,Y,Y;-Y, ], where X is the overall number of metal
atoms bound by the whole ligand and each value of Y refers to
the number of metals attached to the different donor atoms.

A critical difference for compounds 1—4 is the distinct
terminal coordination anions at the Dy3 site, namely, H,O, CI~,
NO;™ and ClO,, respectively, which exhibit increasing size
and, thus, have a prominent effect on the coordination
environments around the Dy ions. As shown in Figure S2
(Supporting Information), the coordination environments of
Dyl and Dy2 in 1-3 are all completed by two solvent
molecules (H,0O and CH;0OH) and adopt similar N3O, spheres.
It is noted that the Dy3 centers of 1—4 are nine-coordinated
and, in addition to the coordination of the hydrazone ligands,
the remaining sites are filled by one solvent molecule and H,O,
CI, NO;7, and ClO,7, respectively. Remarkably, for 4, the
presence of the bulky ClO,™ anion leads to the removal of one
coordinated solvent molecule around Dy2 due to steric
hindrance (Figure 2, right) and the distortion of the central
core [Dy;0,], with the increase of bond distance Dyl1—0S5 and
the decrease of Dy2—0S5 (Table S1, Supporting Information).
Thus, Dy2 is eight-coordinated in 4, and the three dysprosium
centers are located in entirely distinct environments from those
in compounds 1 and 2.

The difference in local environments with respect to nine-
coordinated Dy ions for compounds 1—4 was quantified by
the continuous shape measures (CShM) approach using
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Figure 1. Partially labeled Dy; structures of compounds (a) 1, (b) 2, (c) 3, and (d) 4, with hydrogen atoms, solvent molecules, and external

counteranions omitted for clarity.

Complex 1,2 and 3 Complex 4

Figure 2. Crystal structures of (left) 1—3 and (right) 4 with the
terminal ligand around Dy centers represented by space-filling models.
The ligands are depicted in different colors to show the helicity. Color
code: pale blue, Dy; pink, O; gold, CL

SHAPE software, which essentially allows one to evaluate
numerically the extent of distortion from an ideal shape for a
given structure (with zero being ideal).*> As shown in Table 2,
CShM analysis revealed that each Dy™ center in 1—4, except
for Dy2 in 4, is best described as exhibiting a nine-coordinated
monocapped square-antiprismatic (C,,) geometry, but with
greatly different distortions from the ideal geometry for all of
the Dy ions. Componds 1 and 2 exhibit close CShM values in
the three corresponding Dy sites, indicating similar coordina-
tion environments in the two compounds, although the Dy—Cl
bond distance in 2 [2.781(14) A] is much longer than the Dy—
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Table 2. Results of Continuous Shape Measures Analysis and
Coordination Environment for the Nine-Coordinated Dy™
Ions in 1—4%

Dyl
1.665 (O¢N;)
1.709 (OgN5)
1.768 (O¢N;) 1.533 (O¢N;)
4 1.599 (OgN;) — (OsN3)

“Monocapped square antiprism (Cj,).

Dy2
1.310 (O¢N3)
1.449 (O(N;)

Dy3
1.888 (O(N;)
1.872 (O;N,Cl)
1.486 (ON;)
1.270 (OgN;)

[ S A

O, bond distance in 1 [2.386(10) A]. In contrast, a
significant change in CShM values around the Dy3 ion,
indicating differences from compounds 1 and 2, was observed
in 3 and 4, which should be the main result of the relatively
large NO;™ and ClO,” anions coordinated to Dy3 (Figure 2).
Furthermore, this increasing steric hindrance at the Dy3 site
also has an impact on the coordination geometries at the other
two sites, as demonstrated in Table 2, and especially in 4, the
obvious effect results in completely different coordination
environments at all three Dy sites from those in compounds 1
and 2. As a result, distinct relaxation dynamics of magnetization
were observed for compounds 1—4, as discussed in the next
section.

The packing arrangements in compounds 1—4 along the 4, b,
and ¢ axes are presented in Figures S3 and S4 in the Supporting
Information. Among the compounds, the packing arrangements
in 3 and 4 are similar along different directions. Interestingly,
the projection along the crystallographic ¢ axis of 1 obviously
shows two types of channels.

Magnetic Properties. Variable-temperature dc magnetic
susceptibility data on polycrystalline samples revealed room-
temperature yy,T values of 41.0, 41.0, 39.7, and 40.9 cm® K
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mol ™ for 1—4, respectively, which are relatively consistent with
the theoretical value of 42.5 cm® K mol™" expected for three
uncoupled Dy™ ions (S = °/,, L = 5, *Hys),, g = */;). The
temperature dependences of the product y\T, as shown in
Figure 3 for all four of the compounds, display similar thermal

8606000000000
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I3 35 go°°
£ g
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Figure 3. Temperature dependence of yT for 1—4.

evolutions in the temperature range of 300—10 K, namely, a
slight decline upon cooling, which possibly results from the
thermal depopulation of excited Stark sublevels or large
magnetic anisotropy in the Dy" system. Below 10 K, yyT
rapidly drops to a minimum value of 32.5, 28.9, 27.7, and 29.9
cm® K mol™ for 1—4, respectively, at 1.9 K, as a possible result
of the different intramolecular antiferromagnetic interactions
between the Dy centers in compounds 1—4.

The field dependence of magnetization (M) for compounds
1—4 was also measured in the 0—70 kOe field range below 5 K
(Figure SS, Supporting Information). Herein, the M versus H/
T data were far from saturation, and the corresponding
magnetization data did not lie on a single master curve at higher
field below S K, which is indicative of the presence of significant
magnetic anisotropy and/or low-lying excited states in all
systems.

The dynamic magnetic properties of 1—4 were investigated
under zero/nonzero applied dc fields by using ac measurements
under a 3 Oe field. As shown in Figure 4 (left) and Figure S6
(left) (Supporting Information), an obvious frequency- and
temperature-dependent ac signal was observable under zero dc
field for 1, which is characteristic of SMM behavior.
Furthermore, the y” () plot clearly displays two peaks between
1.9 and 4.0 K, demonstrating the occurrence of two relaxation
processes.” Therefore, two series of relaxation times () could
be extracted between 1.9 and 8.0 K by fitting the y”(v) plots
with the sum of two modified Debye functions

Tac(@) =X + >4 + =
AC s, tot 1+ (inl)(l—al) 1+ (inz)(l—az)

(1)
Arrhenius analysis [z = 7, exp(U,g/ksT)] for plots of In 7 versus
T ! afforded effective energy barriers (U,g) of 45.9 and 7.6 K
with pre-exponential factors (z,) of 3.15 X 1077 and 2.27 X
1075 s for the slow relaxation (SR) phase and fast relaxation
(FR) phase, respectively, in the high-temperature (HT) range
(Figure S). In addition, the linear fitting in the low-temperature
(LT) range further gave U, values of 3.2 and 1.6 K with
corresponding 7, values of 1.88 X 10~* and 6.97 X 107° s for
the SR and FR, respectively. As a result, such a complicated

5575

—+-19K 35K

20
- 19K a0k 20
el e 22K 45K —— 21K :-g?

16 « 25K 50K ——— ™\ + 23K g
L < 30K - 60K TL1BF- . Th0s o 25K 50K
S feeeen Chln 38K TOK @ frin RS SR
Eq2f, A —80K Eqpp o o ok
o frrtee : —~—9.0K ™ o -
€ [eeeee. : .10k E [T ——80K
© ° TTTe ——9.0K
=

N

1(I)0
vl Hz

Figure 4. Frequency-dependent (top) in-phase and (bottom) out-of
phase components of ac susceptibility data for 1 at the indicated
temperature ranges under (left) a zero dc field and (right) an applied
dc field of 300 Oe.
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Figure 5. Magnetization relaxation time, In 7, versus T, for 1 under 0
and 300 Oe dc fields. The solid lines correspond to the best fits of the
experimental data to the Arrhenius law.

relaxation process should be ascribed to the presence of
different magnetic centers in this Dy; system.

The Cole—Cole diagrams (Figure S7, Supporting Informa-
tion) exhibit two well-separated relaxation phases in the range
of 1.9—6 K. However, as the temperature was increased, the FR
gradually moved beyond the high-frequency limit (1500 Hz) of
the magnetometer used, and only an asymmetric semicircle
corresponding to SR at 7.0 and 8.0 K was observed. Fitting the
data by eq 1 afforded «a values in the ranges of 0.31—0.50 and
0.08—0.14 for FR and SR, respectively, implying a relatively
wide distribution of the relaxation times for the FR process.

To further probe the dynamic magnetic behavior, the
frequency dependence of the out-of-phase ac susceptibility
(") at various applied dc fields was collected for 1 at 1.9 K. As
depicted in Figure S8 (Supporting Information), the ac peaks
gradually moved to higher frequency as the field was increased,
and the application of a dc field of 300 Oe induced the
elimination of the high-frequency peaks, so that only a set of
frequency-dependent peaks were observed in the range of 1.9—
7.0 K (Figure 4, right). Meanwhile, the out-of-phase ac
susceptibility (y”) exhibited a slightly increasing tendency in
the high-frequency range (>1000 Hz) within the frequency
window, signaling the occurrence of an additional faster
relaxation pathway, also seen from the Cole—Cole plots with
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Table 3. Characteristic Dynamic Parameters for 1 and 2

Hg. (Oe) Uar) (K) To(HT)

1 0 (SR) 45.9 318 X
0 (FR) 7.6 227 X

300 412 6.61 X

2 1000 34.3 323 X

(s)

1077
107°
1077
1076

the clear distortion of the asymmetrical semicircles below 6.0 K
(Figure S9, Supporting Information). A linear fit of the
experimental data to the Arrhenius law yielded the energy
barriers of 41.2 and 2.8 K with pre-exponential factors of 6.61 X
1077 and 1.37 X 107 s for the high- and low-temperature
domains, respectively. Such values of energy barriers and
relaxation times were found to be comparable to those for the
SR process under zero dc field (Table 3).

Compared to compound 1, compound 2 displays similar
dynamic magnetic behavior with broad frequency-dependent

peaks under zero dc field (Figure 6, left), suggesting the
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Figure 6. Frequency-dependent (top) in-phase and (bottom) out-of
phase components of ac susceptibility for 2 at the indicated
temperature ranges under (left) a zero dc field and (right) an applied
dc field of 1000 Oe.

presence of more than one relaxation process, as a result of the
similar coordination environments in the two compounds. The
" (T) plot (Figure S10, left, Supporting Information) shows an
unobvious broad shoulder between 2 and 12 K in the range of
120—1488 Hz. Unfortunately, in this case, the relaxation time
(7) cannot be obtained by fitting y”(v) plots with the sum of
two modified Debye functions, because of the absence of two
perfectly well-separated peaks in the whole temperature range.
However, application of a 1000 Oe dc field led to a series of
well-resolved frequency-dependent peaks with an imaginary
component in the 1.9—8.0 K range (Figure 6, right) from which
the relaxation times could be extracted. In the high-temperature
regime (>5.0 K), the relaxation obeys a thermally activated
mechanism with U,z = 34.3 K (7, = 3.23 X 107°) based on the
Arrhenius law, which is comparable to the barrier for
compound 1 (Table 3). Below 5.0 K, the relaxation times ()
deviate markedly from linearity and become temperature-
independent, characteristic of quantum tunneling of magnet-
ization (QTM). Therefore, the fit of the In 7 versus T~ plot
(Figure 7) to the equation
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Uwr) () To(LT) (s) a
32 1.88 x 1073 0.08—0.14
1.6 6.97 x 107° 0.31-0.50
2.8 1.37 x 1073 0.03—0.31
- - 0.21-0.48
=1y 4 7! exp(—=Ug/kT)
T =1qr Ty exp eff )
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Figure 7. Magnetization relaxation time, In 7, versus T~! for 2 under a
1000 Oe dc field. The blue and red lines correspond to the best fit to
the Arrhenius law and the best fit to an Orbach and QTM process.

where the thermally activated relaxation and QTM processes
are both taken into account, affords the parameters U = 50.2
K, 75 = 5.58 X 1077 s, and Tqr = 0.00144 s. As expected, the
value of the energy barrier, Ug, is slightly higher than that
obtained from the Arrhenius law when the effect of the QTM
pathway is simultaneously considered. Furthermore, quasise-
micircle shapes in the Cole—Cole plots in the temperature
range of 1.9-9.0 K were obtained and were fitted to a
generalized Debye model, yielding high values of @ = 0.21-0.48
(Figure S11, Supporting Information) and implying a wide
distribution of relaxation times.

In 3 and 4, the ¥ component of the ac susceptibility (Figure
8, top, and Figure 9) merely shows a strong frequency
dependence without peaks below 10 K under a zero dc field,
which is suggestive of the onset of slow relaxation of the
magnetization and the presence of possible fast QTM at low
temperature, as observed in some polynuclear lanthanide
systems.*>*® Therefore, we could not accurately obtain the
effective energy barrier by extracting the corresponding
relaxation time owing to the lack of a maximum in the
temperature window technically available. The case appears to
be distinct from that in compounds 1 and 2, which should arise
from their distinct coordination environments with the changes
in coordination anions, as revealed in the structural analysis.

Furthermore, we plotted In(y”/y’) versus 1/T over the
frequency range of 30—1000 Hz (Figure S12, Supporting
Information) and extracted estimated activation energies E, of
21K (7p=13x10"*s) and 1.2 K (r, = 6.7 X 107 5) for 3
and 4, respectively, by applying linear fits based on the
relation*”*®

In(y"/x') = In(wz,) + E,/kyT (3)

To suppress the possible fast QTM, an optimal dc field was
determined by measuring field-dependent ac signals (Figures
S13 and S14, Supporting Information) for 3 and 4. Never-
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Figure 8. Temperature dependence of the out-of-phase ac
susceptibility under dc fields of (top) 0 and (bottom) 500 Oe for 3.
Inset: Corresponding temperature dependence of the in-phase ac
susceptibility.

Figure 9. Temperature dependence of the out-of-phase ac
susceptibility under zero dc field for 4. Inset: Corresponding
temperature dependence of the in-phase ac susceptibility.

theless, the application of an external dc field H = 500 Oe gave
rise to negligible change in the temperature-dependent signals
of the ac susceptibility for 3 (Figure 8, bottom), indicating that
a QTM process under zero field is not an efficient pathway
above 1.9 K.'>* Strikingly, strong frequency-dependent peaks
of the out-of-phase ac susceptibilities were observed for 4 in the
range of 1.9—10 K under a dc field of 900 Oe (Figure 10), as a
clear indication that the application of a small static field makes
a significant contribution to the effective suppression of QTM
relaxation. Nevertheless, the relaxation time (z) could not be
clearly extracted from y”(v) plots between 1.9 and 5.0 K on
account of the intricate multiple relaxation process derived
from the extremely distinct coordinated spheres of three Dy
ions as a result of the coordination of the bulky terminal
perchlorate ion in 4. Above 6.0 K, only one thermally activated
relaxation process existed, for which an Arrhenius fit (Figure
S1S, Supporting Information) of the data determined an
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Figure 10. Frequency-dependent (top) in-phase and (bottom) out-of
phase components of ac susceptibility under a 900 Oe dc field for 4.

effective barrier of 34.5 K with a pre-exponential factor of 4.66
x 107% s,

Bl CONCLUSIONS

A family of rare p-O,qinydrazone-bridged Dy; triangular circular
helicates were successtully isolated using a new multidentate
hydrazone ligand and various dysprosium salts. Remarkably,
although all four compounds 1—4 exhibit similar static
magnetic behaviors, the dynamic magnetic behaviors revealed
by alternating-current (ac) susceptibility are quite distinct. Such
dissimilar behaviors should be the result of the different
terminal coordination solvent/anions around Dy3, being H,O,
CI, NO;7, and CIO,™ for 1—4, respectively. The different sizes
of the terminal ligands (H,0O, CI7, NO;~, and ClO,” for 1—4,
respectively) around the Dy3 ions give rise to significant
differences in their local environments. For 1 and 2, the close
CShM values of all the three Dy ions are responsible for the
similar multiple relaxation processes observed under zero dc
field, and these magnetic behaviors can be assigned to the
presence of different crystallographically independent Dy™
ions. However, the dramatic changes in the CShM values
around Dy ions for 3 and 4 result in distinct dynamic magnetic
behaviors with only a frequency-dependent out-of-phase signal
without peaks under zero dc field. Such slight structural
differences mentioned above probably affect the local tensor of
anisotropy or the directions of the easy axes on each
dysprosium site through the ligand fields of the terminal
solvent or anions.”*** These results demonstrate that the size
of terminal ligands (H,O, Cl7, NO;~, and ClO,” for 1—4,
respectively) around the Dy3 sites associated with subtle
differences in their local environments have a direct and
prominent influence on the dynamics of magnetic relaxation,
which might offer a promising entry into the fine-tuning of the
magnetic properties of SMMs by slightly adjusting the
coordination geometry through variations in the size of the
terminal ligands (solvent or anion).
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