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ABSTRACT: A series of seven-coordinate mononuclear lanthanide(III) complexes of the general formula [(TPP)Ln-

(Log)]-0.25H,0 and [(Pc)Ln(Log,) ] (Ln3+

Dy*, Tb**, Ho*', and Gd*'; TPP = 5,10,15,20-tetraphenylporphyrinate; Pc =

phthalocyaninate; Loy~ = [(7>-CsHs)Co(P(=0)(OEt),);]”) are synthesized on the basis of the tripodal ligand Log,~ and either
porphyrin or phthalocyanine ligands. All of the complexes are characterized by X-ray crystallography and by static and dynamic
magnetic measurements. The Dy and Tb complexes show the field-induced slow relaxation of magnetization, and they are
interesting seven-coordinate single-lanthanide-based SMMs. The magnetic relaxation properties of these double-decker sandwich
complexes are influenced by the local molecular symmetry and are sensitive to subtle distortions of the coordination geometry of
the paramagnetic lanthanide ions, such as metal-to-plane distances, plane center distances, and bending angles.

B INTRODUCTION

Single-molecule magnets (SMMs) that exhibit slow relaxation
of the magnetization below the blocking temperature (T;) have
attracted much interest in recent decades. This is not only
because of the scientific point of view, such as quantum
tunneling of magnetization and quantum phase interference,
but also because of their potential applications, such as high-
density magnetic storage, memory, sensors, quantum comput-
ing, and, more recently, spintronics.1 For a SMM,, it must
possess a large overall ground-state spin quantum number (S)
and a significant uniaxial magnetoanisotropy (negative zero-
field-splitting parameter, D) that cause the formation of an
energy barrier (U), preventing the reversal of the molecular
magnetization. So far, many first-row transition metal ion-based
SMMs have been reported.”* In comparison to the transition-
metal ions, lanthanide and actinide ions usually exhibit a large
ground-state spin and a strong easy-axis magnetic anisotropy
that can be used to construct SMMs containing higher effective
energy barriers.

Recently, some rare-earth SMMs have been reported.*
Among them, single rare-earth ion systems that can also exhibit
a slow relaxation of the magnetization were first observed by
Ishikawa et al. for mononuclear lanthanide complexes with
either phthalocyanine or polyoxometalate ligands.>~” For these
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SMMs, the slow relaxation of the magnetization is mainly
influenced by the interaction between the single-ion electron
density and the crystal field environment in which it is placed.®
So the crystal field is very important for constructing SMMs
with single rare-earth ions.

In our previous work, a series of seven-coordinate
mononuclear lanthanide complexes based on the chiral N,0O,
coordination mode of salen-type ligands and Kldui’s tripodal
ligand, [(7>-CsHs)Co{P(=0)(OEt),};]™ (Log, Scheme 1,
right) were synthesized to study their magnetic properties.” In
this Article, the more rigid macrocyclic tetradentate ligands
porphyrin and phthalocyanine (Scheme 1, left and middle) and
the tripodal ligand Lqg,~ are reacted with different lanthanide
ions to prepare more seven-coordinate mononuclear lanthanide
complexes, and to investigate the relationship between the
magnetic properties and the crystal field coordination environ-
ment that results from the different tetradentate ligands.
Additionally, when compared to salen-type ligands the
coordination of the rigid macrocyclic ligands with localized
electron pairs to lanthanide may generate higher uniaxial local
symmetry. In this Article, eight new seven-coordinate
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Scheme 1. Ligands Used in This Work
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mononuclear complexes of the tripodal ligand Log,~ and either
the porphyrinate or the phthalocyaninate ligand with para-
magnetic lanthanide ions are synthesized: [(Log)Dy-
(TPP)]-0.25H,0 (1), [(Log) Tb(TPP)]-0.25H,0 (2), [(Log)-
Ho(TPP)]-0.25H,0 (3), [(Log)Gd(TPP)]-0.25H,0 (4),
[(Log)Dy(Pe)] (5), [(Loe)Tb(Pc)] (6), [(Lor)Ho(Pc)]
(7), and [(Log)Gd(Pc)] (8), where TPP = $,10,15,20-
tetraphenylporphyrinate, and Pc = phthalocyaninate. In the
literature, some ytterbium(III), erbium(IIl), and neodymium-
(III) complexes of this type were prepared, and their
photophysical properties were studied.'”'" Herein, we focus
our studies on both the magnetic properties and the magneto-
structural correlation in this unique “4:3 piano stool” seven-
coordinate system. Interestingly, the Dy and Tb complexes
show field-induced slow relaxation of magnetization, and they
are interesting seven-coordinate single-lanthanide-based SMMs.

B EXPERIMENTAL SECTION

General Methods. All of the reagents were commercially available
and were used without further purification. Na[ (7°-CsH;)Co{P(=0)-
(OEt),};] (NaLgg,) was prepared according to the literature."* The
syntheses of [(Log)Y(Pc)] and dilute [(Log)Dy(Pc)] with [(Log)-
Y(Pc)] are presented in the Supporting Information. The elemental
analyses for C, H, and N were performed with a Perkin-Elmer 240C
analyzer. The melting points were determined with an X-4 digital
micro-melting-point apparatus and were uncorrected. The infrared
spectra were recorded with a Vector22 Bruker spectrophotometer with
KBr pellets in the region from 400 to 4000 cm™'. The UV—vis spectra
were obtained with a UV—3600 spectrophotometer in the region from
220 to 1300 nm. The electrospray ionization high-resolution mass
spectra (ESI-HRMS) were recorded with a QSTAR mass
spectrometer. The magnetic susceptibilities for all polycrystalline
samples were measured with a Quantum Design MPMS-SQUID-VSM
magnetometer in the temperature range from 1.8 to 300 K. The field
dependence of magnetization was measured using a Quantum Design
MPMS-SQUID-VSM system in an applied field of up to 70 kOe. The
diamagnetic corrections were calculated using Pascal’s constants,"> and
an experimental correction for the diamagnetic sample holder was
applied.

X-ray Crystallography. The crystal structures were determined
with a Siemens (Bruker) SMART CCD diffractometer using
monochromated Mo Kea radiation (1 = 0.71073 A) at 291 K. The
cell parameters were retrieved using SMART software and refined
using SAINT™ for all observed reflections. The data was collected
using a narrow-frame method with a scan width of 0.30° in @ and an
exposure time of 10 s/frame. The highly redundant data sets were
reduced using SAINT'* and corrected both for the Lorentz and
polarization effects. The absorption corrections were applied using
SADABS" supplied by Bruker. The structures were solved by direct
methods using the program SHELXL-97."° The positions of the metal
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atoms and their first coordination spheres were located from direct
method E-maps. Other nonhydrogen atoms were found in alternating
difference Fourier syntheses and least-squares refinement cycles and,
during the final cycles, refined anisotropically. Hydrogen atoms were
placed in calculated positions and refined as riding atoms with a
uniform value of Uy, The final crystallographic data and the values of
R1 and wR2 are listed in Table S1 (Supporting Information).

CCDC reference numbers 919749 (1), 919750 (2), 919 751 (3),
919752 (4), 919753 (5), 919754 (6), 919755 (7), and 919 756 (8).

Synthesis of [(Log)Dy(TPP)1-0.25H,0 (1). 5,10,15,20-Tetraphe-
nylporphyrin (24.6 mg, 0.04 mmol), NaLqg, (23.1 mg, 0.04 mmol),
and Dy(acac);2H,O (18.4 mg, 0.04 mmol) were mixed in 8 mL of
MeCN/CH;OH (1:1 v/v). The resulting mixture was stirred for about
2 h at room temperature, sealed in a 20 mL Teflon-lined stainless steel
autoclave, and held at 100 °C for 24 h. The mixture was cooled slowly
to room temperature. After the resulting solid was filtered, it was
dissolved in 6 mL of CHCl;/CH;0H (5:1 v/v) and allowed to stand
at room temperature for several days, and purple block-shaped crystals
of 1 were obtained. Yield = 25%. Mp > 300 °C. Anal. Calcd for
CgHg; sCoDYN,Oy,sPy: C, 55.71; H, 4.87; N, 4.26. Found: C, 55.92;
H, 5.05; N, 447. ESI-HRMS (positive mode, CH;OH): m/z =
131117 [M + H]*. IR (KBr, cm™): 3392(w), 2983(m), 1595(m),
1525(m), 1490(m), 1385(m), 1147(s), 1034(s), 810(s), 745(m),
585(m). UV—vis {CH,Cl,, A,.,/nm, [log (¢/dm® mol™ ecm™)]}:
223(4.79), 318(4.77), 407(4.89), 426(5.80), 559(4.54), 597(4.04).

Synthesis of [(Log)Tb(TPP)]-0.25H,0 (2). The purple block-
shaped crystals of complex 2 were obtained by following the same
procedure as that described for complex 1 except that Tb(acac);-2H,0
was used instead of Dy(acac);-2H,0. Yield = 18%. Mp > 300 °C. Anal.
Calcd for CgHg; sCoTbN,Og,P5: C, 55.87; H, 4.88; N, 4.27. Found:
C, 56.09; H, 5.11; N, 4.56. ESI-HRMS (positive mode, CH;OH): m/z
= 1307.17 [M + H]*. IR (KBr, cm™): 3398(w), 2977(m), 1635(m),
1602(m), 1474(m), 1384(m), 1135(s), 1037(s), 816(m), 735(m),
582(m). UV—vis {CH,Cl,, 1,./nm, [log (¢/dm® mol™ ecm™)]}:
221(4.81), 319(4.46), 407(4.89), 426(5.80), 559(4.53), 598(4.03).

Synthesis of [(Log)Ho(TPP)]-0.25H,0 (3). The purple block-
shaped crystals of complex 3 were obtained by following the same
procedure as that described for complex 1 except that Ho-
(acac);2H,0 was used instead of Dyf(acac);-2H,0. Yield = 22%.
Mp > 300 °C. Anal. Calcd for Cy4Hg; sCoHoN,Og,sP5: C, 55.61; H,
4.86; N, 4.25. Found: C, 55.81; H, 5.09; N, 4.43. ESI-HRMS (positive
mode, CH;0H): m/z = 1313.25 [M + H]*. IR (KBr, cm™): 3396(w),
2973(m), 2360(m), 1593(m), 1474(m), 1395(m), 1133(s), 1041(s),
836(m), 749(m), 580(m). UV—vis {CH,Cl,, A,,/nm, [log (&/dm’
mol™" ecm™!)]}: 221(4.80), 319(4.50), 406(4.92), 427(5.79),
559(4.58), 598(4.05).

Synthesis of [(Log)Gd(TPP)]-0.25H,0 (4). The purple block-
shaped crystals of complex 4 were obtained by following the same
procedure as that described for complex 1 except that Gd-
(acac);2H,0 was used instead of Dy(acac);2H,0. Yield = 19%.
Mp > 300 °C. Anal. Caled for CgHg sCoGdN,Oq,sP5: C, 55.94; H,
4.89; N, 4.28. Found: C, 56.11; H, 5.15; N, 4.58. ESI-HRMS (positive
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Figure 1. (a) Crystal structure of complexes 1—4. Hydrogen atoms and solvent molecules are omitted for clarity. Ln, green (Ln = Dy for 1, Tb for 2,
Ho for 3, Gd for 4); Co, yellow; N, blue; P, purple; O, red; and C, gray. (b) Local coordination geometry of Ln(III) ion (Ln = Dy for 1, Tb for 2, Ho
for 3, Gd for 4). d, and d, represent the distance from Ln to either the center of the O plane (03, 06, 09) or the N, plane (N1, N2, N3, N4),

respectively. « is the bending angle of center—Ln—center.

mode, CH;OH): m/z = 1306.17 [M + H]*. IR (KBr, cm™"): 3395(w),
2975(m), 1637(m), 1598(m), 1491(m), 1383(m), 1125(s), 1050(s),
832(m), 735(m), 590(m). UV—vis {CH,ClL,, A,,/nm, [log (&/dm?
mol™" em™)]}: 222(4.69), 319(4.47), 407(4.89), 426(5.78),
559(4.54), 598(4.07).

Synthesis of [(Log)Dy(Pc)] (5). Phthalocyanine (20.6 mg, 0.04
mmol), NaLgg, (23.1 mg, 0.04 mmol), and Dy(acac);-2H,0 (18.4 mg,
0.04 mmol) were mixed in 8 mL of MeCN/CH;0H (1:1 v/v). The
resulting mixture was stirred for about 2 h at room temperature, sealed
in a 20 mL Teflon-lined stainless steel autoclave, and held at 100 °C
for 24 h. The mixture was cooled slowly to room temperature. After
the resulting solid was filtered, it was dissolved in 6 mL of CHCl;/
CH;0H (5:1 v/v) and allowed to stand at room temperature for
several days, and blue block-shaped crystals of 5§ were obtained. Yield =
30%. Mp > 300 °C. Anal. Calcd for CyoH;,CoDyNgOgP;: C, 48.63; H,
425; N, 9.26. Found: C, 48.89; H, 4.39; N, 9.53. ESLHRMS (positive
mode, CH;OH): m/z = 1212.08 [M + H]*. IR (KBr, cm™): 3389(m),
2973(m), 1605(m), 1480(s), 1401(m), 1328(s), 1159(s), 1050(m),
927(s), 839(m), 725(m), 586(s). UV—vis {CH,Cl,, 4,,,,/nm, [log (&/
dm?® mol™" ecm™)]}: 243(5.01), 343(5.00), 606(4.74), 642(4.70),
671(5.56).

Synthesis of [(Log)Tb(Pc)] (6). The blue block-shaped crystals of
complex 6 were obtained by following the same procedure as that
described for complex S except that Tb(acac);-2H,O was used instead
of Dy(acac);2H,0. Yield = 28%. Mp > 300 °C. Anal. Calcd for
C4oH,,CoTbN,O,P5: C, 48.77; H, 4.26; N, 9.29. Found: C, 48.99; H,
4.55; N, 9.51. ESI-HRMS (positive mode, CH;OH): m/z = 1207.25
[M + H]* IR (KBr, cm™"): 3400(m), 2973(m), 1608(m), 1479(s),
1451(m), 1328(s), 1159(s), 1058(m), 929(s), 839(m), 729(m),
588(s). UV—vis {CH,Cl,, A,./nm, [log (¢/dm*® mol™" em™)]}:
244(5.05), 344(5.04), 606(4.78), 643(4.73), 671(5.59).

Synthesis of [(Log)HO(Pc)] (7). The blue block-shaped crystals of
complex 7 were obtained by following the same procedure as
described for complex 5 except that Ho(acac);-2H,O was used instead
of Dy(acac);2H,0. Yield = 28%. Mp > 300 °C. Anal. Calcd for
CoHs;CoHoNgO,Py: C, 48.53; H, 4.24; N, 9.24. Found: C, 48.74; H,
4.50; N, 9.49. ESI-HRMS (positive mode, CH;OH): m/z = 1213.2§
[M + H]* IR (KBr, cm™): 3416(m), 2973(m), 1606(m), 1480(s),
1453(m), 1328(s), 1159(s), 1059(m), 929(s), 839(m), 730(m),
588(s). UV—vis {CH,Cl,, A,./nm, [log (¢/dm*® mol™' em™)]}:
243(5.07), 344(5.06), 606(4.81), 642(4.76), 671(5.62).

Synthesis of [(Log)Gd(Pc)] (8). The blue block-shaped crystals of
complex 8 were obtained by following the same procedure as that
described for complex 5 except that Gd(acac);2H,0 was used instead
of Dy(acac);2H,0. Yield = 23%. Mp > 300 °C. Anal. Calcd for
C4oHs;CoGANGO4P;: C, 48.84; H, 4.27; N, 9.30. Found: C, 49.03; H,

6409

4.44; N, 9.58. ESI-HRMS (positive mode, CH;OH): m/z = 1206.2S
[M + H]*. IR (KBr, cm™): 3410(m), 2973(m), 1606(m), 1478(s),
1451(m), 1328(s), 1159(s), 1080(m), 928(s), 839(m), 728(s), 587(s).
UV—vis {CH,Cl,, A,./nm, [log (¢/dm?® mol™ ecm™)]}: 243(5.04),
344(5.01), 606(4.73), 642(4.70), 671(5.53).

B RESULTS AND DISCUSSION

All of the complexes were successfully and efficiently isolated by
the reaction of equimolar amounts of the tripodal ligand Ly,
the porphyrinate (or phthalocyaninate) ligand, and lanthanide
acetylacetonates. Suitable single crystals for X-ray diffraction
analysis were obtained by the slow evaporation of the solution
of these complexes in methanol and chloroform. The electronic
absorption spectra of the porphyrinate or phthalocyaninate
complexes in solution are almost identical (Figures S1 and S2,
Supporting Information). For complexes 1—4, the absorption
bands at around 426, 559, and 597 nm can be assigned to the
intraligand 7—n* transitions of the porphyrinate ligand,
whereas complexes 5—8 also show typical feature of
phthalocyaninate metal complexes with a strong Q band at
671 Jm and two additional weak bands at around 606 and 643
nm.

Structural Description. Complexes 1—4 crystallize in the
C2/c space group, and their structures are similar to those
previously reported in the literature.'’ Selected bond lengths
and bond angles are given in Table S2 (Supporting
Information). The lanthanide(III) ions (Ln = Dy for 1, Tb
for 2, Ho for 3, Gd for 4) are seven-coordinate and are
surrounded by four N atoms of the porphyrinate dianion and
three O atoms from the anionic tripodal ligand Lyg,~ (Figure
la). The coordination geometry of the Ln(III) ions can be
described as a 4:3 piano stool,’” with three O atoms of the
tripodal ligand forming the triangular plane and the porphyrin
occupying the square base (Figure 1b). The Ln—N bond length
ranges from 2.396(4) to 2.407(4) A for 1, 2.396(4) to 2.409(5)
A for 2,2.393(5) to 2.410(5) A for 3, and 2.393(4) to 2.417(5)
A for 4, whereas the Ln—O bond length ranges from 2.298(4)
to 2.339(4) A for 1, 2.294(4) to 2.330(4) A for 2, 2.306(4) to
2.332(4) A for 3, and 2.292(4) to 2.336(4) A for 4. The
distances of the Ln*" ions from the porphyrin plane (N1, N2,
N3, N4) center are 1.218 A for 1, 1.229 A for 2, 1.223 A for 3,
and 1.233 A for 4, which are closer than those of the triangular

dx.doi.org/10.1021/ic400245n | Inorg. Chem. 2013, 52, 6407—6416
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Figure 2. (a) Crystal structure of complexes 5—8. Hydrogen atoms are omitted for clarity. Ln, green (Ln = Dy for S, Tb for 6, Ho for 7, Gd for 8);
Co, yellow; N, blue; P, purple; O, red; and C, gray. (b) Local coordination geometry of Ln(III) ion (Ln = Dy for 5, Tb for 6, Ho for 7, Gd for 8).
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Figure 3. (a) Temperature dependence of the y,,T values for complexes 1—3 with an applied field of 100 Oe. (b) Temperature dependence of the

xmT values for complexes 5—7 with an applied field of 100 Oe.

plane (03, 06, 09) center (1.585 A for 1, 1.587 A for 2, 1.584
A for 3, and 1.592 A for 4). Furthermore, the tripodal ligand O;
plane and the porphyrin N, plane are almost parallel to one
another with a dihedral angle of 2.83° for 1, 2.93° for 2, 2.87°
for 3, and 2.73° for 4, and the bending angles, defined as the
center—Ln—center, are 176.57° for 1, 176.42° for 2, 176.65° for
3, and 176.34° for 4. There is no significant intermolecular
interaction (as shown in Figure S3 for the packing diagram,
Supporting Information). The shortest intermolecular Ln**—
Ln>* distance is 10.097 A for 1, 10.114 A for 2, 10.088 A for 3,
and 10.135 A for 4.

Complexes 5—8 also show similar double-decker sandwich
crystal structures to those of 1—4. Selected bond lengths and
bond angles are given in Table S3 (Supporting Information).
As shown in Figure 2a, the lanthanide(1II) ions (Ln = Dy for 5,
Tb for 6, Ho for 7, Gd for 8) are seven-coordinate, and the
coordination geometry of the Ln(III) ions can also be described
as a 4:3 piano stool, with the triangular plane from three O
atoms of the tripodal ligand and the square base from four N
atoms of the phthalocyaninate ligand (Figure 2b). The average
Ln—N distances (2.378 A for §, 2.391 A for 6, 2.372 A for 7,
and 2.378 A for 8) are also longer than the average Ln—O
distances (2.257 A for 5,2.271 A for 6,2.252 A for 7, and 2.261
A for 8), reflecting the higher affinity of the Ln*" ions for the O
atoms over the N atoms. The distance from the Ln* ion to the
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mean plane center of the O; plane and the N, plane is 1.503
and 1.317 A for 5, 1.522 and 1.338 A for 6, 1.496 and 1.295 A
for 7, and 1.510 and 1.312 A for 8, respectively. The dihedral
angles between the triangular and square planes are 7.20° for §,
7.48° for 6, 7.13° for 7, and 7.34° for 8, whereas the bending
angles are 173.64° for 5, 173.88° for 6, 174.20° for 7, and
174.15° for 8. The packing diagram is shown in Figure S4
(Supporting Information). The shortest intermolecular distance
between Ln**—Ln>" ions is 9.918 A for §, 9.908 A for 6,9.897 A
for 7, and 9.973 A for 8.

Static Magnetic Properties. The direct current (dc)
magnetic measurements were performed on polycrystalline
samples for all of the complexes in the range of 1.8 to 300 K
under an external field of 100 Oe. No detailed discussions on
complexes 4 and 8 with Gd(III) ion are made because they are
within the normal values of S = 7/, (half-filled f orbital) for a
mononuclear complex. At 300 K, the yT values are 13.33,
11.70, and 13.57 cm® K mol™ for 1, 2, and 3, respectively. They
are slightly smaller than the expected paramagnetic values of
14.17, 11.82, and 14.07 cm® K mol™" for Dy(Ill) (°Hys),, S =
S/ZJL:57]= 15/2)g=4/3)1 Th(III) (7F6; §=3,L=3,]=6,g=
*/,), and Ho(Ill) (°I, S=2,L =6,] = 8, g ="°/,) (Figure 3a).
At the same temperature, the observed yyT values are 13.72,
11.77, and 13.68 cm® K mol™ for 5, 6, and 7, respectively. They
are close to those of 1-3 (Figure 3b). On cooling, each yuT

dx.doi.org/10.1021/ic400245n | Inorg. Chem. 2013, 52, 6407—6416
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Figure 4. (a) Plots of magnetization upon the application of a magnetic field from 0 to 7 T at 1.8 K for complexes 1—3. (b) Plots of magnetization
upon the application of a magnetic field from 0 to 7 T at 1.8 K for complexes 5—7.

value gradually decreases from 300 to 1.8 K, which may be
ascribed to the progressive depopulation of the Stark level split
by the ligand field."®'® In contrast, the y,T values slowly reach
a corresponding minimum of 9.28 cm® K mol™" for 2 at 12.0 K
and 9.34 cm® K mol™" for 6 at 14.0 K and then slightly increase
to 9.61 and 9.68 cm® K mol™" at 1.8 K, respectively. The
unusual small upturn observed at the low temperature may be
due to the weak intermolecular dipolar interations.*

The magnetizations of complexes 1—3 and 5—7 from a zero
dc field to 70 kOe at 1.8 K are shown in Figure 4a,b. For 1-3,
the magnetization increases rapidly at low field and then slowly
reaches values of 5.76, 4.83, and 5.42 N at 70 kOe for 1, 2, and
3, respectively. They are lower than the theoretical values of 10
Np for Dy and Ho and 9 Njf for Tb. In contrast, the
magnetization reaches values of 5.80 NJ for §, 4.23 NJ for 6,
and 5.51 Nf for 7 at 70 kOe, which also deviates from the
theoretical saturation values. These maximum values are smaller
than the expected saturation values and can be attributed to the
ligand-field-induced splitting of the Stark level as well as
magnetic anisotropy with a lower effective spin.*'

Dynamic Magnetic Properties. The investigation of the
slow magnetization of relaxation was carried out via alternating
current (ac) susceptibility measurements. At zero external field,
no out-of-phase signal (y”) for the ac susceptibilities are
observed at frequencies of up to 999 Hz and at temperatures
down to 1.8 K for all of the complexes. Under an intermediate
dc field (2 kOe), only 1, 2, 5, and 6 show obvious y”
susceptibility signals above 1.8 K, suggesting the presence of an
activated relaxation process. However, Ho and Gd complexes in
both porphyrin and phthalocyanine systems do not show
observable y” signals under a 2 kOe dc field. The reason is that
Gd(III) has half-filled f7 shells with a ground state
configuration that is expected to be isotropic, whereas Ho
complexes 3 and 7 belong to a non-Kramers’ system with even
numbers of 4f electrons and have a nondegenerate ground state
with large energy gaps between the ground state and the lowest
excited state. Compared to the Ho and Gd complexes, the Dy
and Tb complexes lie in the larger and specific anisotropy of
single Dy(II) and Tb(IIl) ions (Kramers' and non-Kramers’,
respectively), leading to a large effect of ligand-field potential
on the magnetization of relaxation-quenching quantum
tunneling of the magnetization (QTM) through the spin-
reversal barrier upon application of a static field.*** The energy
barrier (A/kg), based on the Arrhenius law, for complexes 1, 2,
S, and 6 is summarized in Table 1.

Dynamic Magnetic Properties of Dy Complexes 1 and 5.
For complex 1, the temperature dependence of both the in-
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Table 1. Summary of the Average Ln—N and Ln—O Bond
Distances, Ln-to-Plane Center Distances, Plane Center
Distances, Dihedral Angles between Different Planes,
Bending Angles, and the Energy Barrier for Complexes 1, 2,
S, and 6

1(Dy) 2(Tb) 5 (Dy) 6 (Tb)
average Ln—N bond distance (A)  2.402 2.403 2.378 2.391
average Ln—O bond distance (A) 2314 2312 2257 2271
Ln to O; plane center distance 1.585 1.587 1.503 1.522
(dy, A)
Ln to N, plane center distance 1.218 1.229 1.317 1.338
2
distance between O;—N, plane 2.802 2.814 2.816 2.856
centers (I, A)
dihedral angle between O;—N, 2.83 2.93 7.20 7.48
planes (¢, deg)
bending angle (@, deg) 176.57 17642  173.64  173.88
Ad® =1d, — dy) (A) 0367 0358 0186  0.184
A/ky? (K) 8.5 164 23.6 19.0

“The difference in the distance between the Ln* ion to two plane
centers. bEnergy barrier based on the Arrhenius law [z = 7, exp(A/
ksT)].

phase (') and out-of-phase (") signals is observed at a static
field of 2 kOe (Figure Sa). Below 3.5 K, the peaks of the y”
signal can be found at frequencies higher than 400 Hz, and the
relaxation followed a thermally activated mechanism affording
an energy barrier (A/kg) of 8.5 K, with a pre-exponential factor
7o of 6.3 X 107 s based on the Arrhenius law [z = 7, exp(A/
ksT)] (R = 0.9953) (Figure Sb), where T is the temperature of
the maximum y” at different frequencies and 7 = 1/(270) (v is
the frequency).”>~>> The Cole—Cole plots on the basis of
frequency-dependent ac susceptibilities are illustrated in Figures
SS and S6 (Supporting Information) for the observation of the
magnetic relaxation process. They show a well-shaped arc,
suggesting a distribution of single relaxation processes that is
due to one kind of coordination environment around the
lanthanide ion in the molecule. The irregularity at low
temperatures can be ascribed to the stronger quantum
tunneling effects. >

For complex §, the maximum peaks of the y” signal can be
found above 64 Hz in the temperature range of 2.0 to 4.0 K
(Figure 6a). The Arrhenius law fit of the magnetization—
relaxation parameter based on temperature-dependent ac
susceptibilities afford an energy barrier of 23.6 K with a
relaxation time of 1.4 X 1077 s (R = 0.9965) (Figure 6b).

The frequency-dependent ac susceptibilities were measured
under a 2 kOe dc field for § in the temperature range of 2.0 to
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3.5 K (Figure S7, Supporting Information). The maximum peak
of y” exhibits a gradual shift toward the low-frequency region as
the temperature is decreased. Similar to that of complex 1, this
irregularity is also observed in the Cole—Cole plots (Figure S8,
Supporting Information), and the attempt to fit the data by the
modified Debye model*® is unreasonable because of the
stronger quantum tunneling effects at lower temperatures.
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The dynamic magnetic behaviors for SMMs containing single
rare-earth metal ions are closely related to the differences
between the coordination environments of the central metal
ions. As summarized in Table 1, the following parameters are
used to evaluate the effect of a lowered symmetrical ligand field
on the anisotropy of lanthanide ions in single-ion molecular
magnets: metal-to-plane distances (d;, d,, Ad), plane center
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distances (I), dihedral angles between different planes (¢), and
bending angles (a). For 1, the distances between Dy’* to the
two plane centers are 1.585 and 1.218 A, giving a distance
difference (Ad) of 0.367 A, whereas the related Ad value is
0.186 A for complex 5. Thus, the effect of the ligand field on
the lanthanide ions is different between 1 and S. Additionally,
the bending angle is 176.57° for 1, which is larger than that for
5 (173.64°), and the distance between the tripodal ligand O,
plane center and the porphyrin N, plane center is shorter than
that of the O; plane center and the phthalocyanine N, plane
center. Indeed, the slow magnetic relaxation is affected by the
local molecular symmetry and is sensitive to subtle distortions
of the coordination geometry of the 4f ions.”® The energy
barrier for 1 (8.5 K) is lower than that for 5 (23.6 K).
Compared to a similar seven-coordinate mononuclear Dy
complex with a salen-type ligand (Dy-salen),’ the energy barrier
for complex § is obviously increased (13.3 K for Dy-salen),
suggesting that the rigid macrocyclic phthalocyaninate ligand
generates higher local symmetry than the salen-type ligand,
whereas the reversal energy barriers of 1 and § are lower in
comparison to the eight-coordinate mononuclear double-
decker [DyPc,]”. The n’tripodal ligand (Log~) in our
sandwich-type system is the weaker ligand compared to Pc*,
and the magnetic relaxation process may be influenced by the
weakened strength of the ligand field because of the decreased
coordination number and crystal field symmetry.
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To reduce the dipole—dipole interaction between magnetic
centers, magnetic measurements on samples in which complex
5 was diluted by the isostructural Y** analogue in a molar ratio
of 1:10 (Supporting Information) were performed. For the
diluted samples, the temperature dependence of the ac
magnetic susceptibilities at Hy, = 0 (Figure S9, Supporting
Information) and at 2 kOe (Figure 7a) was recorded. Under a
zero dc field, weak peaks can be observed in y” with a
maximum located at around 3.0 K above 111 Hz. However, the
susceptibilities still increase with decreasing temperature, which
suggests that quantum tunneling acts on the relaxation process
in the low-temperature region.””** When a field of 2 kOe is
applied, the quantum tunneling of the magnetization is
suppressed and the peaks of the y” signal can be observed at
frequencies as low as 64 Hz. The energy barrier obtained by
modeling the behavior with the Arrhenius law is 27.7 K, with a
relaxation time of 3.7 X 107% s (R = 0.9959) (Figure 7b).

The Cole—Cole plots, based on the frequency-dependent ac
susceptibilities from 2.0 to 3.5 K, show semicircular shapes, and
the data are fitted to a generalized Debye®" model, leading to
values of a in the range of 0.11 to 0.23 (Figures S10 and S11,
Supporting Information). Remarkably, the magnetic dynamic
studies of complex $ diluted in diamagnetic Y analogue indicate
that the dipole—dipole interaction between the Dy’" sites is
remarkably weakened and that the quantum tunneling effects
are suppressed at lower temperatures.*”
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Dynamic Magnetic Properties of Tb Complexes 2 and 6.
The clear y” signals for 2 can be found at frequencies higher
than 64 Hz in the temperature range of 3.0 to 8.0 K (Figure
8a), whereas the maximum peak of the y” signal for 6 is
observed in the temperature range of 3.0 to 12.0 K (Figure 9a).
A corresponding Arrhenius law fit of the data gives an energy
barrier of 16.4 K and a relaxation time of 1.0 X 10™° s for 2 (R =
0.9987) (Figure 8b) and an energy barrier of 19.0 K and a
relaxation time of 1.7 X 107 s for 6 (R = 0.9979) (Figure 9b).

The frequency-dependent ac susceptibilities were also
measured for 2 and 6 with various ac frequencies at Hy. = 2
kOe (Figures 10a and 11a). For complex 2, the Cole—Cole
plots show semicircular shapes for temperatures higher than 4.0
K (Figure 10b). The data can be fit to a generalized Debye
model, and the & parameter is in the range from 0.03 to 0.10 (&
= 0 for an ideal Debye model with a single relaxation time).
When the system enters the quantum regime (below 4.0 K), a
slight asymmetry in the Cole—Cole plots appears, which
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indicates a narrow width of the distribution in this single
relaxation process.””>

The semicircular shapes of the Cole—Cole plots for 6 are also
observed from 4.0 to 12.0 K (Figure 11b), and the a parameter,
fit to a generalized Debye model, is in the range of 0.03 to 0.10,
also indicating that the relaxation followed a thermally activated
mechanism above 4.0 K with only a single magnetic relaxation
process.

The ligand-field effect is a key factor in the slowly relaxing
magnetic behavior in lanthanide-based complexes, which is
confirmed by the differences in slow relaxation observed for 1
(with porphyrin) and § (with phthalocyanine). However, the
difference between 2 and 6 is not so obvious, which may be
attributed to the nature of the Dy and Tb ions. Complexes 1
and 2 are isomorphous, as are complexes 5 and 6. The
structural difference between 1 and § is almost the same as that
between 2 and 6 (Table 1). In our previous work, the magnetic
relaxation dynamics of a mononuclear Tb complex with a salen-
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type ligand (Tb-salen) were not observed, even under an
intermediate dc field (2 kOe).” In contrast, both Tb complexes
in the porphyrin and the phthalocyanine systems show field-
induced slow magnetic relaxation at a higher temperature range,
mainly resulting from the characteristic ligand-field splitting
pattern of the J = 6 ground multiplet of the Tb(III) jon with a
4f® electronic configuration. This is consistent with that of other
Tb—Pc sandwich complexes.***™¢ The lower reversal energy
barriers and blocking temperatures for 2 and 6 when compared
to those for [TbPc,]™ may also be related to the strength of the
ligand field. Additionally, the three donor O atoms of the
tripodal ligand do not match the extending direction of f
electron orbitals, such as f,,>_) and f,j,. Therefore, the effect of
the ligand field that leads to a strengthening of the anisotropy
of the Tb(III) ion is smaller in 2 and 6 than that of [TbPc,]".
Further structural and magnetic information about more
complexes of this type is necessary for us to understand the
correlation between magnetic properties and the crystal field
coordination environment.

B CONCLUSIONS

A series of new seven-coordinate paramagnetic lanthanide
complexes based the Kliui’s tripodal ligand and the porphyrin
(or phthalocyanine) ligand have been successfully synthesized.
All of the complexes are characterized by X-ray crystallography
and show similar double-decker sandwich structures. Magnetic
measurements revealed that the Dy and Tb complexes exhibit a
field-induced slow relaxation of magnetization and are seven-
coordinate single lanthanide-based SMMs. The eftect of doping
on the magnetic relaxation of the Log-Dy(Y)-Pc complex
indicates that the dipole—dipole interaction and quantum
tunneling effects are remarkably suppressed. The results
confirm that the magnetic relaxation properties of these
double-decker sandwich complexes are affected by the local
molecular symmetry and are very sensitive to tiny distortions in
the coordination geometry of the paramagnetic lanthanide ions.
In future work, we aim to synthesize more complexes of this
type and to tune the dynamics of magnetization in single-
lanthanide-based SMMs by controlling the single-ion aniso-
tropy and/or the crystal field environment.
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