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ABSTRACT: Two new hexanuclear symmetric dysprosium
wheels, namely, [Dy4(L,)s(L')s(OCH;)s(2CH;0OH)] and
[Dys(L,)s(L")s(OCH,)(2CH;0H)] (L,H = pivalic acid and
L,H = 3,5-dinitrobenzoic acid, L'H= 2,6-dimethoxyphenol)
were isolated employing a mixed-ligand strategy. The strategic
introduction of two different auxiliary groups with diverse
steric effects and electrostatic actions affect the magnetic
coupling and local anisotropy of Dy ion, therefore exhibiting
dissimilar magnetic behaviors.

Bl INTRODUCTION

The seminal discovery of single molecule magnet (SMM)
behavior"” in dodecanuclear mixed-valent manganese (III/IV)
cluster’ triggered the persistent drive right through the past
decade, to develop novel molecular magnets aimed to
miniaturize devices in the nanoregime involving high-density
information storage, quantum computing, and molecule
spintronics.* SMMs are molecular species typically charac-
terized by the slow relaxation of the magnetization due to the
unique combination of both high-spin (S) ground state and
uniaxial (negative) magnetic anisotropy (D), leading to an
anisotropy energy barrier (U) for the concomitant reversal of
magnetization vector S?IDI.° After the initial extensive study on
polynuclear 3d metal aggregates, especially large manganese
complexes, was carried out as a prime focus by chemists,
physicists, and material scientists,® recent years have particularly
seen a flurry of interesting results out of lanthanide-based
SMMs,” including the achievement of maximum relaxation
energy barriers® for multinuclear clusters and the highest
blocking temperature.” This promising strategy to design novel
homometallic lanthanide-based SMMs solely benefit from the
significant magnetic anisotropy of lanthanide ions such as Dy"
owing to their inherently large, unquenched orbital angular
momentum.'® Since the SMM behavior has been established to
be directed by the crucial interplay of the ligand field effect,
coordination geometry, and the strength of the magnetic
interactions between the neighboring lanthanide sites, the
design of coordination chemistry assemblies represents a key
avenue for accessing tailor-made functional SMMs."!

Whereas the energy barriers (giving rise to magnetic
bistability and slow magnetization relaxation) have been
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following a trend of steady escalation with diverse-natured
novel molecular clusters, a more systematic approach is
essentially required to elucidate the origin of slow relaxation
as well as target rational methods of synthesizing better SMM:s.
This led to the mixed-ligand based strategy'” to synthesize two
analogous dysprosium-based SMMs, differing only in the nature
of the respective coordinated carboxylic acid ligands. As a point
of reference, very recently the effects of electron-withdrawing
substituents on the energy barrier-enhancement for five novel
Dy, SMMs has been shown as the first report of a direct
correlation between relaxation barriers and electron-with-
drawing groups on terminal ligands while retaining the
geometry of the lanthanide ions intact."

Herein, we report two dysprosium-based symmetric
hexanuclear wheel compounds (Dy4), namely,
[Dys(L,)s(L")6(OCH;)s(2CH;0OH)] (1) and
[Dys(L,)6(L")s(OCH;)¢(2CH;0H)] (2) (L H = pivalic acid,
L,H = 3,5-dinitrobenzoic acid, and L'H = 2,6-dimethoxyphe-
nol) by the designed variation principle of the participating
carboxylic acid ligands (Figure 1), aimed to study the
differential effects of the opposite-natured ligands on the
SMM property for these two analogous molecular magnets.

The electron-rich pivalic acid (L,H) ligands are expected to
make the central wheel electron-rich owing to +I effects of the
three methyl groups; as a parallel event, the highly electron-
withdrawing -R effect of nitro groups in the analogous ligand
3,5-dinitrobenzoic acid leaves the other Dy, wheel somewhat
electron-deficient. This differential nature of electron-density of
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Figure 1. Mixed-ligand-based strategy to synthesize complexes 1 and
2.

six of the terminal bridging ligands is expected to affect the
exchange-coupling and ring current phenomena operative in
compounds 1 and 2 (Figure 2), which led to the strategic
design and synthesis of these symmetric Lns-wheel complexes
and consequent investigation of the magnetic properties for
these.

Figure 2. Molecular structures of complexes 1 and 2, highlighting the
difference in terminal (a) electron-donating group (EDG) and (b)
electron-withdrawing group (EWG).

B EXPERIMENTAL SECTION

Materials and Measurements. All the reagents and solvents were
commercially available and used without further purification. X-ray
powder pattern was recorded on Bruker D8 Advanced X-ray
diffractometer at room temperature using Cu Ka radiation (4 =
1.5406 A). Fourier transform infrared (FT-IR) spectra were measured
on NICOLET 6700 FT-IR Spectrophotometer using KBr pellets.
Thermogravimetric analyses were obtained in the temperature range of
30—800 °C on PerkinElmer STA 6000 analyzer under a N,
atmosphere at a heating rate of 10 °C min~". Magnetic measurements
were performed in the temperature range of 2—300 K using Quantum
Design MPMS-XL SQUID and 1.9-5.0 K using SQUID-VSM
magnetometers, respectively. The diamagnetic corrections for the
compounds were estimated using Pascal’s constants, and magnetic
data were corrected for diamagnetic contributions of the sample
holder.

Synthesis of [Dyg(L,)¢(L")¢(OCH;)s(2CH;0H)] (1). A methanolic
solution of L;H (51.06 mg, 0.5 mmol in S mL) was deprotonated with
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triethylamine (139.5 uL, 1 mmol), to which solid L'H (77.08 mg, 0.5
mmol) was slowly added while sonicating the reaction mixture. The
solution was diluted with the addition of a binary solvent mixture of
MeOH/MeCN (9 mL/10 mL respectively), followed by the addition
of 1 mL of methanolic solution of dysprosium nitrate hydrate (136.98
mg, 0.3 mmol). The mixture was kept in undisturbed conditions at
room temperature, as colorless crystals of compound 1 suitable for
single-crystal X-ray analysis was obtained after slow evaporation of the
binary solvent mixture of MeOH/MeCN for 3 d. ~58% yield. IR (KBr,
cm™'): 3666 (s), 3433(w), 2963(s), 1587(m), 1494(w), 1367(m),
1236(s), 1164(w), 1101(vs), 1029(s), 894(s), 793(s), 716 (m),
598(w), 553(m). Anal. Caled (found) for CgeH;3,05Dys: C, 37.55
(37.51); H, 491 (4.97)%.

Synthesis of [Dyg(L,)s(L")6(OCH3)s(2CH30H)] (2). Solid
dysprosium(III) nitrate hydrate (45.7 mg, 0.1 mmol) was added to
a well-sonicated mixture of MeOH/EtOAc (3:7) solution of L,H (0.1
mM) and L'H (0.2 mM), neutralized by triethylamine (41.5 uL, 0.3
mmol). Intense yellow crystals of compound 2 suitable for single-
crystal X-ray analysis was obtained after only 2 h of slow evaporation
in undisturbed condition. ~52% yield. IR (KBr, cm™): 3665 (m),
3099(m), 2944(w), 2841(vw), 1635(m), 1541(vw), 1463(w),
1295(m), 1242(m), 1163(m), 1069(vs), 1018(m), 919(m), 850(m),
799(s), 767(vw), 721(s), 652(vw), 545.22(m), 440(w). Anal. Calcd
(found) for CggH,o4N;,05¢Dye: C, 35.44 (35.38); H, 3.16 (3.24); N,
5.06 (5.05)%.

X-ray Structural Studies. Single-crystal X-ray data of 1 and 2
were collected at 200 K on a Bruker KAPPA APEX II CCD Duo
diffractometer (operated at 1500 W power: SO kV, 30 mA) using
graphite-monochromated Mo Ka radiation (4 = 0.71073 A). Crystal
was mounted on nylon CryoLoops (Hampton Research) with
Paraton-N (Hampton Research). The data integration and reduction
were processed with SAINT' software. A multiscan absorption
correction was applied to the collected reflections. The structure was
solved by the direct method using SHELXTL"® and was refined on F*
by full-matrix least-squares technique using the SHELXL-97"® program
package within the WINGX'” program. All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms were located in successive
difference Fourier maps and were treated as riding atoms using
SHELXL default parameters. The structures were examined using the
Adsym subroutine of PLATON'® to ensure that no additional
symmetry could be applied to the models. Crystal data and structure
refinement details for complexes 1 and 2 are summarized in Table 1.

Magnetic Measurement (Experimental) Details. Magnetic
measurements were performed in the temperature range of 2—300
K using Quantum Design MPMS-XL SQUID and 1.9-5.0 K using
SQUID-VSM magnetometers, respectively. The diamagnetic correc-
tions for the compounds were estimated using Pascal’s constants, and
magnetic data were corrected for diamagnetic contributions of the
sample holder.

B RESULTS AND DISCUSSION

Compounds 1 and 2 were prepared at room temperature by
slow evaporation of the respective reaction mixtures. Single-
crystal X-ray analysis reveals that both compounds were
crystallized in triclinic space group P1 with Z =2 and Z = 1,
respectively. The molecular structure of compound 1 (with
partial labeling), presenting the central wheel-shaped core, is
shown in Figure 3, while the similar one for compound 2 is
shown in Figure 4. TGA data for these compounds (Supporting
Information, Figures SS and S6) show significant thermal
stability up to nearly 250 °C with no weight loss, corresponding
to the absence of any guest molecule in both of the air-dried
phases. Compound 1 crystallized in two crystallographically
unique, but structurally similar Dy, units; hence, only one is
considered in the ensuing discussion. For compound 1, the
asymmetric unit of the hexanuclear cluster contains the
assembly of three dysprosium ions, namely, Dyl, Dy2, and
Dy3. Both the pairs of Dyl, Dy2 and Dy2, Dy3 are connected
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Table 1. Crystal data and structure refinement for 1 and 2

identification code compound 1

Cgs Hyis#4 Dys Oss

compound 2

empirical formula Cos Hog Dys Ny, Og,

formula weight 2750.93 3410.88
temperature/K 200(2) 200(2)
wavelength/A 0.71073 0.71073
crystal system triclinic triclinic
space group PT PT

a/A 16.873(2) 11.0686(18)
b/A 17.570(2) 17.344(3)
c/A 22.008(3) 19.330(3)
a/deg 99.709(3) 113.975(3)
B/deg 105.197(2) 100.420(3)
7/deg 112.518(2) 100.367(3)
V/A3 5545.0(13) 3199.3(9)
V4 2 1

D/mg m™ 1.648 1.77
pu/mm™ 4.065 3.558
F(000) 2700 1662

0 range (deg) 1.81 to 28.46 1.20 to 28.49
reflections collected 88813 50463
independent reflections 27 841 15631
completeness 99.30% 96.50%
data/restraints/parameters 27841/12/1171 15631/16/777
GOF 1.308 1.043

Ry, wR, [I > 26(I)]
R,, wR, (all data)

0.0439, 0.1674
0.0543, 0.1760

0.0807, 0.2195
0.1954, 0.2963

'w

No—
"
/\

Figure 3. Partially labeled crystal structure of complex 1, presenting
the central core of the molecular magnet. H atoms are omitted for

clarity.

via a py-alkoxy (methoxy) bridge, and the ligand L’ bridging
over each pair of the two metal centers exactly in the similar
way. The proximate pair of Dyl and Dy2 is bridged by O19-
methoxy, and the analogous pair of Dy2 and Dy3 is bridged by
O13-methoxy bridge, both in p,-fashion.

While O1, O3 and O11, O9 from the methoxy groups of two
L’ ligands coordinate to the Dy-centers individually, the
deprotonated hydroxyl oxygens for these two ligands, namely,
02 and 010, coordinate to the metal centers in ,-bridging
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Figure 4. Partially labeled crystal structure of complex 2, presenting
the central core of the molecular magnet. H atoms are omitted for

clarity.

fashion. Each of the terminal Dy3 and Dyl centers are also
coordinated by the deprotonated pivalate ligands (L,), while
the charge balance on the Dyl center occurs because of the
simultaneous 7°-mode binding of the ligand L’ (via O12 and
018) (Supporting Information, Figure S8). There is one
distinct —OCHj; coordination to the central Dy, center, arising
out of the reaction mixture solvent MeOH employed herein.
The intermetallic distances of the Dy-centers in the symmetric
wheel are nearly similar: Dyl—Dy2 = 3.736 A and Dy2—Dy3 =
3.732 A, respectively. The Dy—O—Dy bond angles are 105.72°
(Dy1-02-Dy2), 111.62° (Dyl—019-Dy2) for the vicinal
pair of Dyl and Dy2, whereas the analogous Dy—O—Dy bond
angles are 105.44° (Dy2—010-Dy3) and 111.82° (Dy2—
013-Dy3) for the neighboring couple of Dy2 and Dy3. All six
Dy(III) centers adopt dodecahedral coordination environments
in the homometallic wheel (Supporting Information, Figure
S2). There is significant intramolecular H-bonding interaction
interplaying between OS of pivalate and O16 from the methoxy
group coordinated to the central Dy2 center.

For compound 2, similar to the analogous compound 1, the
asymmetric unit of this hexanuclear cluster also comprises of
the assemblage of three Dy ions, precisely, Dyl, Dy2, and
Dy3, wherein the pairs of Dyl, Dy2 and Dy2, Dy3 are linked
via a yy-alkoxy (methoxy) bridge and the ligand L' spanning
over each of the pair of the two metal centers just in a manner
akin to compound 1. The contiguous pair of Dyl and Dy2 are
Hy-bridged by O12 methoxy, and the similar pair of Dy2 and
Dy3 are similarly bridged by O27 methoxy group. While O9,
O11 and 024, 026 of the two L’ ligands coordinate to the Dy
centers individually, the deprotonated hydroxyl oxygens for
these two ligands, namely, O10 and O2S, coordinate to the
metal centers in y,-bridging mode. Each of the adjacent Dyl
and Dy3 centers are coordinated by the deprotonated 3,5-
dinitrobenzoate ligands (L,) in y,-bridging fashion (via OS and
021), while the charge balance on the Dy2 center ensues from
the direct coordination of the ligand L, (through O14)
(Supporting Information, Figure S8). There is one distinct
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—OCH; coordination to the terminal Dy, center via 028,
owing to the involved reaction mixture solvent MeOH. The
intermetallic distances of the Dy centers in the symmetric
wheel are nearly similar: Dyl—Dy2 = 3.780 A and Dy2—Dy3 =
3.719 A. The Dy—O-Dy bond angles are 114.54° (Dyl-—
012-Dy2) and 109.63° (Dyl—010-Dy2) for the proximal
pair of Dyl and Dy2, whereas the corresponding bond angles
are 105.18° (Dy2—025—Dy3) and 111.90° (Dy2—027—Dy3)
for the adjoining couple of Dy2 and Dy3. Each of the Dy(III)
centers assumes dodecahedral coordination environment in the
central core (Supporting Information, Figure S2). It is
noteworthy that there are 2-fold intramolecular H-bonding
interactions existent between two separate pairs. One is
between O16 and O30 from two distinct nitro groups of two
different L, ligands both connected to Dy2 center. The other
one is between O1S5 of deprotonated L, and O28 of methoxy
group coordinated to the terminal Dyl center.

Direct current (dc) magnetic susceptibilities for compounds
1 and 2 were measured in an applied magnetic field of 1000 Oe
between 300 and 2 K. At room temperature, the yyT values are
82.45 and 80.32 cm® K mol™" for 1 and 2, respectively (Figure
S), which are in agreement with the expected value of 85.02

s f 2888888888888288838882
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Figure S. Temperature dependences of y\T on T for 1 and 2 under
1000 Oe field, ) being molar magnetic susceptibility.

cm® K mol™ for six uncoupled Dy™ ions (C = 14.18 cm® K
mol™"). Upon cooling, the yyT values for both compounds
gradually decrease from 300 to 50 K due to the depopulation of
the Stark sublevels and/or significant magnetic anisotropy
present in Dy systems. However, upon further decrease of
temperature (below 50 K), these compounds exhibit different
thermal behavior and quite significant difference from other
Dy, wheels with net toroidal magnetic moment.'?

For compound 1, after reaching a minimum of 72.98 cm® K
mol™ at 9 K, the T product starts to increase up to the
maximum of 76.97 cm® K mol™! at 2 K, indicative of the
presence of intramolecular weak ferromagnetic interactions
between Dy™ spin carriers as observed in other dysprosium
systems,”® while the T of compound 2 further decreases
rapidly to reach 48.66 cm® K mol™" at 2 K. This thermal
evolution may be ascribed to very weak antiferromagnetic
magnetic interactions between Dy ions. These behaviors are
consistent with the field dependence of the magnetization at 2
K. Magnetization (M) data for 1 and 2 were collected in the 0—
70 kOe field range below 5 K. The field dependence of M

shows that M increases smoothly with increasing applied dc
field without saturation even at 7 T, which is ascribed to the
anisotropy and the crystal-field effect.*' Both the nonsaturated
magnetization even at 7 T (Figure 6) and the nonsuperimposed
M versus H/T plot (Figure 7) indicates the presence of
significant magnetic anisotropy and/or low-lying excited states.

. . . . . . . 0 . n . . n . n
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
H/kOe H/kOe

Figure 6. Plots of M vs H at the indicated temperatures (a) for 1 and
(b) for 2.
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Figure 7. Plots of the reduced magnetization M vs H/T in the field

range of 0—70 kOe and temperature range of 1.9—5.0 K for 1 (a) and
2 (b).

The alternating current (ac) susceptibilities measurements
were performed under zero static field and a 3.0 Oe ac field
oscillating at various frequencies from 1 to 1500 Hz. Both
frequency- and temperature-dependent ac susceptibilities for 1
and 2 reveal the presence of slow relaxation of the
magnetization, typical of SMM behavior (Figures 8 and 9).
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L, 2 =2
= p = 4
0 0
2 4 6 8 10 2 4 6 8 10 12 14 16
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Figure 8. Temperature dependence of ac susceptibilities under zero
field at indicated frequencies (a) for 1 and (b) for 2.
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Figure 9. Frequency dependence of ac susceptibilities under zero field
below 10 K (a) for 1 and (b) for 2.

The energy barrier and characteristic relaxation time can be
obtained for 1 and 2 by fitting the magnetization time ()
extracted from the frequency-dependent ac susceptibility with
the Arrhenius law 7 = 7, exp(U.y/kgT), giving Uy = 12.2(1)
and 11.5(1) K, and pre-exponential factors of 7, = 5.0(1) X
107 and S.1(1) X 1079 respectively (Figure 10). These

103 o

(o]
@ Compound 1
(O Compound 2

10'5..1....1....1....1....1
0.2 0.3 0.4 0.5 0.6

T K

Figure 10. Magnetization relaxation time 7 vs T~" plots for 1 and 2.
The solid line is fitted with the Arrhenius law.

dynamic magnetic behaviors are quite similar to small relaxation
barriers and large pre-exponential factors due to the fast
relaxation rates. The slight difference is the frequency-
dependent maximum, which is expected when the frequency
equals the rate of the relaxation process taking place at a
temperature somewhat lower in case of 2, corresponding to the
reported lower U for 2.

Close inspection of the geometry of the Dy" ions in 1 and 2,
reflecting from the determination by SHAPE 2.0 software,
indicates that dysprosium(III) centers are ascribed to the
distorted dodecahedron (D,;) (Supporting Information, Table
S3). The distorted dodecahedral geometry of Dy center may
induce a larger angle between the easy axis and the idealized
tetragonal axis of the dodecahedron, therefore resulting in
greater importance of transverse anisotropy terms, thus largely
prone to quantum tunneling.22
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To further probe the structural—magnetic relationship, some
crucial parameters of the structures are listed in Supporting
Information, Table S4. It is noteworthy that both compounds
have similar Dy—O—Dy angles, but compound 2 displays the
shorter Dy—O bonds, which are induced by the electrostatic
action and bulky steric effect from the terminal counterions in
2, thus directing toward influencing the dynamical behavior.
Indeed, the electron-withdrawing groups (NO,) in 2 lead to an
increase in the Dy—Oipmnq bond lengths and a relatively
stronger chemical bonding between Dy—O linkages, which
influence the relaxation rate in the low-temperature regime
compared to 1. It is worth mentioning that the exchange
coupling usually predominates the magnetic dynamics, which is
confirmed by an example of such a paradigm shift provided by a
series of Dy, compounds.” It is evident that minor changes
occurring in the structure, such as the ones observed for Dy4K2
and Dy5 compounds,”® could produce dramatic changes in
magnetic coupling and single-ion anisotropy, thus influencing
the magnetic dynamics. However, it is indeed quite surprising
that there are no such big differences in the dynamic behavior
for compounds 1 and 2, in spite of their quite different static
magnetic behaviors shown in Figure 5.

B CONCLUSION

Herein we report two analogous hexanuclear dysprosium
wheels assembled by adopting a mixed-ligand strategy based
on two precisely divergent natured ligands with two types of
auxiliary groups. Magnetic analysis reveals that both com-
pounds show similar dynamic magnetic behaviors. However,
the differential nature of electron-density of six of the terminal
bridging ligands affects the exchange-coupling operative in
these compounds, and thus their static magnetic behaviors are
quite different. Further studies into the static and dynamic
magnetic differences induced by the introduction of different
auxiliary groups with distinct steric effect and electrostatic
actions are under way in our group.

B ASSOCIATED CONTENT

© Supporting Information

Coordination polyhedra, PXRD patterns, TGA data, FTIR
spectra, connection modes, crystallographic data tables, and
magnetism data tables. This material is available free of charge
via the Internet at http://pubs.acs.org.
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