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ABSTRACT: Two carboxylate-bridged Dy complexes,
[Dy,(piv)s{4,-OH) (E,0)], (1) and [Dy,(pi)g(phen);] (2)
(pivH = pivalic acid; phen = 1,10-phenanthroline), have been
synthesized and structurally characterized. Complex 1 takes a
one-dimensional (1D) chain structure based on [Dy,(us-
OH),(piv)s(H,0),]** units, while complex 2 is a dinuclear
structure bridged by syn,syn-carboxylates. Magnetic investiga-
tion indicates weak ferromagnetic interaction between adjacent
Dy" ions of the Dy, unit in 1 and weak intramolecular
antiferromagnetic interaction between Dy™ ions and/or
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depopulation of the Dy'" excited-state Stark sublevels in 2. Alternating-current susceptibility measurements revealed frequency-
and temperature-dependent out-of-phase signals under a zero direct-current field in 1, with typical slow magnetic relaxation
behavior with an anisotropic barrier U = 4.5 K, while 2 exhibits field-induced single-molecule-magnet behavior with AE/ky =

28.43 K under a 2 kOe external field.

B INTRODUCTION

Considerable interest has been focused on the study of single-
molecule magnets (SMMs) since the 1990s because of their
potential applications in information storage and quantum
computing at the molecular level." It is well-known that SMMs
have unique properties such as slow magnetic relaxation and
magnetic hysteresis.” To date, Co', Mn", Fe', and some other
ions in the first-row transition metals (TMs) are good
candidates in synthesizing SMMs,” because of the relatively
large spin ground state (S) and/or magnetoanisotropy (D),
which will eventually result in an anisotropic energy barrier
(U,g) that prevents reversal of the molecular magnetization.4 A
large number of cluster-based SMMs have been reported, but
most of such studies were focused on TM SMMs.” Lanthanide
(Ln) complexes [especially for dysprosium (Dy) chains and
clusters] have recently become favorable candidates for
exploring the kinds of magnetic phenomena in the field of
molecular magnets, especially in their SMM types, because of
their s1§n1ﬁcant magnetic anisotropy and large energy
barriers.”® In addition, SMMs based on Dy clusters or chains
are limited because of the different affinities and capabilities of
the Dy™ ions to O and N donors.” Thus, the design and
construction of Dy™ SMMs still remains a great challenge and
attracts great attention.

As is known, many factors such as solvents, counteranions,
pH value, temperature, and molar ratio between reactants can
influence the formation of Dy™ complexes.® However, one
important consideration in the design of target complexes is the
selection of appropriate ligands with bridging and/or terminal
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groups that can efficiently coordinate to metal ions.”
Carboxylate-based ligands have been widely used to construct
3d metal complexes with various structures and interesting
magnetic properties; nonetheless, they are rarely used for
building Ln-based SMMs, probably because of the very weak
coupling between Ln ions bridged by carboxylates.'® Addition-
ally, magnetic interaction for the Dy™ system including a
carboxylate ligand is complicated and difficult to explain
because many factors, especially the strong spin—orbit coupling,
can lead to the 4f" configuration splitting into ***'L; states and
finally into Stark components under the ligand-field (LF)
perturbation.’'! To design and assemble ferromagnetic/
ferrimagnetic cluster or chain complexes with carboxylate
ligands, a hydroxyl group or other short bridging groups should
be introduced to strengthen the coupling interaction.'” As an
important chelate-bridging and sterically hindered carboxylate
ligand, pivalic acid (pivH) has been well employed to
synthe51ze low- dlmensmnal structures, such as Dy,,"**
Cr,Dy,,"** Ni¢Gd,,"*® and Fe,Dy,."*

Employing pivH as the primary ligand and introducing
Dy,0O; as the ion source, we may facilitate the formation of low-
dimensional Dy™ complexes. Notably, a hydroxyl group can be
generated in situ because Dy,O; in the acidic system may
promote water to form hydroxide. Moreover, as an effective
terminal coligand, 1,10-phenanthroline (phen) may reduce the
dimensionality of polymeric complexes. Arising from the
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ferromagnetic interaction and/or strong magnetic anisotropy of
Dy ions, Dy chains and clusters with slow magnetic relaxation
could be expected to be obtained (see Scheme 1). As an

Scheme 1. Scheme for the Design of Complexes 1 and 2
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extension of our studies on the synthesis and magnetic
properties of 3d-only and Ln-3d-block low-dimensional
magnets,14 we report herein two new D}AH complexes,
[Dy,(piv)s(u3-OH)(H,0)], (1) with one-dimensional (1D)
chain structure and [Dy,(piv)s(phen),] (2) with dinuclear
structure. Magnetic analyses reveal that 1 and 2 are both weakly
coupled, displaying slow relaxation of the magnetization
behavior. To the best of our knowledge, a 1D chain Dy™
complex with slow magnetic relaxation, synthesized from a pure
carboxylate ligand and metal oxide, has not been reported yet.

B EXPERIMENTAL SECTION

Materials and General Methods. All of the starting materials for
synthesis were commercially available and were used as received.
Elemental analyses of C, H, and N were carried out with a Perkin-
Elmer 240C analyzer. IR spectra were measured on a TENSOR 27
(Bruker) FT-IR spectrometer with KBr pellets in the range 4000—400
cm™". The powder X-ray diffraction (PXRD) spectra were recorded on
a Rigaku D/Max-2500 diffractometer at 40 kV and 100 mA for a Cu-
target tube and a graphite monochromator. Simulation of the PXRD
spectra was carried out by the single-crystal data and diffraction-crystal
module of the Mercury program available free of charge. Magnetic data
were collected using crystals of the samples on a Quantum Design
MPMS-XL-7 SQUID magnetometer equipped. The data were
corrected using Pascal’s constants to calculate the diamagnetic
susceptibility, and an experimental correction for the sample holder
was applied.

Synthesis of Complexes 1 and 2. [Dy,(piv)s(u;-OH)(H,0)], (1).
A mixture of Dy,0; (0.5 mmol, 0.186 g), pivH (2 mmol, 0.204 g), and
H,0 (10 mL) was sealed in a 23 mL Teflon-lined autoclave and
heated to 160 °C. After being maintained for 72 h, the reaction vessel
was cooled to room temperature in 12 h. Colorless crystals were
collected with ca. 20% yield based on pivH. Anal. Calcd for
C,sH,sDy,01,: C, 34.69; H, 5.59. Found: C, 35.08; H, 5.18. FT-IR
(KBr pellets, cm™): 3384s, 2965s, 2926m, 2869m, 1542s, 1489s,
1432s, 1361s, 1228s, 1029w, 902m, 850w, 810m, 792m, 614m, S61m.

[Dy,(piv)s(phen),] (2). A mixture of Dy,0; (0.5 mmol, 0.186 g),
pivH (2 mmol, 0.204 g), 1,10-phenanthroline monohydrate (0.5
mmol, 0.0991 g), and H,0 (10 mL) was sealed in a 23 mL Teflon-
lined autoclave and heated to 160 °C. After being maintained for 72 h,
the reaction vessel was cooled to room temperature in 12 h. Colorless
crystals were collected with ca. 10% yield based on pivH. Anal. Calcd
for Cy,H,,Dy,N,O,,: C, 50.19; H, 5.46; N, 4.34. Found: C, 49.97; H,
5.22; N, 4.36. FT-IR (KBr pellets, cm™): 3397m, 3073m, 2956s,
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2922s, 286Ss, 1592s, 1518s, 148Ss, 1428s, 1361s, 1229s, 1137m,
1101m, 897m, 855w, 807m, 734m, 607m, 420m.

Crystallographic Data and Structure Refinements. The single-
crystal X-ray diffraction data were collected on a Rigaku SCX-mini
diffractometer at 293(2) K with Mo Ka radiation (4 = 0.71073 A) by
@ scan mode. The program SAINT"® was used for integration of the
diffraction profiles. The structures were solved by direct methods using
the SHELXS program of the SHELXTL package and refined by full-
matrix least-squares methods with SHELXL (semiempirical absorption
corrections were applied using the SADABS program).16 The non-H
atoms were located in successive difference Fourier syntheses and
refined with anisotropic thermal parameters on F~. The H atoms of the
ligands were generated theoretically at the specific atoms and refined
isotropically with fixed thermal factors. The H atoms of water in 1
were not assigned, and the H atoms of the hydroxyl groups in 1 were
added by the difference Fourier maps. A summary of the crystallo-
graphic data, data collection, and refinement parameters for 1 and 2 is
provided in Table 1. The selected bond lengths and angles are given in
Tables S1 and S2 (Supporting Information).

Table 1. Crystal Data and Structure Refinements for 1 and 2

1 2
formula CysHysDy, 015 Cs4H7Dy,N,Op
M, 865.64 1292.14
cryst syst monoclinic triclinic
space group P2,/n PT
a [A] 11.382(2) 10.321(2)
b [A] 22.640(5) 11.966(2)
¢ [A] 14.297(3) 12.772(3)
a [deg] 90 113.06(3)
B [deg] 106.49(3) 99.57(3)
7 [deg] 90 96.94(3)
vV [A%] 3532.6(12) 1400.7(5)
p [gem™] 1.624 1.532
VA 4 1
F(000) 1696 650
pu [mm™] 4.247 2.708
collected reflns 29740 12262
unique reflns 6225 4931
R(int) 0.1008 0.1001
R19/wR2% [I > 26(I)] 0.0627/0.1046 0.0608/0.1544
GOF on P 1.098 1.114

“R1 :/Z(IIFOI — IEI)/JIF,). PwR2 = [Tw(F? — IF2)?/(Twl
F0|2)211 2]

B RESULTS AND DISCUSSION

Synthesis. In our efforts to obtain the target complexes,
pivH with steric effects acts as both a bridging and a terminal
ligand, and the introduction of phen is to obtain lower
dimensional complexes. Generally, Ln" complexes were mainly
constructed by Ln™ salts as the source of the metal ion, and
only a few examples usingrare earth oxides under hydrothermal
reactions were reported.”” Herein, for the synthesis of 1 and 2,
Dy,0; not only serves as a slow-release Dy ion source but
also adjusts the pH value of the systems.

Structural Analysis. Complex 1 crystallizes in the
monoclinic space group P2,/n with Z = 4. The asymmetric
unit consists of two Dy" ions (eight- and seven-coordinated,
respectively), five piv ligands, one y;-OH”, and one
coordinated water molecule (range of the Dy—O length =
2.253(7)—2.587(7) A; see Table Sl in the Supporting
Information). Dyl is surrounded by six carboxylate O atoms
(02B, 06, 07, 08A, 09, and 010) from five different piv
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Figure 1. Views of (a) the coordination environment of Dy™ in 1 (H atoms of methyl and water omitted for clarity; symmetry codes: A, —x + 1, —y
+2, -z B, —x +2, —y + 2, —z), (b) the 1D chain structure of 1 (blue box for the [Dy,(u3-OH),(piv)s(H,0),]*" unit), and (c) the structure of 2 (H
atoms omitted for clarity; symmetry code: A, —x + 2, —y + 1, —z + 1).

ligands, one O atom (O11) from OH~, and one O atom
(O1W) from a coordinated water molecule, while Dy2 is
surrounded by six carboxylate O atoms (01, O3, 04, OS, 010,
and O11B) from five different piv ligands and one O atom
(O11) of OH™ (Figure la). As shown in Figure 1b, Dyl and
Dy2 are bridged by carboxylate (,-":7" and p,-n':7* modes)
and hydroxyl to generate a butterfly-shaped [Dy,(u;-
OH),(piv)§(H,0),]*" unit with intratetramer Dy’*---Dy**
distances of 3.790—4.175 A. The Dy—O-Dy angles range
from 100.22° to 107.70°. The neighboring [Dy,(ys-
OH),(piv)s(H,0),]** units are further connected by two
carboxylate groups with syn,syn mode to form a Dy-based 1D
chain.

Complex 2 crystallizes in the triclinic space group P1 with Z
= 1. The molecular structure consists of one crystallographically
independent Dy™ ion eight-coordinated by three piv ligands
and one phen ligand. Dyl is surrounded by six carboxylate O
atoms (O1, 02, 03, 04, 05, and 06) from four different piv
ligands and two N atoms (N1, N2) of a phen ligand. Unlike 1,
two piv and two phen ligands chelate one Dy™ ion. As shown
in Figure lc, Dyl and DylA are bridged by two synsyn-
carboxylate groups with a Dy**-~Dy’* separation of 5.391 A,
which is significantly longer than that in 1. Notably, the
introduction of phen may be favorable to form low-dimensional
structures.

Magnetic Properties. The magnetic properties of 1 and 2
were investigated by solid-state magnetic susceptibility
measurements in the 2—300 K range at 1 kOe field and the
isothermal field-dependent magnetizations M(H) at fields up to
50 kOe (all of the measurements were carried out on crystalline
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samples and their phase purities confirmed by PXRD; see
Figure S1 in the Supporting Information).

The magnetic properties of 1 and 2 in the form of yT vs T
plots are shown in Figure 2. At 300 K, the yT values of 1 and
2 are 28.13 and 28.10 emu mol™' K, respectively, consistent
with the expected value of 28.34 emu mol™' K for two
uncoupled Dy™ ions (*Hys 5, L = 5, and g = */5)."® For 1, as the
temperature decreases, the value of T slowly decreases down
to a minimum value of 25.79 emu mol ™' K at 12 K. On cooling
the temperature to 2 K, yT abruptly increases to a maximum
value (26.93 emu mol™' K), indicating ferromagnetic coupling
between Dy ions in the [Dy,(us-OH),(piv)s(H,0),]** unit.
Notably, magnetic interaction of Dy" ions between adjacent
Dy, clusters is very weak and can be ignored. For 2, the y T
value slowly decreases on cooling and then more rapidly below
140 K to a minimum value of 22.22 emu mol™! K at 2 K,
indicating weak intramolecular antiferromagnetic interactions
and/or depopulation of the Dy™ excited-state Stark sublevels.'®
The Stark sublevels of the anisotropic Dy" ions may be
progressively thermally depopulated, leading to a decrease of
the yyT value."

The Curie—Weiss fitting [y, = C/(T — )] of the magnetic
data over the temperature ranges 20—300 and 2—300 K results
in the Curie constant C = 28.33 emu mol™' K and the Weiss
constant & = —2.65 K for 1 and C = 28.24 emu mol™' K and 6 =
—3.68 K for 2, respectively. For 1, the negative @ value does not
indicate dominant antiferromagnetic coupling between the
Dy™ centers because strong spin—orbit coupling of the Dy™
ion can also lead to a negative 6 value and a decrease of T at
high temperature.”® Thus, dominant weak ferromagnetic
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Figure 2. Temperature dependence of magnetic susceptibilities in the
form of yT (O) at an applied field of 1 kOe and yy,~* vs T plot (<)
(red part for the Curie—Weiss fitting) for 1 (a) and 2 (b).

interactions between adjacent Dy ions in the Dy, unit exist in
1, which is in good agreement with the prediction that the Dy—
Dy coupling is expected to be very weak because of shielding of
the f orbitals and the consequent very small overlap with the
bridging ligand orbitals.*! For 2, the small negative @ value is
presumably caused by antiferromagnetic interaction and/or the
crystal-field effect of the free Dy ion.

The M vs H curve (at 2 K) for 1 is shown in Figure 3. M
increases quickly at very low field, reaching about 10.01 NJ at
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Figure 3. Field dependence of the magnetization of 1 measured at 2 K.
Inset: M—H plot at 2 K.

10 kOe. In the high-field region, the increase of magnetization
is slow and linear, which may be attributed to the anisotropy of
the polycrystalline sample. The value of M reaches to 12.26 Nj
at 50 kOe, being far from the theoretical saturated value of 20
Nj (g x ] = 4y x By, 10 Np) anticipated for two
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independent Dy™ ions with S = °/, ground state.>>* It can be

explained by the fact that depopulation of the Stark levels of the
La™ ZS“L] ground state under the LF perturbation produces a
much smaller effective spin.* In addition, the M vs H plot for 1
almost does not show hysteresis at 2 K because of the superlow
blocking temperature, which is consistent with the subsequent
alternating-current (ac) measurements in which no peak and
only a tail of the out-of-phase signal down to 2 K appeared.
For 2, the M vs H/T (Figure 4) data at 2.0—4.0 K show
nonsuperposition plots and a rapid increase of the magnet-

0 4000 8000 12000 16000 20000 24000
HT Y10k

Figure 4. Plots of M vs H/T for 2 in the field range 0—50 kOe.

ization at low fields, which eventually reaches the value of 12.76
Np at 2.0 K and 50 kOe without any sign of saturation. The
reason is most likely due to anisotropy and the important
crystal-field effect at the Dy™ ion, which eliminates the 16-fold
degeneracy of the °H,s/, ground state.'**** Reduced magnet-
ization curves do not superimpose, further indicating the
presence of signiﬁcant magnetic anisotropy and/or low-lying
excited states.">**

Because of the very weak interaction between Dy, subunits,
complex 1 may display SMM behavior. In order to further
elucidate its possible SMM behavior, ac susceptibility measure-
ments for 1 were performed in the temperature range 15—2 K
under Hy. = 0 Oe and H,. = 3.5 Oe for variable frequencies
(from 997 to 3 Hz). A frequency-dependent out-of-phase signal
appeared, yet all of the in-phase curves (y’) are almost
consistent without peaks, indicating a slow relaxation behavior
of the magnetization (Figure Sa). However, the maximum value
of y” was not observed even up to 997 Hz because of the 2 K
temperature limit of the instrument. The preexponential factor
(7o) and energy barrier (U) to reverse the magnetization can be
roughly estimated from the In(y"y/x'ym) vs 1/T plot at 997 Hz
by considering a single relaxation time (Figure Sc). The least-
squares fit of the experimental data through the expression
X'/ w = 2mvty exp(U/kgT) gave 7y &~ 1.1 X 1077 s and U »
4.5 K for 1.” In order to investigate the dynamic properties of
the slow magnetic relaxation and obtain an effective energy
barrier (U,g) close to the theoretical one, strong fields of 2 and
5 kOe at 997 Hz were applied in ac measurements, and good
peak shapes in phase (Supporting Information, Figure S2) but
not out of phase (Supporting Information, Figure S3) were
obtained. The peaks in phase appeared at 4 and 64 K,
respectively. The ac signals suggested the existence of a
quantum-tunneling effect at low temperature, which was not
effectively suppressed. Because slow relaxation of the magnet-
ization is experimentally observed only over a short range of
temperature and no maximum of y” is found at technically
available low temperatures, the estimation of these character-
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Figure S. (a) Temperature dependence of the ac yy at different frequencies for 1 with Hy. = 0 Oe. (b) Temperature dependence of the ac y, at
different frequencies for 2 with Hy. = 2 kOe. (c) In(y"y /x'm) vs 1/T plot for 1 at 997 Hz of the 3.5 Oe ac field. The solid line is the best-fit curve.
(d) Least-squares fit for 2 of the experimental data to the Arrhenius equation.

istic parameters might not be very accurate, but 7, agrees with
the expected values (7, = 107°~107"! s) for an SMM. 426 Thus,
the observed behavior of 1 is consistent with SMM behavior.

To investigate the SMM behavior of complex 2, ac
susceptibility measurements for 2 were performed in the
temperature range 15—2 K under Hy. = 0 Oe and H, = 3.5 Oe
for variable frequencies (from 1488 to 10 Hz). As shown in
Figure S4 (Supporting Information), all of the signals of y’
coincide without any peaks occurring; meanwhile, a weak
frequency-dependent y” appears because of a strong quantum-
tunneling effect. To weaken the quantum-tunneling effect, a
suitable direct-current (dc) field needs to be exerted. The best
field was found from field-dependent ac susceptibility measure-
ments (0—S kOe). As shown in Figure SS (Supporting
Information), the peak appeared at ca. 2 kOe. Thus, a 2 kOe
dc field was exerted to reduce the strong quantum-tunneling
effect. The peaks can be obviously observed in both the y'y; and
" curves (see Figure Sb), which suggests the existence of
slow magnetic relaxation behavior in 2.

To obtain the relaxation energy barrier and relaxation time of
2, the peak temperature, T}, can be given by the Lorentzian
peak function fitted from the plots of y"y vs T, and the best
fitting based on the Arrhenius law 1/T, = —ky/AE[In(27f) +
In(zy)] (f is the frequency) gave the energy barrier AE/ky =
28.43 K and the preexponential factor 7, = 9.64 X 1077 s
(Figure 5d). The values are in agreement with the observed
preexponential factors and effective energy barriers for Dy"'-
containing SMMs. Furthermore, at fixed temperatures of 2.0
and 3.0 K with a 300 Oe dc field, the Cole—Cole plots (Figure
6) from 0.1 to 1488 Hz in the form of y”y; vs ¥’y can be fitted
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Figure 6. Cole—Cole plots for 2 measured at 2.0 K (a) and 3.0 K (b)
with a 300 Oe dc field. The red lines are the best fit to the
experimental data, obtained with the generalized Debye model.

by the generalized Debye functions to give a = 0.19, 7 = 0.028,
and a = 0.15, 7 = 0.0016, respectively. The relatively small o
values indicate the occurrence of a single relaxation process. To
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further investigate the low-temperature relaxation behavior,
variable-frequency ac susceptibility data were collected at 3.0 K
under 2 and 3 kOe dc fields. At each dc field, multiple
relaxation processes were observed (Supporting Information,
Figure S6), which may be associated with distinct anisotropic
centers in 2."°®2%*7 As aforementioned, strong anisotropy of
Dy ions presumably result in the field-induced SMM behavior
in 2.

H CONCLUSION

In this study, two new carboxylate-based Dy complexes with
low-dimensional structures have been generated from a
sterically hindered carboxylate ligand pivH, phen, and Dy,O;.
The synthetic methods may allow for the assembly of other
related chain- or cluster-based SMMs. Magnetic measurements
indicate weak ferromagnetic interaction between Dy ions of
the [Dy,(u3-OH),(piv)s(H,0),]** unit in 1 and weak
intramolecular antiferromagnetic interaction between Dy™
ions and/or depopulation of the Dy" excited-state Stark
sublevels in 2. For 1, no obvious y” peak but strong field-
dependent ' and y” signals were observed, suggesting slow
magnetic relaxation and the existence of zero-field quantum
tunneling at low temperature in this complex. For 2, the
properties of the single Dy" ion may be directly responsible for
the magnetic relaxation processes and SMM behavior because
the intramolecular magnetic interaction between Dy" ions is
very weak in the dinuclear complex. Thus, the magnetic
behavior of each Dy™ ion of 2 may have resulted in the
appearance of good peak shape of the ac curves in a dc field.
Therefore, this study provides a good example for the
modulation of low-dimensional structures and their magnetic
properties (from chain-based slow magnetic relaxation behavior
to cluster-based SMM behavior).

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data file in CIF format for CCDC
882180 (complex 1) and 885140 (complex 2), simulated and
experimental PXRD (Figure S1) of 1 and 2, magnetic data
(Figures S2—S6) of 1 and 2, and selected bond distances and
angles for 1 and 2 (Tables S1 and S2). This material is available
free of charge via the Internet at http://pubs.acs.org.
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