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The reaction of Cu(valdmpn) (Hovaldmpn = N,N’-bis-(3-methoxysalicylidene)-1,3-diamino-2,2-dimethyl-
propane), LnCls-nH,O (Ln = La(1), Ce (2), Pr(3), Nd(4), Sm(5), Eu(6), Gd(7), Tb(8), Dy(9), Ho(10), Er(11), Tm
(12), Yb(13), Lu(14)) and NaNsz in methanol led to a whole series of heterometallic Cu"-Ln" complexes.
The basic structural components of these complexes are the [Cu'(valdmpn)Ln"] units with a compart-
mental Schiff-base ligand. These [Cu"Ln"] units were then further connected by the end-on (EQ) azides
between the Ln** centers to form tetranuclear {[CuLn](p-N3),[LnCul} motifs, where n is 3 for the com-
plexes of larger radii lanthanides (1cys to 5cusm) and 2 for the complexes of smaller radii lanthanides
(6cuey to 14cy). While compounds 6¢yey to 14¢,, remain isolated tetranuclear clusters, compounds
1cua 10 S5¢cusm are one-dimensional chains where tetranuclear motifs are further connected by end-to-
end (EE) azides between Cu'" and Ln" centers. Direct current (dc) magnetic susceptibilities have been
measured in the range of 1.8—-300 K for all complexes, revealing the different nature of magnetic inter-
actions between the spin centers. Among them, dominant ferromagnetic interactions were found in com-
pounds 7cuca 8cuto and 9cupy. Alternating current (ac) magnetic measurements performed on 8¢,
9cupy. and 10¢,1o demonstrated the presence of slow magnetic relaxation under zero applied dc field.
The spin relaxation barrier Uegs was determined to be 19.54 cm™ (28.12 K) and 10.34 cm™ (14.87 K) for
compounds 8¢y, and 9¢,py. The SMM behavior of 8¢, was further confirmed by the presence of mag-
netic hysteresis loops; while no hysteresis loop was observed for 9¢,py and 10¢ 0. These results demon-
strated that azido-bridged copper(i)—lanthanide(il) complexes could be synthesized successfully despite
the generally weak azido—-lanthanide interaction.
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double-decker [TbPc,]” (H,Pc = phthalocyanine) complexes,®

Introduction

Lanthanide-based single molecule magnets (Ln-SMMs) have
attracted a great deal of interest in the past several years as
they are very promising for the SMMs of high magnetization
reversal barriers (Ueg) and blocking temperatures (Tg)."* In
fact, since the first discovery of the SMM behaviour in the
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Ln-SMMs have provided very high U.s such as 712 em™
(1027 K) for [Dy(bbpen)Br]," 1261 cm™ (1815 K) for [Dy
(O'Bu)y(py)s][BPh4],” and 652 em™ (938 K) for [Th™(Pc)(Pc')]
(Pc and Pc’ = phthalocyanine derivatives).® However, despite
their very high U.s, a hysteresis loop with large coercive fields
at higher temperature is rarely observed due to the rapid
quantum tunneling of magnetization (QTM) frequently
observed in the Ln-SMMs. To efficiently suppress the QTM,
careful design of the axial crystal field and introduction of the
efficient magnetic exchange are two key approaches, which
were proved to be successful and led to some excellent SMMs
with hysteresis loops observed at temperatures higher than
14 K.7®

In this regard, the 3d-4f heteronuclear systems are of great
importance as the magnetic interaction between the 3d and 4f
ions is usually stronger than those between the 4f centres. Up
to now, many 3d-4f SMMs have been reported,” some of which
can have rather high energy barriers, such as a [Fe,Dy|”
complex with a record barrier (Ueg = 319 cm™" (459 K)) for all

This journal is © The Royal Society of Chemistry 2017
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d-f complexes.'” Among them, the heterometallic 3d-4f com-
plexes [M"LLn™] (M™: 3d ions; Ln™: 4f ions, L: compartmental
Schiff base ligands) with many different combinations of 3d
and 4f centres are of special interest.'" In fact, the first 3d-4f
SMM reported in 2004 is the compartmental [CuLTb] com-
pound, where the magnetic interaction between Cu" and Tb™
ions has been proven to be critical to its SMM behavior.'?
From a synthetic point of view, due to the replaceable coordi-
nation ligands, these compartmental Schiff base systems can
be used as synthetic tectons for magnetic systems of different
nuclearity and dimensionality. Along this line, various brid-
ging units were utilized to connect these building blocks, such
as CI7,"* NO;,"* trimesic acid,"” POMs,'® [Mo(CN)g]*","
H,dae-o/H,dae-c,"® CO;*7,"° 4,4"-bpy,>® TCNQF~ radicals*'
and so on.

Recently, we reported a SMM [Cu,(valpn),Tb,(N;)s]-2CH;0H
in which the Tb™ ions were bridged solely by end-on azides.??
Furthermore, we studied the magneto-structural relationship
of a similar SMM, [Cu,(valchxn),Tb,(N;)s]-2CH3;0H, and deter-
mined its magnetic anisotropy axis experimentally and theor-
etically.>® Considering the impact of the Ln" ions on the struc-
tures and magnetic properties of this system, further studies
were performed on a whole series of lanthanides. Using
another compartmental ligand H,valdmpn (H,valdmpn =
N,N'-bis-(3-methoxysalicylidene)-1,3-diamino-2,2-dimethyl-
propane), we obtained a family of end-on azide bridged Cu™-
Ln™ complexes (1cyra t0 14curu, Scheme 1) with all the 4f ions

(except for the radioactive Pm'™). Depending on the size of the

4f ions, 1oura—5cusm are zigzag one-dimensional (1D) coordi-
III]

nation polymers (CPs) where the [Cu"(valdmpn)Ln™] nodes

—N N=— [CuLLn]-(u-N3);-[LnLCu]

Ln = La, Ce, Pr, Nd, Sm

O/\

LnCl;-nH,0, NaNj
CH;0H

\\ [CuLLn]-(u-N3),-[LnLCu]
Ln = Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu

Scheme 1 Schematic representation of the synthesis and structural
units of the azido-bridged lanthanides {[CuLLn]—(p-N3),—[LnLCul} (n = 2
or 3).
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are bridged by three end-on azides and 6cygy—14cury are iso-
lated tetranuclear clusters where the [Cu"(valdmpn)Ln™] units
are connected by two end-on azides. Magnetic investigations
revealed the dominant ferromagnetic interactions in com-
pounds 7cucd, 8curb and 9cupy, and SMM behaviour for com-
pounds 8cyrb, Ycupy and 10cyto-

Experimental

All preparations and manipulations were performed under
aerobic conditions. All chemicals and solvents were obtained
from commercial sources and used without further purifi-
cation. The starting material [Cu(valdmpn)]-3.5H,0O was syn-
thesized using the same procedure as [Ni(valpn)(H,0),] follow-
ing a published method.**

Physical measurements

Elemental analyses were carried out by using a Vario EL II
Elementar. Infrared spectra were obtained on a Bruker Tensor
27 FT-IR spectrometer. Magnetic measurements were per-
formed on ground single crystals by using a Quantum Design
SQUID VSM magnetometer at temperatures ranging from 1.8
to 300 K with a dc field up to 7 T. All data were corrected for
diamagnetism of the sample holder and of the constituent
atoms using Pascal’s constants.>®

Synthesis of complexes 1cyra—14curu

General procedures. A solution of [Cu(valdmpn)]-3.5H,0
(0.1 mmol) and LnCl;-nH,O (Ln = La (1), Ce (2), Pr (3), Nd(4),
Sm(5), Eu (6), Gd (7), Tb (8), Dy (9), Ho(10), Er (11), Tm(12),
Yb (13), Lu (14); 0.1 mmol) in methanol (5 mL) was layered
with a solution of NaNj; (33 mg, 0.5 mmol) in methanol (5 mL)
and left undisturbed. Dark green plate or block shaped crystals
suitable for single crystal X-ray diffraction formed in three
days. The crystals were filtered off, washed with methanol and
dried in air. Yield: ca. 50%.

Selected IR data (KBr, cm™'; selected for u(N;7)): lcyra:
2133(w), 2094(w), 2059(s); 2cuce: 2094(w), 2074(w), 2059(s);
3cuprt 2096(w), 2077(w), 2059(s); 4cuna: 2097(w), 2078(w),
2060(5); 5cusm: 2140(s), 2060(m), 2042(s); 6cupu: 2141(m),
2062(s), 2044(s); 7Zcuca: 2144(m), 2064(s), 2043(s); 8curb:
2157(w), 2079(s), 2036(s); 9cuny: 2160(m), 2080(s), 2037(s);
10cuio: 2073(8), 2038(s); 1lcup: 2083(s), 2037(s); 12curm:
2083(s), 2037(s); 13cuyp: 2084(s), 2038(s); 14curu: 2084(s),
2038(s).

Elemental analysis caled (%) for Lcura
(C43H5,Cu,La;N,,00): C 36.22, H 3.68, N 21.61; found: C 36.30,
H 3.71, N 21.10. 2¢uce (C43Hs2Ce,Cu,N,,0,): C 36.16, H 3.67,
N 21.57; found: C 35.67, H 3.87, N 21.47. 3cupr
(C43H5,Cu,N»,00PT,): C 36.12, H 3.67, N 21.55; found: C 36.29,
H 3.91, N 21.23. 4cung (CazHs2Cu,N,,Nd,00): C 35.95, H 3.65,
N 21.45; found: C 35.83, H 3.86, N 21.21. 5cusm
(C4sH,,Cu,N,,0,,Sm,): C 35.83, H 4.51, N 19.15; found:
C 35.85, H 4.62, N 19.10. 6¢ypy (C43H5,Cu,Eu,N,,0,): C 35.57,
H 3.61, N 21.22; found: C 35.48, H 3.81, N 20.92. 7cugd

Dalton Trans., 2017, 46, 72327241 | 7233



Paper

(C43H5,Cu,Gd,N,»,00): C 35.31, H 3.58, N 21.07; found:
C 35.80, H 3.76, N 20.87. 8curp (CaaHs6Cu,ThyN,,04): C 35.28,
H 3.77, N 20.57; found: C 34.79, H 3.78, N 20.42. 9cupy
(C44H56Cu,Dy,N,»,040): € 35.11, H 3.75, N 20.47; found:
C 34.82, H 3.82, N 20.26. 10¢u, (Cs3Hs,CuHO,N,,00):
C 34.94, H 3.55, N 20.85; found: C 34.99, H 3.90, N 20.54.
11cupr (CasHs,CU,ErN,,00): C 34.83, H 3.54, N 20.78; found:
C 34.95, H 3.81, N 20.59. 12curm (Ca3Hs5,CuyTm,yN,,00):
C 34.76, H 3.53, N 20.74; found: C 34.96, H 3.91, N 20.47.
13cuyb (C44Hs6CU,YD,N,,04): C 34.63, H 3.70, N 20.19; found:
C 34.86, H 3.82, N 19.82. 14cyry (CusHs6CU,LU,N,,04):
C 34.54, H 3.69, N 20.14; found: C 34.87, H 3.80, N 19.91.

X-ray data collection, structure solution and refinement

The X-ray data of 1 to 14 were collected on a Bruker APEX
SMART or a Bruker APEX II diffractometer with a CCD area
detector (Mo-Ka radiation, 4 = 0.71073 A). The APEX II
program was used to determine the unit cell parameters and
for data collection. The data were integrated using SAINT>®
and SADABS.*” The structures for all fourteen compounds
were solved by direct methods and refined by full-matrix least-
squares based on F* using the SHELXTL program.>® All the
non-hydrogen atoms were refined anisotropically. Hydrogen
atoms of the organic ligands were refined as riding on the
corresponding non-hydrogen atoms. Hydrogen atoms of the
methanol molecules in these complexes are located from the
difference Fourier maps and refined isotropically. Additional
details of the data collections and structural refinement para-
meters are provided in Tables 1 and S1-S3.7 Selected bond dis-
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tances (A) are listed in Table 2 and Tables S4-S7+ contain the
supplementary crystallographic data for this paper.

Results and discussion

These fourteen compounds 1cyra—14cury Were prepared by the
reaction of [Cu(valdmpn)]-3.5H,0, LnCl;-nH,0 and NaNj in a
solvent of methanol with a molar ratio of 1:1:10. Lanthanide
chlorides instead of nitrates were used to avoid the oxygen-
based hard acids so that excess azides can easily replace the
chloride ions and bridge the [Cu”(valdmpn)Ln™] nodes. It is
worth mentioning that although the same synthesis method
was used for the preparation of these compounds, different
structures were obtained depending on the nature (most likely,
the radii) of the lanthanide ions. Accordingly, four different
formulas have been identified for these compounds according
to their crystal structural data:

1cura—4cuna: [Cus(valdmpn),Lin,(N;)s(CH;0H)]

5cusm: {{Cuy(valdmpn),Ln,(N3)s(CH3;0H),]-4CH;0H},

6curws 7cucd 10cutos 11cuer and 12¢yrm:

[Cu,(valdmpn),Ln,(N3)e]-2(CH30H), 5

8cutby Ycupys 13cuyb and 14¢ypy:
[CUZ(Valdmpn)Zan(N:;)s]‘2CH30H

Crystal structure descriptions

From the single crystal X-ray diffraction data, there are totally
four different crystal systems and space groups for this whole
series of complexes. The details of crystallographic data for the
four representative compounds are provided in Table 1 and

Table 1 Crystallographic data and structure refinement parameters for 1cyia, Scusm: 7cuca and 8cutb

Complex 1cura 5Cusm 7cuGd 8curb
Formula Cu,LaCy3H5,N5,04 Cu,Sm,CygH75N5,014 Cu,Gd,Cy3Hs5,N»,09 Cu,Th,Cy4Hs6N 2040
Formula weight 1425.97 1609.06 1462.65 1498.03
CCDC number 1060760 1060764 1060766 1060767
Crystal system Triclinic Monoclinic Monoclinic Triclinic
Space group P1 P2,/c Cc2/c P1

a(A) 12.347(3) 15.427(2) 22.246(5) 9.941(3)

b (A) 12.658(3) 13.0451(17) 9.670(2) 10.887(3)

c (&) 19.676(4) 34.166(4) 26.064(6) 13.544(4)
a(°) 76.529(3) 90 90 99.761(4)
Q) 87.164(4) 111.601(8) 109.768(3) 90.893(5)
r(®) 64.664(3) 90 90 101.172(5)
V(A% 2698.5(10) 6392.9(14) 5276(2) 1415.6(7)

zZ 2 4 4 1

T, K 293(2) 293(2) 293(2) 293(2)

Pealea (g cm™) 1.755 1.672 1.841 1.757

Crystal size (mm) 0.28 X 0.18 X 0.05 0.55%0.28 X 0.12 0.24 x 0.18 X 0.14 0.32 x0.21 X 0.10
u(Mo-Ka) (mm™") 2.402 2.543 3.352 3.282

F (000) 1416 3232 2888 742

0 range (°) 1.83-27.62 1.69-25.00 1.66-27.64 1.53 to 26.00
Refl. collected/unique 18 645/12 394 41203/11012 32954/6130 8501/5532
R(int) 0.0296 0.0617 0.0323 0.0292

Tmax/ Tmin 0.8893/0.5528 0.7501/0.3352 0.6512/0.5001 0.7349/0.4198
Data/restraints/parameters 12 394/0/682 11012/30/797 6130/2/353 5532/2/364

Ry “IWRy " (I> 20(I))
R,/WR, (all data)
GOF on F*
Max/min (e A™)

0.0411/0.0816
0.0644/0.0905
1.019
1.050/-1.165

0.0379/0.0767
0.0655/0.0855
1.028
0.710/-0.729

“Ry = T |Fo| = |Fell/XNFo|. * WRy = {Z[W(Fo” = F&) ) ZIW(F) I,
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0.0270 /0.0631
0.0305/0.0645
1.123
0.924/-0.423

0.0427/0.0999
0.0556/0.1054
1.002
1.581/-1.348

This journal is © The Royal Society of Chemistry 2017
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Table 2 Selected bond distances (A) for 1cya, Scusm: 7cuca and 8cutp

1CuLa

La1-O1 2.535(3) La1-02 2.503(3) La1-03 2.744(3) La1-04 2.697(3)
Lal-N5 2.702(4) Lal-N8 2.665(4) Lal-N11 2.620(5) Lal-N14 2.483(4)
La1l-N22#1 2.580(4) La2-05 2.516(3) La2-06 2.505(3) La2-07 2.648(3)
La2-08 2.665(3) La2-09 2.579(3) La2-N5 2.603(3) La2-N8 2.687(4)
La2-N11 2.629(4) La2-N17 2.524(4) Cu1-01 1.927(3) Cul-02 1.917(3)
Cul-N1 1.933(4) Cul-N2 1.940(4) Cul-N7 2.635(5) Cu2-N3 1.983(4)
Cu2-N4 1.970(4) Cu2-05 1.974(3) Cu2-06 1.962(3) Cu2-N13 2.828(6)
Cu2-N20 2.457(4) Lal--Cul 3.5967(8) La2---Cu2 3.5964(7) Lal---La2 4.0954(9)
5CuSm

Sm1-N10 2.389(5) Sm1-N7 2.568(5) Sm2-010 2.489(3) Sm1-02 2.393(3)
Sm1-03 2.596(4) Sm2-N1 2.499(4) Sm1-01 2.438(4) Sm1-04 2.653(4)
Sm2-07 2.539(4) Sm1-09 2.501(4) Sm2-05 2.420(3) Sm2-08 2.552(4)
Sm1-N1 2.528(4) Sm2-06 2.429(3) Sm2-N7 2.558(5) Sm1-N4 2.560(4)
Sm2-N13 2.469(5) Sm2-N4 2.559(4) Cul-01 1.961(3) Cul-N16 2.449(5)
Cu2-N21 1.979(4) Cul-N20 1.962(5) Cu2-05 1.954(3) Cu2-N15 2.522(5)
Cul-02 1.975(3) Cu2-N22 1.964(5) Cul-N19 1.988(5) Cu2-06 1.970(3)
Sm1---Sm2 3.9607(6) Sm1---Cul 3.5523(8) Sm2---Cu2 3.5775(8)

7cucd

Gd1-01 2.352(2) Gd1-02 2.345(2) Gd1-N3 2.371(3) Gd1-N6 2.443(3)
Gd1-N6#2 2.511(2) Gd1-N11#2 2.399(3) Gd1-03 2.547(2) Gd1-04 2.511(2)
Cul-0O1 1.964(2) Cul-02 1.968(2) Cul-N1 1.976(3) Cul-N2 1.977(3)
Cul-N9 2.368(3) Gd1---Cul 3.4880(8) Gd1---Gd1#2 4.1437(8)

8curb

Tb1-01 2.343(4) Th1-02 2.360(4) Tb1-N11#3 2.403(5) Th1-N3 2.407(6)
Tb1-N6 2.446(4) Tb1-N6#3 2.482(5) Tbh1-03 2.532(4) Th1-04 2.553(4)
Cul-02 1.973(4) Cul-0O1 1.974(4) Cul-N1 1.985(5) Cul-N2 1.998(5)
Cul-N9 2.474(6) Tb1---Cul 3.4901(10) Tb1---Tb1#3 4.1154(11)

Symmetry transformations used to generate equivalent atoms: #1 x +1,y, z; #2 —=x + 1/2, =y + 1/2, —=z; #3 —x + 1, =y + 1, —z.

the rest of the data are listed in Tables S1-S3 in the ESLf¥

According to their structural features, these crystal structures

can be classified into two types: type I for complexes 1cyra— Laf

5cusm (Ln = La-Sm), where each heterometallic 3d-4f Cut
[Cu"LLn™] node is linked with three end-on azides to form

one-dimensional zigzag chains; and type II for complexes

6cupu—14cury (Ln = Eu-Lu), where two heterometallic 3d-4f

[Cu"LLn™] nodes are bridged by two end-on azides to form La2

isolated tetranuclear Cu,Ln, dimers.

Description of structures of type I

Complexes 1cyra—4cuna- Single crystal X-ray diffraction ana-
lyses revealed that these four compounds are isostructural and
crystallize in the triclinic space group P1. Detailed crystallo-
graphic parameters are given in Tables 1 and S1t and selected
bond lengths of 1cyra—4cuna are given in Tables 2 and S4.1

The asymmetric unit of these four compounds contains two
Ln™ (La, Ce, Pr and Nd) ions, two Cu" ions, two valdmpn®~
ligands, six azide ligands, and one methanol molecule
(Fig. 1a). The Ln1 centre is nine-coordinated, with four O
atoms from the valdmpn®~ ligands and five N atoms from the
azides, and is also nine-coordinated with four O atoms from
the valdmpn®~ ligands, four N atoms from the azides, and one
O atom from the coordinated methanol. The coordination geo-
metry of the Ln"" centers were determined by the continuous
shape measures (CShMs) calculated using the SHAPE soft-
ware.”® We found that Ln1 adopts the monocapped square
antiprism (C,,) or tricapped trigonal prism (Dz,) and Ln2
adopts the Muffin (Cs) or monocapped square antiprism (C,y)

This journal is © The Royal Society of Chemistry 2017

Fig. 1 (a) The asymmetric unit of compound 1c, ., showing the three
EO azido-bridged [CuLn]; clusters. (b) The metallic topology of [CulLal,
in the asymmetric unit.

(see Table S7 in detail, ESIf). For the Cu" ions in the N,O,
pocket of valdmpn®~, the coordination geometry is either an
elongated square pyramid (Cul) or an elongated octahedron
(Cu2), with one long Cu-N bond (Cul-N7 = 2.635(5) A for
1curay 2.653(5) A for 2cuce, 2.647(5) A for 3cupy and 2.646(3) A
for 4¢una) Or two long axial bonds (Cu2-N20 bond lengths are
from 2.448(5) A to 2.457(4) A, and Cu2-N13 bond lengths are
from 2.828(6) A to 2.802(4) A). The elongated coordination geo-
metry of the Cu'" centers can be attributed to the Jahn-Teller
effect.

As for the six azides, three of them (N5-N6-N7, N§-N9-N10
and N11-N12-N13) act as end-on bridges between Ln1 and
Ln2, two of them (N14-N15-N16 and N17-N18-N19) are

Dalton Trans., 2017, 46, 72327241 | 7235
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simple terminal ligands coordinated to the Ln"™ centers, and
the last one (N20-N21-N22) acts as an EE bridge between Ln1
and Cu2. Bridged by these azides, two [Cu"'LLn"™'] units form a
tetranuclear [CuLn], cluster (Fig. 1b), which is then connected
by the end-to-end azides to form a one-dimensional chain
structure along the a axis (Fig. 2). As we can see in Fig. 2, the
EE azides connect only the Lnl and Cu2 ions and the EO
azides also act as bridges for the formation of the 1D chain.
This situation differs significantly from that in compound
5cusm (Vide post),

Complex 5¢cysm. Although the basic unit of this complex is
also a tetranuclear [CuLn], motif with three EO azide bridges,
the structure of complex 5¢usm differs remarkably from that of
complexes 1gyra t0 4cuna- Single crystal X-ray diffraction ana-
lysis reveals that 5cusm crystallizes in the monoclinic space
group P2;/c. The asymmetric unit also contains two
[Cu"LSm™] units, six azide ligands, two coordinated methanol
molecules and four non-coordinated methanol molecules
(Fig. 3a). Both the Sm™ ions are still nine coordinated with
four O atoms from the organic ligand valdmpn®~, four
N atoms from the azides and one O atom from the coordinated
methanol. According to their CShMs, the coordination geo-
metry can be described as a Muffin (C;) for Sm1, and a mono-
capped square antiprism (C,,) for Sm2 (see Table S8 in detail,

Fig. 2 One-dimensional chain structure of compound 1c, .. Methanol
molecules are omitted for clarity.

Sm2

Sm1

Fig. 3 (a) The asymmetric unit of compound 5¢,sm showing the three
EO azido-bridged [CuSm], clusters, four CHzOH solvent molecules are
omitted for clarity. (b) The metallic topology of [CuSml, in the asym-
metric unit.

7236 | Dalton Trans., 2017, 46, 7232-7241
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ESIt). Coordinated by two N and two O atoms from the N,O,
pocket of the ligand and one N atom from the azide, both Cu"
ions adopt the elongated square pyramid geometry with the
N atoms from the N;~ groups in the apical position (Cul-
N16 = 2.449(5) A, Cu2-N15 = 2.522(5) A).

The six azides can also be divided into three categories:
three EO bridges between Sm1 and Sm2 ions, two terminal
groups coordinated to Sm1 and Cul ions, and one EE bridge
between Cu2 and Ln2. Bridged by three EO azides, tetranuc-
lear [CuSm], clusters were formed. Interestingly, the relative
orientation of the two [Cu"LLn™] units of complex 5¢usm
differs greatly from that of complexes 1cyra—4cuna (Fig. 1). The
torsion angle of Cul-Ln1-Ln2-Cu2 is 37.28(2)°, which is very
small compared to that of complex 1cur, (165.30(2)°). Thus,
the two [Cu"LSm™] units in complex 5¢,sm are in the synperi-
planar conformation (syn-conformation) and those in com-
plexes 1cura—4cuna are in the antiperiplanar conformation
(anti-conformation).

Similar to 1cura—4cund, the tetranuclear [Cu™LSm™], units
were further bridged by EE azides to form a 1D chain along
the b axis (Fig. 4). However, the EE azide only connects the
Sm2 ion in one tetranuclear unit and the Cu2 ion in another,
resulting in a zig-zag chain. Interestingly, the EO azides do not
function as bridges along the chain, leaving the [Cul-L-Sm1]
units dangling on both sides of the chain.

Description of structures of type II

Complexes 6cypy—14cury- Although single crystal X-ray dif-
fraction analyses revealed that there are two different crystal
systems/space groups for these nine complexes (monoclinic
C2/c for the five compounds 6¢ugu; 7cucds 10cuto, 11cuer and
12curm, and triclinic P1 for the other four complexes 8¢yrp,
9cupys 13cuyb and 14¢yury), the structures of these nine com-
plexes are quite similar. Furthermore, their structures are also
very similar to those reported by us with slightly different com-
partmental ligands.*>*® Detailed crystallographic parameters

- v Ve ®oN
. g‘. y” ;“ oC
A\ A A\ / Cu2Ag.t A
v T = Sm2A S
. ,"'v ‘ . N
A e
<% & Cu2 <

Fig. 4 One-dimensional chain structure of complex 5c,sm. Methanol
molecules are omitted for clarity.
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b1 Cu1

CutA Th1A

Fig. 5 (a) The representative structure of type Il showing the double EO
azido-bridged [CulLn], cluster, CHsOH solvent molecules are omitted
for clarity. (b) The metallic topology of [CuTb],.

are given in Tables 1, S2 and S3, ESL.¥ In short, these struc-
tures of type II contain isolated tetranuclear [CuLLn], clusters
where the Ln"™ centres are bridged by two EO azides, rather
than three as in 1¢yra—5cusm (Fig. 5a). The lanthanides are now
eight coordinated by four N atoms from azides and four
O atoms from the O, pocket of the ligand. Based on their
CShMs (Table S9, ESIt), the coordination geometry of the Ln™
center for Ln = Eu, Gd, Ho, Er and Tm is close to the triangular
dodecahedron (D,q), while it can be described as a biaugmen-
ted trigonal prism (C,,) when the Ln™ is Th, Dy, Yb and
Lu (Fig. 5b). On the other hand, the coordination geometry of
the Cu" ion located in the N,0, pocket in all complexes can be
viewed as an elongated tetragonal pyramid with the long
apical Cu-N,,;qc bond lengths being 2.368(3) to 2.378(4) A for
6caru 7cucd: 10cutior Hunr and 12¢umm and 2.468(3) to 2.510(7)
A for 8curh; 9cubys 13cuyp and 14¢yp,. For the monoclinic
compounds, the methanol molecule is in the special crystallo-
graphic position and has the occupancy of 0.5, while in the tri-
clinic compounds, the methanol molecule is in the general
position and has full occupancy.

Similar to complexes 1cyra—4cung, the Cul-Ln1-Ln1A-CulA
atoms are in the antiperiplanar conformation with a torsion
angle of 180.00°.

Magnetic properties
Direct current (dc) magnetic susceptibilities of 1cyra-14curu

Variable-temperature dc magnetic susceptibility data (T =
1.8-300 K and Hy. = 1 kOe) and isothermal magnetization
curves (T = 1.8 K, Hg. = 0-70 kOe) of 1cyra—14cura were
measured on the ground single crystals (Fig. 6 and 7). The
experimental y,T and magnetization (M) values were calcu-
lated according to the [CuLn], repeating unit. The observed
ymT values at 300 K and M values at 1.8 K are listed in Table 3,
together with the expected spin-only y\T values considering
only the ground states of the lanthanides. First of all, for the
two compounds containing diamagnetic lanthanide ions
(Lcura and 14¢,;,), their magnetic properties such as the room

This journal is © The Royal Society of Chemistry 2017
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temperature y\ 7 values, the magnetization values at 70 kOe,
the temperature dependency of the y7T vs. T curves, and the
magnetization curves are all consistent with those of two iso-
lated Cu" ions with a g value of around 2.2-2.3 and negligible
magnetic interactions. For other compounds with paramag-
netic lanthanide centres, the experimental yy,7T values at 300 K
are generally quite close to the expected spin only values,
except for compounds 5¢usm and 6¢ugy, Where the free-ion
excited states are likely to be thermally populated at 300 K.

As we can see from Fig. 6, for complexes 2¢yce t0 6cypg and
complexes 10¢yt0 t0 13cuyp, the ym7T values decrease monoto-
nically upon cooling from 300 K, which could be due to the
depopulation of the Stark levels and possible weak antiferro-
magnetic interactions between the spin centres. At 1.8 K, the
field dependence magnetization curves of these compounds
show a typical paramagnetic behaviour. The magnetization
values at 70 kOe are not saturated and are all much lower than
the theoretical saturation values (Mg = 2 X gjrn) X Jin + 2 X gcu X
Scu, With goy = 2 and S¢, = 1/2, Table 3). This behaviour indi-
cates the presence of significant magnetic anisotropy and/or
possibly low-lying excited states.>® Due to the rather complex
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Table 3 Magnetic data of 1¢, a—14cyLu SUMmarized from the dc (1000 Oe) measurements

Ground T (L) Expected T at Observed T at Observed yT at Saturated M (ug) Observed M (ug)
Complex state of Ln 300 K, cm® mol™* K 300 K, cm® mol™* K 300 K, cm® mol™ K 1.8 K, cm® mol™ K at 70 kOe at 70 kOe, 1.8 K
1outa S, 0 0.75 1.10 0.86 2 2.11
2cuce 2Fsp 0.80 2.35 2.62 0.93 6.28 3.26
3cupr *y, 1.60 3.95 3.99 0.77 8.40 2.55
dcund oo 1.64 4.03 417 0.22 8.54 2.85
5cusm °H), 0.09 0.93 1.84 0.14 3.42 0.80
6Cury "Fo 0 0.75 4.15 1.03 2 2.51
7cucd 88,5 7.88 16.50 17.23 17.20 16 16.36
8cuth F, 11.82 24.39 25.43 23.37 20 11.82
9cuny °H, 5, 14.17 29.09 31.85 33.20 22 12.96
10cuno I 14.07 28.89 28.93 24.35 22 13.50
11cupr s 11.48 23.71 23.91 14.11 20 13.00
12curm  He 7.15 15.05 15.07 8.99 16 9.09
1cayp  Fop 2.57 5.89 6.08 2.74 10 5.91
14y S, 0 0.75 1.31 0.82 2 2.11

magnetic behaviour of the lanthanides of significant first-
order orbital contribution and crystal field effects, no detailed
discussions on the complexes were made for these complexes.

On the other hand, for complex 7¢,gq Wwith the spin only
Gd™ ion, the magnitude of the magnetic interactions between
the spin centres can be deduced. The y\7T value at 300 K for
7cucd 18 17.41 cm® mol™ K, which is slightly larger than the
expected spin-only value of 16.50 cm® mol™" K calculated for
two Cu" (S = 1/2, g = 2) and two Gd"™ (S = 7/2, g = 2) ions. Upon
cooling, the y\T value gradually increases up to a maximum
value of 19.95 em® mol™ K at 11.6 K (Fig. 8) and falls down
again to a minimum value of 17.38 em® mol™* K at 1.8 K.
Apparently, the increase of yuT on cooling indicates intra-
molecular ferromagnetic coupling between the oxygen bridged
Ccu" and Gd™ ions, as reported for many compounds with
similar structural motifs. However, the slight decrease below
11.6 K suggests the presence of weak antiferromagnetic inter-
actions between the EO-azide bridged Gd™ ions, which has

B n 7 18-
E15‘ Cued ]
© —fitting 1
e o121
O104 = 10
\10 E 8-
l_E 6]
4
s y
0 1 2 3 4 5 6 7
0 HIT
0 50 100 150 200 250 300

T/IK

Fig. 8 Temperature dependent y,,T and field dependent magnetization
of 7cuga measured at 1000 Oe from 1.8-300 K and at 2 K. The red solid
lines are the fitting results by the PHI program.
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been reported by some of us for similar [ZnGd], and [CuGd],
compounds.”>*? At 1.8 K, the saturated magnetization value at
70 kOe is 16.36up, which is the highest for all [CuLn], com-
plexes and agrees well with the theoretical spin-only value of
16.00up. A linear tetranuclear model with a spin Hamiltonian
of H = =2Jcu-cd(Scu1Scdar + ScuzScdz) — 2Jcd-caScd1Scdz Was
used to analyse the magnetic data. Simultaneous fitting of the
magnetic susceptibility data over the whole temperature range
and also the magnetization data at 1.8 K using the PHI
program®" with the above Hamiltonian leads to Jou.ga =
3.61 cm™, Jga-ga = —0.02 cm™', and g = 2.04, which confirmed
the existence of ferromagnetic Cu"-Gd"™ interactions and
weak antiferromagnetic Gd"™-Gd"™" interaction and is also con-
sistent with the results reported in the literature.”® As the
f orbitals of GA™ are well-shielded by the out-sphere orbitals,
the super-exchange Cu"-Gd™" interaction should be negligible.
Therefore, the ferromagnetic Cu"-Gd™ interactions are attrib-
uted to the spin polarization mechanism where the coupling
is between the 3d,._,. orbital of Cu" and that of the Cu"-Gd™
charge transfer configuration involving the empty 5d or 6s
orbitals of the GA™ center.?

For complexes 8¢y, and 9cupy, the situation is a little bit
complicated. The y\T values of 8¢y, and 9cupy firstly decrease
slowly from 25.43 and 31.85 cm® mol ™" K at 300 K to 25.39 and
31.54 cm® mol™* K at 50 and 45 K, and then increase to 26.32
and 35.11 cm® mol™" K at 9.0 and 4.0 K, followed by a further
decrease down to 1.8 K. The decrease of y\7T on lowering of
the temperature in the high-temperature region is most prob-
ably governed by the thermal depopulation of the Ln™ (Ln =
Dy and Tb) m; levels, while the increase of y\T in the low-
temperature region suggests the dominant ferromagnetic
interactions between the phenolic oxygen bridged 3d-4f (3d:
cu'; 4f: Dy"™, Tb™) and/or the azide bridged 4f-4f metal ions.
The profile of these y\T curves coincides with the theoretical
analysis and reported experimental results.”>>**° The magne-
tizations of 8¢y, and 9cupy at 1.8 K also do not saturate but
reach 11.82 and 12.96uy at 70 kOe. These values are close to
the values in the literature and suggest the presence of signifi-
cant magnetic anisotropy.

This journal is © The Royal Society of Chemistry 2017
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Alternating current (ac) magnetic susceptibilities of 8¢yrp,
9cupy and 10¢upo

To investigate the dynamics of the magnetizations for these
complexes, ac susceptibility measurements were performed in
the range of 1.8-10 K under zero applied dc field. No observa-
ble out-of-phase signal was detected for most of these com-
plexes. However, for complexes 8curb, 9cupy and 10cuo,
obvious frequency dependent ac signals (in-phase (y'v) and
out-of-phase (y"v)) were observed, suggesting the slow mag-
netic relaxation of these three compounds.

Having almost the same structures, compound 8cyrp and
those two reported [CuLTb], complexes (L = valpn®~ and
valchxn®~) have very similar SMM features.”>>* Therefore, its
magnetic properties were not discussed in detail. Temperature
and frequency dependent ac susceptibilities (Fig. S1 and S2,
ESIT) and the magnetic parameters (Table S10, ESIT) for 8curp
can be found in the ESL{ The obtained energy barrier of Uy
(19.54 em™, 28.12 K) is close to the reported value of [CuLTb],
(L = valpn®~ and valchxn®"). Moreover, a hysteresis loop can be
observed at 1.8 K at a field sweep rate of 0.05 T s~' (Fig. S5,
ESIY), as expected for a SMM.

For complex 9cupy, although no peaks can be observed in
the temperature dependent y”y; plots, obvious shoulders were
observed at around 5 K for the y"\; plots at frequencies higher
than 251 Hz (Fig. S3, ESIf). This behaviour may be attributed
to a small energy barrier of 9¢cupy and also the existence of
QTM, which is commonly reported for Ln-SMMs.>* On the
other hand, peaks can be observed in the frequency dependent
x"m plots (Fig. 9a). From the frequency dependent ac data at
temperatures from 1.8 to 6.0 K, semicircle Cole-Cole plots
were constructed and fitted using the generalized Debye
model (Fig. 9b).>> The obtained a values are in the range of
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Fig. 9 (a) Frequency dependent in-phase (y'm) and out-of-phase (y"m)
parts of the ac susceptibility for 9¢.py, under zero-dc field. (b) Cole—
Cole plots of 9¢,py measured under zero dc field from 1.8 to 6.0 K. The
solid lines correspond to the best fit obtained with a generalized Debye
model. (c) Relaxation time of the magnetization In(z) vs. T~ for 9cupy-
The red line corresponds to the Arrhenius fit in the high range of
4.5-6.0 K and the violet line corresponds to the fit using multiple mag-
netic relaxation pathways (QTM, Raman and Orbach processes).
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0.27 to 0.46 (see Table S11 for fitting parameters in detail,
ESIT), suggesting a substantial broadening of the distribution
of magnetic relaxation times, especially at low temperatures.
To estimate the anisotropy energy barrier (Ue), the Arrhenius
plot was also constructed. The curve bends at low tempera-
tures, indicating the existence of QTM. From the fit of the high
temperature data (T = 4.5 K-6.0 K) using Arrhenius law ' =
70" exp(—Ue/ksT), the effective energy barrier U.; was esti-
mated to be 7.29 em™" (10.49 K) and 7, = 3.75 x 107> s (R*> =
0.999) (Fig. 9c, red colour curve). Of course, the curvature of
the plot at low temperature indicates the existence of multiple
relaxation pathways, such as the direct, QTM, Raman and
Orbach relaxation processes. These processes can be described
by the following equation: 7' = zopy ' + AH’T + CT" +
70" exp(=Ue/ksT), where these four terms represent the QTM,
direct, Raman, and Orbach processes, respectively. Since the
direct process does not function in the absence of a dc field,*®
the relaxation time at zero dc field was only modelled with the
other three processes. The best fit in the whole temperature
range (Fig. 9c, violet colour curve) was obtained for zgmy =
1.05 x 107 s, C = 0.00753 K™% s™', n = 6.63, Uer = 10.34 cm™*
(14.87 K) and 7, = 6.59 x 107 s (R* = 0.999). The observed
energy barrier is larger than the barrier only considering the
Orbach process, and the obtained n value is consistent with
the optical acoustic Raman process involving a virtual state.’”
Due to this small energy barrier and fast QTM, no hysteresis
loop can be observed at 1.8 K for 9¢upy (Fig. S6, ESIT). As for
compound 10¢,un,, although the frequency dependent ac data
can be observed below 3 K, no peaks can be observed above
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Fig. 10 Frequency dependent in-phase (y'm) and out-of phase (y"'m)
signals of the ac susceptibility for 10c,no under zero-dc field.

Dalton Trans., 2017, 46, 7232-7241 | 7239



Paper

1.8 K (Fig. 10 and S4f), indicating a smaller energy barrier
compared to compounds 8¢y, and 9Ycupy-

Conclusions

In summary, we have successfully prepared a family of EO
azido-bridged Cu"™-4f complexes based on the compartmental
ligand H,valdmpn. Depending on the radii of the lanthanides,
the structures of these complexes vary from one-dimensional
chains for 1¢,1,—5cusm to the tetranuclear Cu,Ln, clusters for
6cueu—14cuLy- Magnetic measurements on these complexes
revealed the dominant ferromagnetic coupling in complexes
7cucds 8cutb and 9cupy. Furthermore, compounds 8cyrb, Ycupy
and 10¢up, exhibit SMM behaviour at low temperatures. Our
results here demonstrated that azido-bridged copper(u)-
lanthanide(m) complexes could be synthesized successfully
despite the generally weak azido-lanthanide interaction. The
building block approach behind the construction of these
systems is of further value for the systematic design and
control of other related compounds.
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