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Twenty-six lanthanide coordination polymers (CPs), Lny(fcd)>(phen),(NOsz), (Ln = Nd (1-Nd)),
[Lna(fed)s(phen),]-(CH3OH), (Ln = Sm (2-Sm), Eu (2-Eu), Gd (2-Gd), and Tb (2-Tb)), Ln,(fcd),(Hfcd),(phen),
(Ln = La (3-La), Ce (3-Ce), Pr (3-Pr), Nd (3-Nd), Sm (3-Sm), and Gd (3-Gd)), [Ln,(fcd)s(CHzCH,OH),(H,0),]
‘HO (Ln = La (4-La), Ce (4-Ce), Pr (4-Pr), Nd (4-Nd), Sm (4-Sm), Eu (4-Eu), Gd (4-Gd), Tb (4-Tb), Dy (4-
Dy), Er (4-Er), Tm (4-Tm) and Yb (4-Yb)), and [Ln4(fcd)s(H20)o]-nCH3zCH,OH (Ln = Sm (5-Sm), Eu (5-Eu)
and Tb (5-Tb)), were obtained from the reaction between 1,1'-ferrocenedicarboxylic acid (H,fcd), 1,10-
phenanthroline (phen) and the corresponding lanthanide salts under hydrothermal conditions.
Lny(fcd)z(phen)>(NOs),  (1-Nd) was constructed from discrete and neutral OD dimeric  units;
[Lny(fed)s(phen),]-(CH3OH), (2-Sm/Eu/Gd/Tb) and Lns(fcd),(Hfcd)s(phen), (3-La/Ce/Pr/Nd/Sm/Gd) were
built up of 1D infinite chains, while [Lna(fcd)s(CH3sCH,OH),(H,0),1-H,O (4-La/Ce/Pr/Nd/Sm/Eu/Gd/Tb/Dy/
Er/Tm/YDb) and [Ln4(fcd)s(H,0),]-nCH3CH,OH (5-Sm, n = 0.33; 5-Eu, n = 0.31; 5-Tb, n = 0.30) were made
up of 2D sheets. The different structures of these twenty-six CPs can be attributed to the variable confor-
mations of fcd resulting from different reaction conditions like different counterions, ancillary ligands, tem-
peratures, and solvents. Furthermore, the photoluminescence and magnetic properties of selected CPs
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Introduction

Coordination polymers (CPs), as one of the favorite crystalline
porous materials, have witnessed unprecedented rapid devel-
opment in diverse areas'™* because of their compositional
and geometric tenability,” ultrahigh surface area,® and multi-
ple active sites.> Therefore, CPs have various potential appli-
cations on gas adsorption & separation,”® catalysis,>® lumi-
nescence,'® and so on.""'* It is known that the crystallization,
structure and morphology of CPs depend on the modulus of
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have been characterized and discussed.

building blocks,"® along with reaction conditions such as
solvent,"*® the pH value of the reaction mixture,"” " temper-
ature,">?° reaction & crystallization time,*' the molar ratio &
concentration of starting materials,?** counterions,**"* aux-
iliary ligands,>”*® and reaction pressure.>® These parameters
significantly influence the structural chemistry of organic li-
gands and the assembly of ligands with metal centers, which
can finally lead to diverse and facilitating structures.
1,1-Ferrocenedicarboxylic acid (H,fcd), as a versatile or-
ganic ligand, has attracted much interest in coordination
chemistry and has been exploited as a multifunctional ligand
to construct various CPs due to its size and the strong induc-
tive effect of the ferrocene unit. Up to now, a wide variety of
CPs containing ferrocene have been obtained since ferrocene-
containing complexes may possess many potential applica-
tions in catalysis®®** and electrical®®> and magnetic
materials.>*>  Furthermore, CPs containing lanthanide
metals are of great interest due to their unique physico-
chemical properties.”® So far, many homobinuclear and
heterobinuclear lanthanide CPs have been reported.**”*” How-
ever, the influence of reaction conditions on forming CPs
with  different  crystal  structures  between  1,1-
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ferrocenedicarboxylic acid and lanthanide ions has not been
explored. In this paper, twenty-six Ln-based CPs with zero-di-
mensional, one-dimensional, and two-dimensional structures
were prepared via the reaction between various lanthanide
ions and the H,fed ligand. The influences of different sol-
vents, counterions, auxiliary ligands, and temperatures on
tuning the formation were investigated. The magnetic and
optical properties of selected CPs were also investigated.

Experimental
Materials and instruments

All reagents and solvents were purchased from J&K Scientific
Ltd. and used directly without any further purification.
CHNO elemental analyses were performed using an
Elementar Vario EL-III instrument. Fourier transform infra-
red (FTIR) spectra were recorded with KBr pellets on a Nico-
let 6700 spectrometer in the range of 4000-400 cm™". Fluores-
cence spectra were recorded on a Hitachi F-7000
spectrophotometer at room temperature. Both the excitation
slit and the emission slit were set at 5 nm, and the acquisi-
tion time was 0.5 s. Magnetic susceptibilities were measured
in the temperature range of 2-300 K under an applied mag-
netic field of 1000 Oe, and field dependent magnetization
measurements were performed from 0 to 50 000 Oe at 2 K on
a Quantum Designh MPMS-XL-7SQUID magnetometer.

Synthesis of Nd,(fcd),(phen),(NO;), (1-Nd). A mixture of
Nd(NO3);-6H,0 (0.6 mmol, 0.2629 g), 1,1"-ferrocenedicarboxy-
lic acid (H,fed) (0.3 mmol, 0.0822 g) and 1,10-phenanthroline
(phen) (0.6 mmol, 0.1189 g) with a molar ratio of 2:1:2 was
sealed in a 25 mL Teflon-lined stainless steel Parr bomb
containing deionized water (9 mL) and ethanol (9 mL). The
system was heated at 100 °C for 72 h and then cooled to
room temperature. Red acicular crystals of 1-Nd were
obtained (yield 51% based on Nd). Anal. caled. for 1-Nd,
CusH3,Fe,Nd,NOy 4t C, 43.7%; H, 2.4%; O, 17.0%; N, 6.4%;
found: C, 43.8%; H, 2.5%; O, 17.1%; N, 6.4%. FTIR (KBr)/
cm ' 3078 w, 1625 w, 1566 s, 1481 s, 1394 s, 1361 m, 1290
m, 1188 m, 1102 m, 1026 m, 846 m, 804 m, 730 m, 506 s.

Synthesis of [Ln,(fcd);(phen),]-(CH;0H), (Ln = Sm (2-Sm),
Eu (2-Eu), Gd (2-Gd), Tb (2-Tb)). The synthesis of red acicular
crystals of 2-Sm followed the same procedure as for 1-Nd ex-
cept that the molar ratio of LnCl;-nH,0, H,fcd and phen
changed from 2:1:2 to 2:1:4, ethanol was replaced by
methanol and Nd(NO;);-6H,O was replaced by SmCl;-6H,0
(0.6 mmol, 0.2189 g; yield 52% based on Sm). Calcd. for 2-
Sm, Cg,H,sFe;Sm,N,0,,: C, 48.3%; H, 3.1%; O, 14.5%; N,
3.6%; found: C, 48.3%; H, 3.2%; O, 14.6%; N, 3.6%. FTIR
(KBr)/em™: 3078 w, 1647 w, 1580 s, 1482 s, 1390 s, 1352 m,
1189 w, 1101 w, 1023 w, 844 m, 800 m, 730 m, 515 m. 2-Eu/
Gd/Tb were synthesized by following the above-stated proce-
dure, and the details are described in the ESLf

Synthesis of Ln,(fcd),(Hfed),(phen), (Ln = La (3-La), Ce (3-
Ce), Pr (3-Pr), Nd (3-Nd), Sm (3-Sm), Gd (3-Gd)). The synthesis
of red acicular crystals of 3-Nd followed the same procedure
as for 1-Nd except that Nd(NO;);-6H,0 was replaced by NdCl
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-7H,0 (0.6 mmol, 0.2260 g; yield 49% based on Nd). Calcd.
for 3-Nd, C,,HsoFe,Nd,N,O,¢: C, 49.7%; H, 2.9%; O, 14.7%;
N, 3.2%; found: C, %; H, %; O, %; N, %. FTIR (KBr)/cm
3365 vw, 3121 w, 1645 w, 1575 s, 1478 s, 1389 s, 1351 s, 1187
m, 1022 m, 844 m, 799 m, 729 m, 515 m. 3-La/Ce/Pr/Sm/Gd
were synthesized by following the above-stated procedure,
and the details are described in the ESLf

Synthesis of [Ln,(fed);(CH;CH,OH),(H,0),]-H,O (Ln = La
(4-La), Ce (4-Ce), Pr (4-Pr), Nd (4-Nd), Sm (4-Sm), Eu (4-Eu),
Gd (4-Gd), Tb (4-Tb), Dy (4-Dy), Er (4-Er), Tm (4-Tm), Yb (4-
Yb)). The synthesis of red block-like crystals of 4-Nd followed
the same procedure as for 1-Nd except that the molar ratio of
LnCl;-nH,0, H,fcd and phen changed from 2:1:2 to 2:1:1
and Nd(NOj3);-6H,0 was replaced by NdCl;-7H,0 (0.6 mmol,
0.2260 g; yield 39% based on Nd). Caled. for 4-Nd,
CaoH,,FesNd,0,5: C, 38.4%; H, 3.4%; O, 21.7%; found: C, %;
H, %; O, %. FTIR (KBr)/cm : 3380 vw, 3122 w, 1645 m, 1576
m, 1479 m, 1389 s, 1351 s, 1188 w, 1023 w, 800 m, 730 m,
516 m. 4-La/Ce/Pr/Sm/Eu/Gd/Tb/Dy/Ex/Tm/Yb were synthe-
sized by following the above-stated procedure, and the details
are described in the ESL}

Synthesis of [Ln,(fcd)s(H,0),]-nCH;CH,OH (Ln = Sm (5-
Sm), Eu (5-Eu) and Tb (5-Tb)). The synthesis of block-like crys-
tals of 5-Sm followed the same procedure as for 4-Nd except
that the temperature changed from 100 °C to 120 °C and NdCl;
-7H,0 was replaced by SmCl;-6H,0 (0.6 mmol; 0.2189 g, yield
5% based on Sm). Caled. for 5-Sm, Cze6,HzsFe3Sm,04334: C,
38.2%; H, 2.4%; O, 18.6%; found: C, 37.9%; H, 2.5%; O, 18.9%.
FTIR (KBr)/cm *: 3354 w, 1647 w, 1483 s, 1392 s, 1352 s, 1188
m, 1023 m, 844 m, 800 m, 763 m, 605 w, 514 m. 5-Eu and 5-Tb
were synthesized by following the above-stated procedure, and
the details are described in the ESL}

Single-crystal structure determination. Single-crystal X-ray
diffraction data collection for all CPs was performed with a
Bruker Smart 1000 CCD area detector diffractometer with
graphite-monochromatized MoKo. radiation (1 = 0.71073 A)
using the y-o mode at 298(2) K. The SMART software®® was
used for data collection and the SAINT software®® for data ex-
traction. Empirical absorption corrections were performed
with the SADABS program.”’ The structures were solved by di-
rect methods (SHELXS-2015)"' and refined by full-matrix
least-squares techniques on F*> with anisotropic thermal pa-
rameters for all of the non-hydrogen atoms (SHELXL-2015).*!
All hydrogen atoms were located by Fourier difference synthe-
sis and geometrical analysis. These hydrogen atoms were
allowed to ride on their respective parent atoms. All struc-
tural calculations were carried out using the SHELX-2015 pro-
gram package.”’ The crystal data for all CPs are listed in
Tables 1 and S1.} Selected bond distances and angles for all
CPs are listed in Table S2.}

Results and discussion
Synthesis

Red crystals of twenty-six CPs were synthesized by reacting
H,fed with LnCl;-nH,O (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
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Table 1 Details of X-ray data collection and refinement for 1-Nd, 2-Sm, 3-Nd, 4-Nd, and 5-Sm, which represent the different typical types of CPs

reported in this study

1-Nd 2-Sm 3-Nd 4-Nd 5-Sm
Formula CygH3oFe,NdoNO1y  CopHygFe3SmyN,Oqy  CopHi50Fe NdyNjOqg  CuoHyoFezNd 047 Cap67H25F€35M5015 34
M 1316.98 1541.29 1739.04 1250.77 1150.21
Crystal system Monoclinic Monoclinic Triclinic Monoclinic Monoclinic
Space group P24/n P24/n Pi P2/n P24/c
a(A) 14.0408(13) 10.6942(9) 11.6308(11) 11.2736(12) 14.8077(12)
b (A) 11.8581(11) 17.7327(16) 12.1047(12) 10.3725(11) 10.8766(9)
c(A) 14.7027(14) 15.3367(14) 13.7228(13) 17.2866(17) 21.5334(18)
a(®) 90 90 94.5620(10) 90 90
Q) 108.905(2) 108.478(2) 109.2130(10) 90.495(2) 90.5970(10)
7 (9) 90 90 117.492(2) 90 90
V(A% 2315.9(4) 2758.5(4) 1555.4(3) 2021.3(4) 3467.9(5)
zZ 2 2 1 2 4
# (Mo, Ka) (mm™) 2.895 2.940 2.624 3.652 4.630
Total reflections 11612 13725 7988 9743 17050
Unique reflections 4070 4857 5402 3568 6119
F (000) 1292 1524 862 1232 2212
Goodness of fit on F> 1.003 1.039 1.043 1.080 1.018
Rint 0.1036 0.0331 0.0274 0.0822 0.0670
R, 0.0571 0.0308 0.0315 0.0572 0.0469
WR, 0.1418 0.0622 0.0695 0.1319 0.1035
R, (all data) 0.0757 0.0517 0.0394 0.1045 0.0771
WR,, (all data) 0.1552 0.0708 0.0725 0.1572 0.1195
Largest diff. peak and hole (e A™) 2.511, -1.853 1.182, -0.545 1.004, -0.407 3.275, -1.084 1.763, -1.068

Dy, Er, Tm, and Yb) or Ln(NOj3);-6H,0 (Ln = Nd) under differ-
ent hydrothermal conditions, as illustrated in Scheme 1. The
construction of CPs is highly influenced by experimental fac-
tors such as the coordination nature of the metal ions, the
structure of the polydentate organic ligands, the metal-ligand
ratio, auxiliary ligands, counterions, reaction temperature,
PpH and solvents. Anionic counterions play an important role
in regulating and controlling the coordination mode and di-
mensional  diversity of CPs.*®* For instance, in
Nd,(fed),(phen),(NO3), (1-Nd) with a 0D crystal structure, two
oxygen atoms from the anionic NO; counterion join the
Nd(m) ion in chelating mode with the third oxygen atom be-
ing terminal, which occupy the coordination sites of Nd(im)
and hence prevent the structure from being extended to a
higher dimension, while in Nd,(fed),(Hfcd),(phen), (3-Nd),
the absence of NO;~ makes room for the bridging fcd®” linker
to extend its structure to a 1D infinite chain. The use of auxil-
iary ligands is also an effective method to tune the structure
of the CPs, leading to tunable architectures.”” Among the var-

Ln(NO;);-nH,0 : Hyfed : phen =2:1:2

ious N-donor auxiliary ligands, 1,10-phen has been widely
used to build CPs, which usually contributes to the reduction
of the structure dimensionality.””**** In this paper, the utili-
zation of chelating phen indeed limits crystal structures to
extend to higher dimensions, which can be illustrated by
Nd,(fed),(Hfed),(phen), (3-Nd) with a 1D chain structure and
[Nd,(fed)s(CH;CH,OH),(H,0),]-H,0 (4-Nd) with a 2D network.

Previously reported works have shown that the dimension-
ality of CPs can be regulated by adjusting the reaction tem-
perature'>*”** since the organic ligands can adopt different
conformations and coordination modes under different tem-
peratures.’* Furthermore, the reaction temperature can influ-
ence the coordination ability of the central metal ions.*® Tak-
ing 4-Sm (100 °C) and 5-Sm (120 °C), for example, a higher
temperature (120 °C) leads to more conformations and coor-
dination modes of the fcd®>™ ligands and a more complicated
coordination environment for Sm(m) in 5-Sm than those in 4-
Sm obtained under 100 °C. Generally, the guest solvent mole-
cules might occupy the framework void and sometimes could

Lny(fed),(phen),(NO;), (Ln = Nd)
oD

CH;CH,0H : H0 = 1:1

100°C

LnCl;-nH,0 : Hyfed : phen=2:1:4

1-Nd

[Ln,(fed);(phen),]-(CH;0H), (Ln = Sm, Eu, Gd, Tb)

CH,OH : Hy0 = 1:1

100°C

LnCly-nH,0 : Hyfed : phen=2:1:2

2-Sm/Eu/Gd/Tb 1D

Ln,(fed),(Hfed),(phen), (Ln = La, Ce, Pr, Nd, Sm, Gd)

CH,CH,0H : H,0=1:1

100°C

LnCl;-nH,0 : Hyfed : phen=2:1:1

3-La/Ce/Pr/Nd/Sm/Gd 1D

[Lny(fed)y(CH;CH,OH),(H,0),]-H,0 (Ln = La, Ce,

CH,CH,OH : H,0 = 1:1

100°C

LnCl;-nH,0 : Hyfed : phen=2:1:1

Pr, Nd, Sm, Eu, Gd, Tb, Er, Yb)
4-La/Ce/Pr/Nd/Sm/Eu/Gd/Tb/Dy/Exr/Tm/Yb 2D

[[Lny(fed)(H,0),]- nCH;CH,OH (Ln = Sm, n = 0.33;

CH;CH,OH : Hy0 = I:1

Scheme 1 Synthetic conditions of the twenty-six Ln-CPs.
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120°C

Eu, n=10.31; Tb, n = 0.30)
5-Sm/Eu/Tb 2D
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even weakly coordinate to the metal centers.*® However, sol-
vents like water, methanol and ethanol did not affect the
main structures of the twenty-six CPs in this study, as illus-
trated in Scheme 1.

Crystal structure description

Crystal structure of Nd,(fcd),(phen),(NOs), (1-Nd). The
crystal structure of 1-Nd was composed of discrete and neu-
tral OD dimeric units. As illustrated in Fig. 1(a) and (b), Nd1,
in a distorted tricapped trigonal prism geometry,*” is nine-
coordinated by two nitrogen atoms (N1 and N2) from one
chelating phen ligand, five oxygen atoms (O1, O1A, O2A, O3
and O4A) from four carboxylate groups of two different
completely deprotonated fed*™ ligands, and two oxygen atoms
(05 and 06) from a NO;™ anion. The Nd-O distances are in
the range of 2.381(5)-2.685(5) A, and the Nd-N distances are
in the range of 2.602(7)-2.673(6) A (Table S2t), which
matches well with typical Nd-O and Nd-N bond lengths in
previously reported counterparts.*®*® The fed®” ligand shows
a conformation between synperiplanar and synclinal-
staggered with a torsion angle of ca. 20.2°, as exhibited in
Scheme 2(a) and (b). Also, the fed®” ligand in 1-Nd exhibited
one coordination mode as shown in Scheme 3(h): one carbox-
ylate group [O(3) and O(4)] adopts a bidentate bridging mode
connecting two different Nd(m) atoms [Nd1 and Nd1A; sym-
metry code A: 1 —x, -y, —z|, whereas the other carboxylate
group [O1 and 02] shows a tridentate u*n*n'-coordinating
mode in which one oxygen atom (02) is terminally bound to
the neodymium atom Nd1A and the second oxygen O1 is in-
volved in a monatomic bridge between the two Nd1 and
Nd1A atoms. The coordination of NO;™ prevents the structure
from expanding into a higher-dimensional structure.

Crystal structure of [Ln,(fed);(phen),](CH;0H), (2-Sm/Eu/
Gd/Tb). 2-Sm/Eu/Gd/Tb are isomorphous and isostructural.
Hence, only the structure of 2-Sm is described in detail. The
crystal structure analysis reveals that 2-Sm is built up of 1D
infinite [Smy(fcd)s(phen),] chains and EtOH as guest mole-
cules. As illustrated in Fig. 2(a) and (b), the distorted
bicapped trigonal prismatic geometry of Sm1 is completed by
two nitrogen atoms (N1 and N2) from one chelating phen li-
gand and six oxygen atoms (01, O2A, O3, O4A, O5, and 06)
from five carboxylate groups of three different fed*™ ligands.”

Fig. 1 (a) Highlight of the coordination polyhedron for the Nd(i) atom
1-Nd; (b) the discrete 0D Ndy(fcd),(phen),(NOs), unit in 1-Nd.

This journal is © The Royal Society of Chemistry 2018
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(a) (b) (c)

(Y] (¢) O]

Scheme 2 Conformations of the ferrocenyl rings: (a) synperiplanar
(0°); (b) synclinal-staggered (36°); (c) synclinal-eclipsed (72°); (d)
anticlinal-staggered (108°); (e) anticlinal-eclipsed (144°); (f) anti-
periplanar (1800).37-%°

The Sm-O distances ranging from 2.320(3) A to 2.473(3) A
and the Sm-N distances in the range of 2.620(4)-2.644(4) A
(Table S2t) fall into the scope of typical Sm-O and Sm-N
bond lengths.’>® Two types of coordination modes of fed*”
ligands with different conformations are present in this
structure: (i) one adopts the antiperiplanar conformation
with a torsion angle of ca. 180.0°, as illustrated in
Scheme 2(f). Each carboxylate group [O5A and O6A or O5B
and O6B] exhibits a bidentate chelating mode linking one
Sm(m) atom, as shown in Scheme 3(f); (ii) the other fed” li-
gand shows a conformation between synperiplanar
(Scheme 2(a)) and synclinal-staggered (Scheme 2(b)) with a
torsion angle of ca. 6.9°. Each carboxylate group exhibits a
bidentate bridging mode linking to two different Sm(u)
atoms (Scheme 3(c)). The secondary building units (SBUs) of
[Smy(fed),(phen),”* are linked together by the bridging fed*”
linker into infinite 1D [Smy(fcd);(phen),] chains, which are
packed into a two-dimensional supramolecular framework
with the aid of n-n stacking interactions.

Crystal structure of Ln,(fcd),(Hfcd),(phen), (3-La/Ce/Pr/
Nd/Sm/Gd). 3-La/Ce/Pr/Nd/Sm/Gd are isomorphous and iso-
structural. The structure of 3-Nd (Nd,(fed),(Hfced),(phen),) is
selected to be described in detail. The crystal structure analy-
sis reveals that 3-Nd is built up of 1D Nd(fcd)(Hfcd)(phen)
chains. In 3-Nd, Nd1, adopting a distorted tricapped trigonal
prism geometry,"” is coordinated by two nitrogen atoms (N1

M—O0 0—M M—O 0—M
(a) \C—Fc—(f/ (b) \C—Fc—(?/
- ~No M—0~" o
M—O0 0—M M—0 0
© Sce—re—cl (@ Se—re—cZ Owm
M—0~" No—m o~ o~
M—O ) ) o
(e)M 0>C—Fc—C<O>M ® M<0>C—Fc—C<O>M
M M
M—O0 0 M—O o
Ne o/ ONY ~. VAR
©  CC—Fe C\O/M ()M_O/C Fc C\O/M
AN ~
N AN
M Ce—Fe LM

Scheme 3 Typical coordination modes for 1,1'-ferrocenedicarboxylic
acid.>*
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Fig. 2
in 2-Sm; (b) the secondary building unit of [sz(fcd)z(phen)2]2+; (c) the
1D infinite [Smy(fcd)s(phen),l,, chain in 2-Sm.

(a) Highlight of the coordination polyhedron for the Sm(i) atom

and N2) from a chelating phen ligand and seven oxygen
atoms (01, O1A, 024, 03, 05, O6A and O7) from six carboxyl-
ate groups of five fcd®™ ligands, as illustrated in
Fig. 3(a) and (b). The Nd-O distances are in the range of
2.389(3)-2.827(3) A, and the Nd-N distances are in the range
of 2.656(3)-2.720(3) A (Table S21), which are comparable to
typical Nd-O and Nd-N bond lengths in reported com-
plexes.*® The fcd®™ ligands employ two types of coordination
modes with different conformations in the structure of 3-Nd:
(i) the completely deprotonated fed*~ shows a conformation
between anticlinal-staggered (Scheme 2(d)) and anticlinal-
eclipsed (Scheme 2(e)) with a torsion angle of ca. 143.8°. One
carboxylate group [O5A and O6A] adopts a bidentate bridging
mode connecting two different neodymium atoms, and the
other one adopts a monodentate bridging mode
(Scheme 3(b)); (ii) the partly deprotonated Hfcd™ shows a con-
formation between synclinal-staggered (Scheme 2(b)) and
synclinal-eclipsed (Scheme 2(c)) with a torsion angle of ca.
62.8°. One carboxylate group adopts a tridentate p*m*m'-
coordinating mode, in which one oxygen atom O2 is termi-
nally bound to the neodymium atom Nd1A, the second oxy-
gen O1 is involved in a monatomic bridge between the two

(@) > NO6A (b)

ou
@Fe

o

o

b

oc
Fig. 3 (a) Highlight of the coordination polyhedron for the Nd(i) atom
in 3-Nd; (b) the secondary building unit of [Nd,(Hfcd),(phen),]**; and
(c) the 1D infinite [Nd,(Hfcd),(fcd),(phen),], chain in 3-Nd.
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neodymium atoms Nd1 and Nd1A, and the other one adopts
a bis-monodentate bridging mode (Scheme 3(g)). The
[Smy(Hfcd),(phen),]*" SBUs are linked into an infinite
[Smy,(Hfed),(fed),(phen),] chain by the fed®*™ in an anticlinal-
eclipsed conformation (as illustrated in Scheme 3(e)).

Crystal structure of [Ln,(fed);(CH;CH,0H),(H,0),]-H,O (4-
La/Ce/Pr/Nd/Sm/Eu/Gd/Th/Dy/Exr/Tm/Yb).  4-La/Ce/Pr/Nd/Sm/
Eu/Gd/Tb/Dy/Exr/Tm/Yb are isostructural. Only the structure of
4-Nd is selected as the typical one to be described in detail.
The crystal structure analysis reveals 4-Nd as a 2D infinite
[Nd,(fed);(CH3CH,0H),(H,0),]'H,O network structure. Two
types of coordination modes of fcd®>™ ligands with different
conformations are present in this structure: (i) one ligand
adopts a conformation between synclinal-staggered
(Scheme 2(b)) and synclinal-eclipsed (Scheme 2(c)) with a tor-
sion angle of ca. 62.5°. Each carboxylate group (O1 and O2 or
03 and 04) adopts a bidentate chelating mode, chelating one
neodymium atom (Scheme 3(f)); (ii) in the other kind of li-
gand, fed*” exhibits an antiperiplanar conformation with a
torsion angle of 180.0°, as illustrated in Scheme 2(f). Each
carboxylate group adopts a bidentate bridging mode to con-
nect two different Nd(m) atoms (Scheme 3(c)). The local envi-
ronment around the Nd(m) atom is depicted in Fig. 4(a). As
shown in Fig. 4(a) and (b), the distorted dodecahedral geome-
try of the Nd(m) ion is completed by six oxygen atoms from
four bridging fcd®” linkers, one oxygen atom from one coor-
dinated ethanol molecule ligand and one oxygen atom from
one coordinated water molecule.”® It is worth noting that the
carbon and hydrogen atoms (C20, H19A, H19B, H20A, H20B,
and H20C) of the ethanol molecule are two disordered sites,
and their corresponding site occupancy factor ratio is 0.66(2)/
0.34(2). The Nd-O bond distances range from 2.406(7) to
2.892(7) A, which are comparable to those of the counterparts
reported previously.*®*? The 2D structure is made up of the
secondary building units of the [Nd,(fed),(CH;CH,OH),(H,-
0),]**-linked bridging fcd*™ ligand. The completely
deprotonated fcd®™ ligands, which show an antiperiplanar
conformation with a torsion angle of 180.0°, play an impor-
tant role in forming the 2D structure, because they not only
connect each SBU through two oxygen atoms (such as O5A
and O6A from one carboxylate group) but also link each
chain by two carboxylate groups (such as 05, 06 and O5C,
06C). The adjacent networks are joined together into 3D
sheets via n-n stacking interactions with a centroid-centroid
distance of 3.501(7) A.

Crystal structure of [Lny(fed)s(H,0),]-nCH;CH,OH (5-Sm/
Eu/Tb). 5-Sm/Eu/Tb are isostructural, in which 5-Sm is se-
lected to be described in detail. The crystal structure determi-
nation reveals 5-Sm as a 2D infinite [Smy(fed)s(H,0),]
-0.33CH3CH,OH network structure. Three types of coordina-
tion modes of the fcd®” ligands with different conformations
are present in this structure: (i) one ligand adopts a confor-
mation between anticlinal-eclipsed (Scheme 2(e)) and anti-
periplanar (Scheme 2(f)) with a torsion angle of ca. 156.4°.
Each carboxylate group [O5B and O6B or O7B and O8B]
adopts a tridentate p*m*n'-coordinating mode (Scheme 3(i)).

This journal is © The Royal Society of Chemistry 2018
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(a)

Fig. 4 (a) Highlight of the coordination polyhedron for the Nd(i) atom
in 4-Nd; (b) the secondary building unit of
[ng(de)z(CH3CH20H)2(H20)2]2+; and (C) the 2D

[Nd,(fcd)3(CH3CH,OH),(H,0),],,-nH,O network of 4-Nd.

(i) The second ligand adopts a conformation between
synclinal-staggered (Scheme 2(b)) and synclinal-eclipsed
(Scheme 2(c)) with a torsion angle of ca. 50.0°. One carboxyl-
ate group [O3A and O4A] adopts a tridentate u*n’m'-
coordinating mode, and the other one [O1A and O2A] adopts
a bidentate bridging mode connecting two different samar-
ium atoms (Scheme 3(h)). (iii) The last one is similar to the
second one, except that the torsion angle is ca. 19.7°. The lo-
cal environment around the Sm(m) atom is depicted in

Fig. 5 (a) Highlight of the coordination polyhedron for the Sm1(m)
atom in 5-Sm; (b) highlight of the coordination polyhedron for the
Sm2(m) atom in 5-Sm; (c) the secondary building unit of
[Sm4(fcd)4(H20)2]4+; and (d) the 2D infinite {[Smy(fcd)g(H>0),]
-0.33CH3CH,0OH},, network in 5-Sm.
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Fig. 5(a) and (b). The Sm1A(m) atom, in a distorted dodecahe-
dral geometry, is coordinated by eight oxygen atoms from six
bridging fcd®” linkers, as shown in Fig. 5(a) and (c). The
Sm2A(m) atom, in a distorted tricapped trigonal prism geom-
etry, is coordinated by eight oxygen atoms from four bridging
fcd®” linkers and one oxygen atom from one coordinated wa-
ter molecule, as shown in Fig. 1(b) and (c). The Sm-O bond
distances range from 2.308(5) to 2.775(6) A, which are compa-
rable to those of the counterparts reported previously.”> The
2D structure of 5-Sm can be deemed to be the assembly of
[Smy(fed),(H,0),]*" as the secondary building units linked by
the fed®” linker, as illustrated in Fig. 5(c) and (d).

Fluorescence properties

The fluorescence spectra of 1,1-ferrocenedicarboxylic acid
and the twenty-six CPs are illustrated in Fig. 6. It can be ob-
served that all the CP powders have a wide fluorescence band
centered at 389 nm, which is very similar to the emission
(Amax = 389 nm) observed for 1,1'-ferrocenedicarboxylic acid.
Therefore, the emissions of all CPs (Anax = 389 nm) can be
assigned as the result of an intra-ligand transition instead of
a metal-to-ligand charge transfer (MLCT) or a ligand-to-metal
charge transfer (LMCT). The observed intra-ligand transition-
induced fluorescence of these powders is consistent with the
reported fluorescence properties of some ferrocene com-
pounds. For example, {[Tb(1>-0,CFcCO,n*)(1,M>*-O0,CFcCO,-
N*12)o.5(H20),]-2H,0},  and  {[Eu(n*-0,CFeCO,M)(1M -0,
CFcCO,*15)0.5(H20),]-2H,0}, show emission at 393 nm,*’
and [Cd,(n*0,CFcCO,),(2,2-bpy),(H,0),]-2H,0 gives an emis-
sion band at 390 nm.**

Magnetic properties

The interaction and possible super-exchange of the metal
centers in the CPs could provide rich opportunities for tun-
able magnetic properties. The magnetic properties of selected
CPs (1-Nd, 2-Sm, 2-Eu, 2-Th, 3-Ce, 3-Pr, 3-Nd, 4-Ce, 4-Pr, 4-
Nd, 4-Sm, 4-Eu and 4-Tb) were studied by both temperature-
dependent susceptibility (2-300 K under an applied field of

Intensity /a.u.

T T T T T T
340 360 380 400 420 440
Wavelength / nm

Fig. 6 Fluorescence spectra of 1,1'-ferrocenedicarboxylic acid and the
twenty-six CPs in the solid state at room temperature.
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1000 Oe) and field-dependent magnetization (up to 5000 Oe
at 2 K) measurements (Fig. 7).

Fig. 7(a) shows the temperature-dependent y\T plots for
Nd-containing CPs 1-Nd, 3-Nd and 4-Nd. The ;T values at
300 K of the three CPs are 2.8-3.0 cm® K mol™*, which are
close to the value of two free Nd™ ions (*Iyy, g = 8/11).>° A
gradual decrease in their y\T values upon cooling can be ob-
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Fig. 7 Temperature-dependent ywT plots (calculated for two Ln"" ions)

and field-dependent magnetization (calculated for one Ln"" ion) at 2 K
of (a and b) Nd"' CPs (1-Nd, 3-Nd and 4-Nd), (c and d) Tb"'-containing
CPs (2-Tb and 4-Tb), (e and f) Sm"'-containing CPs (2-Sm and 4-Sm),
(g and h) Eu"'-containing CPs (2-Eu and 4-Eu), (i and j) Ce"'-containing
CPs (3-Ce and 4-Ce), and (k and ) Pr''-containing CPs (3-Pr and 4-Pr).
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served for the three CPs which reaches values of 1.2-1.6 cm’®
K mol ™ at 2 K, which can be attributed to antiferromagnetic
interactions between the spin carriers. Consistent with anti-
ferromagnetism, the magnetization values of the Nd-
containing CPs at 2 K (Fig. 7(b)) gradually increase with the
field and reach 1.5 N, 1.7 Ng, and 1.3 Ng at 5000 Oe for 1-
Nd, 3-Nd and 4-Nd, respectively, which are far from the satu-
rated value of one Nd™ ion.

For the Tb CPs 2-Tb and 4-Tb, the y\T values are 25.62
and 22.60 cm® K mol™ at 300 K (Fig. 7(c)), which are close to
the value of 23.62 cm® K mol " expected for two independent
Tb(m) ions, considering the contribution from the 4f orbital
(’Fe, g = 3/2). As the temperature decreases, yyT increases,
reaching 33.35 and 30.51 cm® K mol™* at about 20.0 K for 2-
Tb and 4-Tb, respectively. These magnetic behaviors indicate
ferromagnetic coupling mediated by the carboxylate groups
between the Tb(m) ions in 2-Tb and 4-Tb. However, as the
temperature further decreases from 20 K to 2.0 K, an abrupt
decrease in the y\T values of the two CPs can be observed,
which might indicate a low-temperature phase transition of
the onset of long-range ordering of Tb(m) within these CPs.>®
The magnetization values of 2-Tb and 4-Tb at 2 K (Fig. 7(d))
increase with the field and demonstrate fast saturation be-
havior above 15 000 Oe, which indicates the presence of ferro-
magnetic coupling in these CPs.””

The yuT values of the two Sm CPs 2-Sm and 4-Sm
(Fig. 7(e)) are 0.51 and 0.59 cm® K mol ™, respectively, which
are larger than the value of 0.18 em® K mol™ of two indepen-
dent Sm™ ions (°Hs),, g = 2/7). This might be due to the pop-
ulation of the first excited state °H,/, at room temperature.
The same situation was also found in 2-Eu and 4-Eu
(Fig. 7(g)), in which the room temperature y\T values (2.90
and 2.64 cm® K mol ™) are larger than the free-ion approxima-
tion. The decrease in the y\T values with decreasing temper-
ature and slowly increasing magnetization without saturation
behavior (Fig. 7(f) and (h)) suggests the onset of antiferro-
magnetic coupling at low temperatures.

At room temperature, the yyT values of two Ce-containing
CPs 3-Ce and 4-Ce are 1.18 and 0.99 cm® K mol ™, respectively
(Fig. 7(i)), which are smaller than the theoretical value of
1.60 cm® K mol ™" for two Ce™ ions (*Hs,, g = 6/7), indicating
antiferromagnetic coupling of the two CPs. A similar behavior
is observed for two Pr-containing CPs (Fig. 7(k)) with yyT
values (2.88 and 2.76 cm® K mol " for 3-Pr and 4-Pr, respec-
tively) smaller than the theoretical value of 3.20 cm® K mol™
for two Pr' ions (*H,, g = 4/5). The magnetization values of
the Pr'™ and Ce™ CPs at 2 K are shown in Fig. 7(j) and (1),
which increase with the field almost linearly and do not
reach the saturated values, implying antiferromagnetic inter-
action or magnetic anisotropy.””

The magnetic study of the CPs indicates rich opportuni-
ties for tunable magnetic coupling between metal centers
covering both antiferromagnetic and ferromagnetic behaviors
of the CPs. A systematic magnetic study on the interaction
and possible super-exchange of the metal centers in the CPs
is currently under way.

This journal is © The Royal Society of Chemistry 2018
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Conclusion

In conclusion, twenty-six lanthanide coordination polymers
have been synthesized under hydrothermal conditions. The
conformational flexibility of the fed ligand may lead to vari-
ous assembled structures. The reaction conditions including
anions, auxiliary ligands, solvent and temperature make the
structures change from zero-dimensional discrete units to
two-dimensional layers. The structure of 1-Nd is a 0D cluster
resulting from the occupancy of neodymium(m) coordination
sites by nitrate ions. If the nitrate ions do not participate in
the coordination with Ln metal ions, the structure can be ex-
tended to 1D chains, which can be found in 3-Nd. Although
the structures of the group of 2-Sm/Eu/Gd/Tb and the group
of 3-La/Ce/Pr/Nd/Sm/Gd are 1D chains, they are different
since the molar ratios of LnCl;-nH,0, H,fcd and phen are var-
ied. Without the presence of chelating phen, lanthanide and
fed ligands can further form two-dimensional layers. More-
over, the temperature influences the connecting pattern be-
tween metals and ligands. All lanthanide CPs exhibit fluores-
cence activities resulting from intra-ligand fluorescence
emissions. Also, the CPs could exhibit a variety of magnetic
interactions including antiferromagnetic coupling, ferromag-
netic coupling, and possible magnetic anisotropy.
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