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16744 p-diketone co-ligand: structures, fluorescence
properties, magnetic refrigeration and
single-molecule magnet behavior}

’ '.) Check for updates ‘

Wen-Min Wang,*® Li-Yuan He,? Xin-Xin Wang,? Ying Shi,? Zhi-Lei Wu & ** and
Jian-Zhong Cui (& *°

Herein, ten new linear-shaped Ln}' and Ln!' clusters, with the formula [Lna(acac)sLo(CH30)o(CHzOH).4l-
XCH3zOH (Ln = Nd (1), Sm (2), Eu (3), Gd (4), Tb (5), Dy (6), and Tm (8), Hacac = acetylacetone),
[Lng(acac)4L4(CH30)gl- xCH3zOH (Er (7) and Yb (9)), and [Lug(acac)sL,(OH),]-2CH,Cl, (10), based on a poly-
dentate Schiff base ligand, H,L, and a B-diketone co-ligand were successfully synthesized and structurally
characterized. Single crystal X-ray diffraction measurements reveal that the structures of the clusters 1-6,
8 and 10 are very similar and their central Ln(i) ions are linearly arranged Lny; however, the clusters 7 and
9 possess a rare linearly arranged Lng. The investigations on the solid-state fluorescence properties show
that the clusters 2, 3, 5 and 6 display the characteristic lanthanum luminescence at room temperature.
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Magnetic studies reveal that weak antiferromagnetic interactions exist between adjacent Gd(m) ions in
cluster 4. More importantly, the cluster 4 exhibits significant MCE with the maximum —AS,,, value of 27.96 J
kg™ K™t at 2.0 K and 7.0 T, whereas the cluster 6 displays a slow magnetic relaxation behavior under a zero
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Introduction

Lanthanide polynuclear clusters have been of unabated inter-
est in single-molecule magnets (SMMs), magnetocaloric
effects, luminescence materials and catalysis studies during
recent years."™ Among the studies of lanthanide polynuclear
clusters, the investigation of Ln(m)-based clusters with single-
molecule-magnet (SMM) behavior and magnetocaloric effects
has attracted significant attention and great interest.” At the
macro level, a compound usually showing a slow magnetic
relaxation behavior is called a single-molecule-magnet
(SMM).® Ever since the first double-decker mononuclear sand-
wich-type Ln(m)-based SMM [Pc,Ln]"-TBA" (Ln = Tb, Dy; Pc =
dianion of phthalocyanine; and TBA" = N(C,H,),") has been
reported by Naoto Ishikawa group in 2003,” a large number of
rare-earth SMMs have been reported in the literature.® With
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dc field with the effective energy barrier AE/kg = 8.64 K and 7o = 6.98 x 107 % s.

the rapid development of knowledge for coordination chem-
istry and magneto-chemical properties during these years,
lanthanide ions, especially Dy(u) and Tb(m) ions with a large
ground-state spin and a significant magnetic anisotropy, have
been widely regarded as optimal candidates for the design and
construction of SMMs in a number of studies in the literature.’
In these reported studies, it appears that polynuclear Ln(m)-
based clusters are more competitive and focused due to their
fascinating structures and outstanding magnetic behaviors.'®
Tang and Tong’s group has conducted pioneering and preemi-
nent studies on lanthanide cluster SMMs.'' Furthermore, as
one of the hot spots of material chemistry, magnetic cooling
technology is based on the magnetocaloric effect (MCE),
which is highly desirable and being actively pursued due to
the anticipated compactness, environmental benignness and
energy efficiency."”” Owing to their potential applications, the
magnetic cooling technology may be of use in daily-life such
as in fridges and air-conditioners. Magnetic refrigeration
materials with large magnetocaloric effects may replace the
increasingly rare and expensive helium-3 as a coolant.”® In
general, an excellent magnetic cooler should possess the fea-
tures of negligible magnetic anisotropy, a large spin ground
state, S, and high magnetic density."* Hence, Gd-containing

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 The structures of H,L (left) and Hacac (right).

compounds with small ligands are promising candidates, and
a number of Gd(m)-based clusters with outstanding magnetic
refrigeration properties have been reported over the past
decade.” It should be pointed out that Zheng and Long’s
group has conducted good work on the magnetic refrigeration
aspect of Gd(m)-based clusters.'® These studies develop and
promote the design and synthesis of lanthanide-based clus-
ters; moreover, they also inspire the scientific researchers to
explore the outstanding and excellent magnetic properties of
lanthanide-based clusters.

Through the above mentioned studies, it is concluded that
because of their notable and fascinating molecular topologies,
polynuclear lanthanide-based clusters, especially, the Ln, and

Ln, clusters, such as the [2 x 2] square grid Ln" clusters,"”

linear shaped Ln!' clusters,'® butterfly-shaped (or rhombus-

shaped) Ln!" clusters, triangle-based pyramid Ln!" clusters,*
zigzag Ln!' clusters,” Y-shaped Lni' clusters,” propeller-
shaped Lnl" clusters,”® and planar triangular Dy; + Dy; clus-
ters,”* exhibit excellent magnetic properties. Recognizing
the interesting molecular structures and intriguing magnetic
properties of polynuclear lanthanide(m)-based compounds,
we herein report a series of approximate linear-shaped
lanthanide tetranuclear and hexanuclear clusters,
[Lngy(acac)sL,(CH30),(CH;0H),]-xCH;OH (Ln = Nd (1),
Sm (2), Eu (3), Gd (4), Tb (5), Dy (6), and Tm (8)),
[Lng(acac),L4(CH;30)6]-xCH;0H (Er (7) and Yb (9)), and
[Lug(acac)sL,(OH),]-2CH,Cl, (10), which were constructed by
the multidentate Schiff base ligand (H,L) and Ln(acac);-2H,O
via the solvothermal method (Scheme 1). Magnetic studies
reveal that cluster 4 exhibits significant MCE with the
maximum —AS,, value of 27.96 J kg™" K™ (T'=2.0 K and AH =
7.0 T), while cluster 6 shows a slow SMM behavior under zero
dc field with AE/kg = 8.64 K and 7, = 6.98 x 10~ ° s.

Experimental
Materials and methods

Herein, the common solvents and chemicals used for the
syntheses were of reagent grade and used without further puri-
fication. The multidentate Schiff base ligand H,L was syn-
thesized according to the previously reported method
(Scheme 2).*> The ten B-diketone salts Ln(acac);2H,O (Ln =
Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb and Lu) were synthesized
according to the method reported in the literature.>

Synthesis of 2-picolinyl hydrazide. A methanolic solution
(10 mL) of hydrazine hydrate (5 mL) was added dropwise to a
stirred solution of methyl picolinate (25 mmol) in methanol

This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Detailed outline of the synthesis of the ligand (H,L).

(30 mL) at room temperature. Then, the reaction mixture was
heated under reflux at 70 °C for 4 h. It was then cooled to
room temperature, and lots of white precipitates were
obtained; the precipitates were filtered and washed with a
small amount of cold methanol. The products were then dried
under vacuum for 12 h. Yield = 3.05 g (89%). Anal. caled for
CeH,N;0 (Fy = 137.14): C, 52.50; H, 5.10; N, 30.63. Found: C,
52.53; H, 5.08; N 30.67.

Synthesis of H,L. A mixture of 2,3-dihydroxybenzaldehyde
(15.0 mmol) and 2-picolinyl hydrazide (15.0 mmol) in 50 mL
of methanol was refluxed for 6 h, and lots of white precipitates
were produced. Then, the precipitates were filtered and dried
under vacuum for 48 h to give ligand H,L. Yield: 2.43 g (63%).
Elemental analysis (%) caled for C;3H;(N3O3 (Fw = 257.26):
C, 60.64; H, 3.89; N, 16.33. Found: C, 60.68; H, 3.93; N, 16.29.
IR (KBr, cm™', Fig. S1 in ESIt): 3298(m), 3016(w), 2946(w),
2904(w), 2834(w), 1634(s), 1584(w), 1522(w), 1471(m), 1456(m),
1420(w), 1371(w), 1333(w), 1251(s), 1204(w), 1167(w), 1120(m),
1095(w), 1077(s), 1051(w), 980(m), 950(m), 923(m), 834(m),
780(m), 731(s).

Synthesis of clusters 1-10. The procedure for the synthesis
of clusters 1-10 was very similar (Scheme 3). Ln(acac);-2H,0
(0.03 mmol) was added to a solution of H,L (0.03 mmol) in
12 mL of CH30H/CH,Cl, (v/v = 3:1), and then the mixture was
stirred for 30 min at room temperature. Whereafter, the
mixture was sealed and packed in a 20 ml glass sample vase,
which was heated at 80 °C for 3 days under autogenous
pressure. Then, white block crystals of 1-10 suitable for X-ray
crystallography were obtained.

[Nd4(acac)sL,(CH30),(CH30H),]-2CH3;0H  (1). Yield: 58%
(based on Nd salt). Elemental analysis (%) caled for
CesHogNO,5Nd, (Fyw = 2000.46): C, 39.59; H, 4.90; N, 4.20.
Found: C, 39.63; H, 4.85; N, 4.26. IR (KBr, cm™', Fig. S1%):
3065(w), 1557(m), 1521(s), 1465(w), 1433(s), 1367(w), 1346(s),
1252(s), 1215(s), 1165(w), 1088(w), 1020(s), 912(m), 867(s),
796(w), 749(s), 686(m).

[Smy(acac)sL,(CH30),(CH30H),]-2CH;0H  (2). Yield: 58%
(based on Sm salt). Elemental analysis (%) caled for
CeaHooNeO,6Sm, (F,, = 1960.81): C, 39.17; H, 4.59; N, 4.28.
Found: C, 39.23; H, 4.64; N, 4.21. IR (KBr, cm™', Fig. S1%):
3632(w), 3069(w), 1581(m), 1560(m), 1506(s), 1429(s), 1375(s),
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Scheme 3 Synthesis of the clusters 1-10.

1359(s), 1249(s), 1207(s), 1177(w), 1093(w), 1051(w), 1009(s),
917(s), 862(s), 753(s), 694(s).

[Euy(acac)sLy(CH30),(CH30H),]-2CH3;0H  (3).  Yield: 58%
(based on Eu salt). Elemental analysis (%) caled for
CeaHooNeOoeEu, (F,, = 1967.25): C, 39.04; H, 4.57; N, 4.27.
Found: C, 39.10; H, 4.61; N, 4.23. IR (KBr, cm™', Fig. S17):
3586(w), 3048(w), 2921(w), 1581(m), 1551(m), 1514(s), 1429(s),
1378(m), 1341(s), 1256(s), 1207(s), 1168(w), 1089(w), 1047(w),
1013(s), 921(s), 862(s), 786(w), 740(s), 689(m).

[Gd,(acac)sLo(CH30),(CH;0H),] (4). Yield: 58% (based on
Gd salt). Elemental analysis (%) caled for CgyHg,NeO,,Gd,
(Fy = 1924.33): C, 39.91; H, 4.26; N, 4.37. Found: C, 39.88; H,
4.31; N, 4.30. IR (KBr, cm™', Fig. S1t): 2988(w), 2908(w),
1589(m), 1560(m), 1514(s), 1442(s), 1383(s), 1350(m), 1297(w),
1269(s), 1203(s), 1164(w), 1101(w), 1047(w), 1013(s), 921(s),
862(s), 828(w), 811(w), 753(s), 694(m).

[Thy(acac)sL,(CH30),(CH;0H),]-CH;0H  (5).  Yield: 58%
(based on Tb salt). Elemental analysis (%) caled for
Ce1H75NO,;Th, (F, = 1898.97): C, 38.55; H, 4.11; N, 4.42.
Found: C, 38.61; H, 4.04; N, 4.48. IR (KBr, cm™, Fig. S1%):
3384(w), 3069(w), 1594(m), 1518(s), 1475(w), 1442(s), 1383(s),
1359(m), 1265(s), 1207(m), 1176(w), 1101(w), 1051(w), 1018(s),
921(m), 857(s), 807(w), 749(s), 710(w), 694(s).

[Dya(acac)L,(CH;0),(CH,0H),]-2CH;0H (6). Yield: 58%
(based on Dy salt). Elemental analysis (%) caled for
CeaHooNeOoeDy, (F,, = 2009.41): C, 38.22; H, 4.48; N, 4.18.
Found: C, 38.26; H, 4.45; N, 3.23. IR (KBr, cm™', Fig. S17):
3069(w), 1555(m), 1522(s), 1467(w), 1433(s), 1367(w), 1345(s),
1253(s), 1215(s), 1164(w), 1089(w), 1018(s), 912(m), 866(s),
795(w), 749(s), 685(m).

[Erg(acac),L,(CH30)6] (7). Yield: 58% (based on Er salt).
Elemental analysis (%) caled for C,gHgErgN;,056 (Fy =
2607.11): C, 35.90; H, 3.15; N, 6.44. Found: C, 35.86; H, 3.19;
N, 6.46. IR (KBr, cm™*, Fig. S1%): 3565(w), 3077(w), 2354(w),
1606(w), 1551(s), 1518(m), 1438(s), 1387(m), 1345(m), 1301(w),
1265(s), 1203(s), 1156(w), 1097(w), 1018(s), 926(m), 853(s),
807(w), 768(s), 740(s), 685(m).

[Tmy(acac)sL,(CH30),(CH30H),]-2CH3;0H (8). Yield: 58%
(based on Tm salt). Elemental analysis (%) caled for
CeaHooNeO,eTm, (F,, = 2035.14): C, 37.74; H, 4.42; N, 4.13.
Found: C, 37.67; H, 4.37; N, 4.09. IR (KBr, cm™, Fig. S1%):
3081(w), 2366(w), 1594(w), 1548(m), 1505(s), 1442(s), 1378(s),
1345(s), 1210(s), 1164(w), 1097(w), 1055(w), 1009(s), 926(m),
857(s), 795(w), 744(s), 689(m).

[Ybe(acac),L,(CH;0)6]-2CH30H (9). Yield: 58% (based on Yb
salt). Elemental analysis (%) calcd for C,3HgyN1,056Ybg (Fyy =
2641.79): C, 35.43; H, 3.10; N, 6.36. Found: C, 35.48; H, 3.05;
N, 6.41. IR (KBr, cm™!, Fig. S1%): 3515(w), 3027(w), 2362(w),
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MeOH, CH,Cl,
70°C, 48h

Clusters 1-10

(Ln=Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb, Lu)

1606(w), 1564(m), 1518(s), 1442(s), 1378(w), 1354(s), 1253(s),
1203(s), 1164(w), 1106(w), 1055(w), 1009(s), 933(m), 866(m),
820(w), 756(s), 740(m), 689(m).

[Luy(acac)sL,(CH30),]-2CH,Cl, (10). Yield: 58% (based on
Lu salt). Elemental analysis (%) calcd for CsgHgeCliNgOpoLu,
(F,, = 2008.84): C, 34.65; H, 3.29; N, 4.18. Found: C, 34.60;
H, 3.35; N, 4.24. IR (KBr, cm™}, Fig. S11): 3384(w), 3069(w),
2363(w), 1581(m), 1514(s), 1451(s), 1378(s), 1354(m), 1295(w),
1265(s), 1210(s), 1168(w), 1101(w), 1051(w), 1018(s), 933(m),
871(s), 807(w), 744(s), 685(s).

X-ray crystallography

Single crystal X-ray diffraction data of clusters 1-10 were col-
lected on a computer-controlled Rigaku Saturn CCD area
detector diffractometer, equipped with confocal monochroma-
tized Mo Ka radiation with a radiation wavelength of 0.71073 A
using the w-¢ scan technique. The structures were solved
by direct methods and refined with a full-matrix least-
squares technique based on F* using the SHELXS-2016 and
SHELXL-2016 programs.>’ Anisotropic thermal parameters
were assigned to all non-hydrogen atoms. Crystallographic
data and structural refinement parameters are listed in
Tables 1 and 2. CCDC (1949161-1949170 for clusters 1-10)}
contains the supplementary crystallographic data for this

paper.

Results and discussion
Crystal structures of clusters 1-6 and 8

The single-crystal structural analyses imply that the crystals
1-6 and 8 are isostructural. Hence, the structure of cluster 6 is
selected and discussed in detail (Fig. 1). Cluster 6 has a P2,/c
space group in the monoclinic system with Z = 2. The centro-
symmetric cluster has a nearly linear Dy, core with the Dy-O
bond distance in the range of 2.283(5)-2.574(5) A, and the Dy-
N bond lengths are 2.475(6) and 2.622(6) A, respectively. These
bond lengths are fall in the normal range of the previously
reported Dy, clusters.®® The central nine-coordinated Dyl
atom is connected by eight O atoms (01, 02, 03, 04, 05, O11,
012 and O2a) and one N atom (N1), while the central Dy2
atom is eight-coordinated with a O,N coordination environ-
ment (Fig. S21). The Dyl ion possesses a distorted spherical
capped square antiprism geometry, and the Dy2 ion possesses
a distorted triangular dodecahedron geometrical configuration
(Fig. 2), which can be confirmed by continuous-shape
measurements (CShM) using SHAPE 2.0 software (Table S17).
The coordination modes of H,L and acac™ in 6 are shown as

This journal is © The Royal Society of Chemistry 2019
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Table 1 Crystallographic data and structure refinements for clusters 1-5
1 2 3 4 5

Formula Co6HogNgNd4O0g Ce4HooNsO265m, CeaHooEUsNgO56 Co4HooGd4NOy Ce1H75NO,3Th,

Mr (g mol"l) 2000.46 1960.81 1967.25 1988.41 1898.97

T (K) 150.0 150.0 150.01 150.0 150.01

Cryst syst Trigonal Monoclinic Monoclinic Monoclinic Monoclinic

Space group R3 P24/c P24/c P24/c P24/c

a(A) 47.810(3) 24.4789(12) 24.4547(10) 24.4700(14) 15.3614(16)

b (A) 47.810(3) 15.0651(7) 15.0632(7) 15.0504(8) 12.8302(13)

c(A) 9.5696(6) 20.8613(11) 20.8363(10) 20.7774(10) 35.007(4)

a (9 90 90 90 90 90

B(°) 90 98.526(2) 98.3314(16) 98.373(2) 94.671(3)

7(9) 120 90 90 90 90

Vv (A%) 18944(2) 7608.1(7) 7594.4(6) 7570.4(7) 6876.5(12)

Z 9 4 4 4 4

Cryst size (mm3) 0.29 x 0.21 x 0.14 0.26 x 0.21 x 0.13 0.23 X 0.18 x 0.14 0.32 X 0.21 x 0.14 0.26 X 0.21 x 0.14

D, (g em™) 1.578 1.712 1.721 1.745 1.834

7 (mm_l) 2.501 3.121 3.337 3.538 4.143

Limiting indices —-58<h <58 -30<h <30 -30<h <30 -30<h <30 -18<h <18
—54<k<58 —18<k<18 —-18<k<18 -18<k<18 -15<k<15
-11<l<11 —26<1<26 —26<1<26 —24<1<26 —-33<1<43

Reflns collected 73132 105509 103 059 93 668 127 695

Params 493 941 941 921 829

Rint 0.0668 0.0744 0.0457 0.0945 0.1138

GOF on F* 1.068 1.053 1.039 1.077 1.062

Ry, WR, [I> 20(1)]
Ry, WR, (all data)

Table 2 Crystallographic data and structure refinements for clusters 6—-10

0.0415, 0.0988
0.0582, 0.1086

0.0476, 0.1154
0.0774, 0.1358

0.0450, 0.1119
0.0629, 0.1303

0.0545, 0.1307
0.0961, 0.1563

0.0944, 0.2244
0.1548, 0.2606

6 7 8 9 10
Formula Ce4HooDysNgOs6 C7gHgrErgN15056 CeaHooNgOz6Tmy C75HgaN15,0,6Ybg Cs5HecCl,LuyNGO,,
Mr (g mol™) 2009.41 2607.11 2035.14 2643.81 2008.84
T (K) 150.0 150.0 150.01 150.0 150.0
Cryst syst Monoclinic Triclinic Monoclinic Monoclinic Triclinic
Space group P24/c P1 P24/c P24/c P1
a (A) 14.8441(11) 11.5180(9) 14.8499(11) 13.0254(7) 8.5600(4)
b (A) 15.0331(10) 12.4304(9) 15.0852(12) 16.3691(10) 14.0982(7)
c(A 17.0783(13) 17.4525(12) 17.2237(13) 23.8144(14) 14.3191(6)
a(©) 90 104.453(4) 90 90 96.775(2)
B 99.366(2) 98.872(4) 99.221(2) 101.522(2) 94.875(2)
7 (°) 90 109.749(3) 90 90 101.833(2)
V(A% 18944(2) 2197.9(3) 3808.5(5) 4975.2(5) 1668.87(13)
Z 2 1 4 2 1
Cryst size (mmg) 0.26 X 0.16 x 0.11 0.32 X 0.24 X 0.13 0.32 X 0.21 X 0.15 0.32 X 0.21 X 0.14 0.23 X 0.21 X 0.14
D, (g cm™) 1.775 1.970 1.775 1.765 1.999
4 (mm™Y) 4.008 5.743 4.692 5.653 6.099
Limiting indices -18<h <18 -14<h<14 -18<h <18 -12<h<16 -10<h <10
-18<k<18 -15<k<15 -18<k<18 —20<k<20 -17<k<17
-21<[<21 —21<[<21 —21<1<21 —29<1<29 -17<1<17
Reflns collected 50379 38257 64 590 74 897 31259
Params 471 539 471 563 422
Rin¢ 0.0890 0.1068 0.0853 0.0654 0.0453
GOF on F* 1.078 1.020 1.030 1.052 1.040

Ry, WR, [1> 20(1)]
Ry, WR, (all data)

0.0463, 0.1072
0.0815, 0.1269

0.0491, 0.1039
0.0926, 0.1208

0.0567, 0.1439
0.0977, 0.1812

0.0381, 0.0922
0.0546, 0.1032

0.0291, 0.0656
0.0383, 0.0691

Fig. 3. The four central Dy ions are bridged by six p,-O atoms
(01, 02, 03, O1a, O2a and 03a) of two L*>~ ligands, leading to
an approximate linear-shaped Dy, arrangement with the
Dy1.--Dy2 distance of 3.9086(6) A and Dy1---Dyla distance of
3.8543(5) A. The Dy2-Dy1-Dyla angle is 129.632°, and the Dy-
O-Dy angles are in the range of 109.042°-112.852°. The O-Dy-
O angles in cluster 6 are in the range of 68.1317°-147.65(18)°.
Furthermore, it is worth mentioning that the six p,-O atoms

This journal is © The Royal Society of Chemistry 2019

(01, 02, 03, O1a, O2a and O3a) are bridged the four Dy ions
forming three parallelogram-shaped Dy,O, cores.

Crystal structures of clusters 7 and 9

Clusters 7 and 9 are isostructural, which was confirmed by the
single-crystal structural measurement. Therefore, cluster 7 is
selected as a detailed example. Cluster 7 crystallizes in the tri-
clinic space group P1 with Z = 1. As shown in Fig. 4, the mole-

Dalton Trans., 2019, 48, 16744-16755 | 16747
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Fig. 1 Molecular structure for 6 (all hydrogen atoms are omitted for
clarity).

Fig. 2 (Left) Nine-coordinate distorted geometry around the Dyl ion;
(right) eight-coordinate distorted geometry around the Dy2 ion.

Fig. 3 Coordination modes of H,L (left) and acac™ (right) in 6 (green, C;
red, O; blue, N; and turquoise, Dy).

cular structure of 7 mainly consists of six Er'" ions, four L>7,
six CH307, and four acac™. In the asymmetric unit, both Er1l

and Er2 ions are 8-coordinated. The Er1 ion is coordinated by
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one nitrogen atom (N1) and seven oxygen atoms (01, 02, O3,
04, 05, 02a and O12) and the Er2 ion is connected by two
nitrogen atoms (N3 and N4) and six oxygen atoms (01, 03, O5,
06, 011 and 013) (Fig. S3t), while the central Er3 ion is seven-
coordinated with a NOg coordination environment. The
coordination polyhedrons of the central Erl and Er2 atoms
can be described as a distorted biaugmented trigonal prism
geometry, and that of the coordination polyhedron of the
central Er3 atom could be described as a distorted pentagonal
bipyramid geometrical configuration (Fig. S47), these are also
confirmed by using the SHAPE 2.0 software (Table S17). In 7,
the H,L adopt two different coordination modes connected to
the central Erl ions, which is shown as Fig. S5.7 The six
central Er ions are connected by twelve p,-O atoms from four
L*” ligands and two CH;0, leading to an approximate linear-
shaped Erg arrangement. In the Erg core, the Erl---Er2 distance
is 3.5064 A, Er2---Er3 distance is 3.7515 A, and Er1---Erla dis-
tance is 3.6402 A, the Er1-Er2-Er3 angle is 148.792° and Erla-
Er1-Er2 angle is 146.694°. In addition, the Er-O bond dis-
tances of 7 are in the range of 2.238(8)-2.389(6) A, and the Er-
N bond lengths are 2.417(8), 2.518(8) and 2.540(8) A, respect-
ively. The O-Er-O bond angles are in the range of 66.2(2)°-
169.6(3)°. These bonds lengths and angles are comparable to
those of the previously reported Lng clusters in the literature.>®

Crystal structures of cluster 10

The crystal structure of 10 is very similar to that of clusters 1-6
and 8, as shown in Fig. 5. It mainly contains four Lu'™" ions, six
acac”, two L~ and two coordinated water molecules. Different
from the structures of clusters 1-6 and 8, the central Lu1(u)
ion is seven-coordinated and Lu2(wm) ion is eight-coordinated.
The Lul(m) ion is coordinated by one nitrogen atom (N1) form
the ligand L>~ and six oxygen atoms (O1a, 03, 06, 07, 08 and
09) from two acac™ and two L>~ ligands (Fig. $61). The Lu2(m)
ion is connected by one nitrogen atom (N3) and seven oxygen
atoms (01, 02, 04, 05, 010, O2a and O3a) with a NO; coordi-
nation environment. The coordination mode of H,L in 10 is
just the same as that in clusters 1-6 and 8 (Fig. S71). The four
central Lu(ur) ions are bridged by six p,-O atoms from two L>~
ligands forming an approximate linear-shaped Lu, arrange-
ment. In the Lu, core, the distances of the neighbouring Lu(ur)

Fig. 4 Molecular structure for 7 (all hydrogen atoms are omitted for clarity).
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Fig. 5 Molecular structure for 10 (all hydrogen atoms are omitted for
clarity).

ions are 3.6875(3) and 3.6974(4) A, respectively. The Lul-
Lu2a-Lu2 angle is 139.432°, which is slightly larger than the
Dy2-Dy1-Dyla angle in 6. Furthermore, in cluster 10, the Lu-O
bond distances are in the range of 2.214(4)-2.371(4) A, and the
Lu-N bond lengths are 2.372(4) and 2.494(5) A, respectively. The
O-Lu-O bond angles are in the range of 68.47(13)°-141.70(13)°.

Powder X-ray diffraction and TG analyses

To verify the purity of the crystal samples 1-10, the powder
XRD diffraction (PXRD) analyses of clusters 1-10 were carried
out, and are shown in Fig. S8.1 The experimental PXRD data of
clusters 1-10 are almost identical to that of the corresponding
simulated one, which suggests that the purities of the crystal
samples 1-10 are high.

The thermogravimetric analyses (TGA) were performed in
the temperature range of 40-800 °C under N, atmosphere to
study the stability of clusters 1-10 (Fig. 6). The TGA curves of
clusters 1-6, 8 and 10 are very similar since they are iso-
morphic. Therefore, cluster 1 is selected as a representative
illustration. Between 40 and 200 °C, a weight loss of 3.65% is
observed, which corresponds to the loss of two CH;OH mole-
cules (calculated 3.27%). Subsequently, a weight loss of
31.60% occurs from 200 to about 490 °C, which is related to
the loss of six coordinated acetylacetone molecules (calculated
30.63%). After that, cluster 1 decomposes gradually. For clus-
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Fig. 6 The TGA curves of clusters 1-10.
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ters 7 and 9, their TGA curves also show a similar tendency;
herein, we select the TGA curve of cluster 7 for describing in
detail. In the range from 40 to 320 °C, the TGA curve displays a
weight loss of 4.82% (calculated 4.91%), which is attributed to
the loss of four coordinated methanol molecules. Then, a
weight loss of 16.12% occurs between 320 and 400 °C, which
corresponds to the loss of four acetylacetone molecules (calcu-
lated 15.34%). Subsequently, cluster 7 decomposes gradually
in the temperature range of 400-800 °C.

UV-vis spectra

The UV-vis spectra of the multidentate Schiff base ligand
(H,L) and clusters 1-10 were obtained in ethanol solution at
room temperature (Fig. S9 in ESIT). For the multidentate Schiff
base ligand (H,L), three absorption bands are clearly observed
at ca. 206, 225, and 308 nm. The peak at ca. 206 nm can be
attributed to the n — o* transition; the observed strong peak
at ca. 225 and 308 nm may be attributed to a © — n* transition
of the aromatic rings in H,L. The UV-vis spectra of 1-10
display four similar absorption peaks. The absorption bands
in the range 203-209 nm, 236-242 nm, and 296-303 nm result
from the ligand H,L, and the absorption bands at about
345 nm are ascribed to the = — =* transition of acac.
Compared with the H,L ligand, the absorption peak range at
236-242 nm in clusters 1-10 is red shifted, and the absorption
peak range at 296-303 nm is blue shifted, which may be due
to the coordination effects of acac™ and H,L with the Ln(m)
ion.

Fluorescence properties

The solid-state fluorescence properties of clusters 2, 3, 5 and 6
were measured at room temperature. As shown in Fig. 7, under
excitation at 286 nm, three characteristic emission peaks of
cluster 2 appear at 561, 596 and 643 nm, which are attributed
to *Gs;, — °H; (J = 5/2, 7/2, 9/2) transitions of Sm®" ion,
respectively. For 3, under excitation at 290 nm, five character-
istic emission peaks are observed at 546, 595, 616, 655 and
700 nm; these characteristic emission peaks are attributed to
°D; — 'F, and °D, - 'F, (J = 1, 2, 3, 4) transitions of Eu*" ion,

700
600+
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300

Intensity (a.u)

200

100

T T T T T
450 500 550 600 650 700
wavelength (nm)

Fig. 7 The solid-state fluorescent spectra of 2, 3, 5 and 6 at room
temperature.

Dalton Trans., 2019, 48, 16744-16755 | 16749


https://doi.org/10.1039/c9dt03478a

Published on 15 October 2019. Downloaded by University of Memphis on 1/2/2020 6:27:04 PM.

Paper

respectively. These characteristic peaks are commonly observed
in Eu(m)-based complexes.®® Under the same excitation of
296 nm, the emission spectra of clusters 5 and 6 exhibit the
characteristic emissions of Tb(ur) and Dy(m) ions. For cluster 5,
four characteristic emission peaks are observed at 490, 545, 585
and 620 nm, corresponding to the transitions of Tb(i) ion from
°D, to "F; (J = 6, 5, 4, 3), respectively; while for cluster 6, two
characteristic peaks of Dy(i) ion are observed, which belong to
the transitions of *Fo;, — °Hjsp (480 nm) and *Fo, — ®Hysp
(576 nm). These characteristic peaks are usually observed in
Th(ur) and Dy(m)-based compounds.®*

Magnetic properties

Direct-current (dc) magnetic susceptibility studies of the poly-
crystalline samples for clusters 4-9 were performed in the
temperature range of 300-2.0 K under a 1.0 kOe applied field.
As shown in Fig. 8, at room-temperature, the y\7T values of 4,
5, 6, 7, 8 and 9 are 31.59, 47.44, 56.89, 71.82, 28.82 and
15.60 ecm® K mol ™", respectively, which are near to those theor-
etically calculated based on four or six isolated Ln(m) ions:
four uncoupled Gd(m) ions (°S;,, ¢ = 2) with the expected
value of 31.52 cm® K mol™" for 4; four uncoupled free Tb(m)
ions (Se, g = 3/2) with the expected value of 47.28 cm® K mol ™"
for 5; four uncoupled Dy(m) ions (*Hys;, g = 4/3) with the
expected value of 56.68 cm® K mol™" for 6; six uncoupled
Er(m) ions (*I35,, g = 6/5) with the expected value of 68.88 cm®
K mol~" for 7; four uncoupled Tm(m) ions (*Hg, g = 7/6) with
the expected value of 28.60 cm® K mol™' for 8; and six
uncoupled Yb(u) ions (*F5,,, g = 8/7) with the expected value of
15.18 em® K mol™" for 9. For cluster 4, the experimental yyT
value is almost unchanged in the temperature range of
300-25 K; as the temperature further decreases, the y\T value
drops quickly to a minimum value of 14.24 cm® K mol™" at
2.0 K, which reveals the presence of a weak antiferromagnetic
interaction between the Gd(m) ions in 4.>* For clusters 5-9,
ymT values decrease slowly in the temperature range of
30020 K and then decrease distinctly to reach minima of
22.62, 31.02, 39.55, 15.31 and 7.96 cm® K mol™* at 2.0 K,
respectively. Such behaviors are usually due to the thermal
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A Cluster 6 Dy
60 4 v Cluster 7 Er
4 Cluster § Tm
i 0 » Cluster 9 Yb
'E 50 :
40 H
L)
g ’
<@
e
£
=
20
104 !
0 T T T T T T T
0 50 100 150 200 250 300

T/K

Fig. 8 Temperature dependence of the ymT products at 1000 Oe for
clusters 4-9, the red solid line is the best fit obtained for 4.
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depopulation of the Ln(m) Stark sublevels and/or the weak
antiferromagnetic interactions between the adjacent Ln(ui)
ions in clusters 5-9.%*

Furthermore, in order to study the magnetic interactions
between the adjacent Gd(u) ions in cluster 4, the magnetic
susceptibility of 4 was fitted to the Curie-Weiss law,** and the
parameters # = —2.99 K and C = 31.56 cm® K mol™" (R =
0.99994) for 4 were obtained. The negative parameter 6 of 4
further supports the occurrence of antiferromagnetic coupling
between the adjacent Gd(m) ions (Fig. $10%).>* Moreover, the
amT vs. T plot of cluster 4 can be fitted using the Hamiltonian
(1), which is based on the model given in Fig. S11.T The well-
fitted data of 4 give the parameters J = —0.09 cm ™' and g = 2.02
(R = 0.98528). The low and negative J value also indicates that a
weak antiferromagnetic coupling between the adjacent Gd(ir)
ions exists in cluster 4.%°

4
Hga, = —J(Gd1Gd2 + Gd1Gd1a + Gd1aGd2a) — gugH - Y  Gdi
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Fig. 9 Plots of M vs. H at the indicated temperatures for 4.
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Fig. 10 Temperature dependencies (2.0-10.0 K) of —AS,, as obtained
from magnetization data for 4.
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Table 3 Comparison of the —AS,,, values among cluster 4 and recently reported Gd, clusters
Magnetic —ASm,

Gd, compounds interaction U kg™ K™ (AH) Ref.
[Gd,4(HL),(j1,-CH;0),]-4CH;0H AF 34.46 (7 T) 17a
[Gd,4(L),(dbm)s(CH;0H),] AF 21.39 (5 T) 18b
[Gd4(L),(dbm)e(C,H5OH),] AF 20.26 (7 T) 18D
[Gd,(dbm),Lg(p13-OH),]-5CH;CN-0.5CH,Cl, AF 17.77 (7 T) 19a
[Gd,(acac),Le(us-OH),]-2CH;CN AF 22.11 (7 T) 19a
Cluster 4 AF 27.96 (7 T) This work
[Gd,(acac),Le(u3-OH),]-CH;CN-0.5CH,Cl, AF 25.08 (7 T) 19h
[Gd,(dbm)4(L)e(n3-OH),]-5CH;CN AF 16.35 (7 T) 19
[Gd,(acac),Le(ps-OH),| AF 20.8 (77T) 19f
[Gd,(acac),(p3-OH),(L)s]-4CH5CN AF 23.37 (7T) 19¢
[Gd4(15-OH),Le(acac),]-2CH;CN AF 18.85 (7 T) 28a
{[Gd,4(L)s(pbd)4(13-OH),]-2CH;CN} AF 21.42 (7 T) 28b
[Gd4(L)e(tmhd)4(p3-OH),] AF 20.85 (7 T) 28¢
[Gd4(13-OH),(tmhd),Le]-2CH;CN AF 17.94 (7 T) 30b
[Gd4(u3-OH),Le(acac),]-2.5CH;CN AF 19.39 (7 T) 33c
[Gd,(u3-OH),Le(tmhd),]-CH;CN-CH;CH,OH AF 16.21 (7 T) 33c
[Gd,(CO3) (L)4(acac),(H,0),]-2CH;CN AF 31.23 (7 T) 42¢
[Gd,CO;L4(acac),(MeOH),(H,0),]-MeOH-H,0 AF 27.06 (7'T) 42¢

In view of the important magnetic isotropy of Gd(m) ions,
cluster 4 may be a good candidate for magnetocaloric
materials. Hence, the magnetization data of cluster 4 was
measured in the temperature range of 2.0-10.0 K under a field
of 0-80 kOe. As shown in Fig. 9, with the increasing magnetic
field, the M vs. H plots display a steady increase and a com-
plete saturation value of 28.05Nf is obtained at 2.0 K and 80
kOe, which is approximately close to the theoretical value of
28.0Np for four free Gd(m) (S = 7/2, g = 2) ions. The magnetic
entropy changes (—AS,,) of cluster 4 are calculated from the
M vs. H data to evaluate the MCE, which is calculated by using
the Maxwell equation: ASy(T) = [[OM(T,H)/OT),dH.>’
According to the Maxwell equation, the —AS,,, values of 4 were
obtained, and the curves of —AS,, vs. T are shown in Fig. 10.
The maximum value of —AS,, is 27.96 ] K~ kg™' under the
field change AH = 7.0 T and T = 2.0 K, which is smaller than
the expected maximum —AS,, (34.78 ] K™' kg™, calculated as
4R In(2S + 1), where R is the gas constant and S = 7/2 for Gd(m)
ion). The significant divergence for maximum —AS,, between
the experimental and theoretical values of cluster 4 is mainly
due to the antiferromagnetic interaction between the Gd(m)
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54 < 911 Hz

_ » 1111 Hz
= e 1311Hz
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ions in 4.*® By comparison, cluster 4 has a large magnetic
entropy change (—AS,,) compared with the recently reported
Gd, compounds as magnetocaloric materials, which is
summarized in Table 3. Among all the reported Gd, molecule
magnetic cooling materials, only a few compounds have a
maximum —AS,, of above 30.0 ] kg”" K'. Therefore, cluster 4
is a possible magnetic refrigerant to be used in practice.
Meanwhile, considering the large magnetic anisotropy
associated with Tb(m) and Dy(m) ions and in order to probe
the dynamic behavior in clusters 5 and 6, in the temperature
range of 2.0-20 K, alternating current (ac) magnetic suscepti-
bility measurement was undertaken at 3.0 Oe ac field and
varying the frequency from 111 to 2311 Hz (Fig. S12f and
Fig. 11). For 6, the result revealed that the out-of-phase (y") ac
magnetic susceptibility signals show a frequency dependence
under zero dc field and obvious peaks were observed in the
out-of-phase (y”) signals, revealing the occurrence of a slow
relaxation behavior in 6;*° however, no out-of-phase (y") alter-
nating current (ac) signals were noticed for cluster 5. To
further deeply study the dynamic behavior of 6, the frequency
dependence of ac susceptibility was measured. As shown in

0.6

—s— |11 Hz
—e—311 Hz

511 Hz
—w—711 Hz

911 Hz

1111 Hz
—4— 1311 Hz
—e— 1511 Hz
—o— 1911 Hz
—+—2311 Hz

0.4+

x"lem’mol”
=]
9
L

0.0+

Fig. 11 Temperature dependence of the in-phase (left) and out-of-phase (right) components of the ac magnetic susceptibility for 6 in zero dc field

with an oscillation of 3.0 Oe.
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Fig. 13 Cole-Cole plots for 6 measured in zero-dc field. The solid lines
are the best fit to the experimental data, obtained with the generalized
Debye model with « = 0.07-0.17.

Fig. S13,} the out-of-phase (") signals of the ac susceptibility
of 6 show temperature dependences, which further confirms
the SMM behavior in 6.*° The relaxation time 7 data derived
from the out-of-phase (y") peaks can be fitted by the Arrhenius
law: 7 = 7, exp(AE/ksT).*" As shown in Fig. 12, the best fitting
results obtained the effective energy barrier (AE/kg) of 8.64 K
and the pre-exponential factor (z,) of 6.98 x 107° s. The
obtained values of AE/kg and 7, fall into the normal range of
the already reported Dy, SMMs.*?

The Cole-Cole diagrams of y” vs. ¥’ for cluster 6 show asym-
metric semicircle shapes and were fitted to the generalized
Debye model to obtain « values.*® As shown in Fig. 13, a =
0.07-0.17 is obtained in the temperature range of 2.0-16.0 K,
the small « values imply that a narrower relaxation distribution
occurs in 6.

Conclusion

In summary, a series of new linear-shaped Lnl" and Ln}" clus-

ters which are constructed by a polydentate Schiff base ligand
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H,L and acetylacetone co-ligand have been obtained. The
crystal structures, luminescent properties and magnetic pro-
perties of these Ln}" and Ln{" clusters have been studied sys-
tematically. The investigations on the luminescent properties
reveal that clusters 2, 3, 5 and 6 display the characteristic
lanthanum luminescence at room temperature. Magnetic
studies illustrate that cluster 4 exhibits significant MCE with a
larger —AS,, value of 27.96 J kg™* K™ at 2.0 K and 7.0 T, indi-
cating that cluster 4 is a potential magnetic refrigerant.
Meanwhile, cluster 6 displays SMM behaviors under zero dc
field with the effective energy barrier AE/ky = 8.64 K and 7, =
6.98 x107°s.
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