ISSN 1070-3284, Russian Journal of Coordination Chemistry, 2020, Vol. 46, No. 4, pp. 290—296. © Pleiades Publishing, Ltd., 2020.

Syntheses, Crystal Structures, Visible, and Near-Infrared
Luminescence Properties of 3d—4f Coordination
Polymers Cu,Er, and Eu,Ni,

L. X. Zhong*, M. Y. Liu“, B. W. Zhang“, Y. Q. Sun*~* *, Y. Y. Xu* *, and D. Z. Gao*

“Tianjin Key Laboratory of Structure and Performance for Functional Molecule, College of Chemistry, Tianjin Normal
University, Tianjin, 300387 P.R. China
bKey Laboratory of Advanced Energy Materials Chemistry (Ministry of Education), Nankai University,
Tianjin, 300071 P.R. China
*e-mail: hxxysyq@mail.tinu.edu.cn
Received December 1, 2018; revised June 18, 2019; accepted June 27, 2019

Abstract—Solvothermal condition reaction of Ln(NO;); - 6H,O (Ln = Er, Eu) with 5-nitroisophthalate (Nipt?)
and mononuclear macrocyclic oxamide complex ML (M = Ni or Cu) afforded two new 3d—4f heterometallic
coordination polymers [Er,(CuL),(Nipt);(H,0)] - 0.75H,0 (I) and [Eu,(NiL),(Nipt);(H,0)] - H,O (II) (ML,
H,L = 2,3-dioxo-5,6,14,15-dibenzo-1,4,8,12-tetraazacyclo-pentadeca-7,13-dien; H,Nipt = 5-nitroisophthalic
acid). Their structures have been characterized by elemental analyses, FT-IR, UV, and single-crystal X-ray diffrac-
tion analyses (CIF files CCDC nos. 1880429 (I), 1880430 (II)). Both complexes I and II exhibit a 2D dimensional
heterometallic framework with 3,3,4,5-connected (3.4.5)(3%.4%.5.63.7%)(4%.63.8)(42.6) topology, and adjacent 2D
structures are connect together with intermolecular O—H---O and C—H---O hydrogen bonds to form a 3D supera-
molecular architectures. Moreover, the visible and near-infrared luminescence properties of the compound I are

also discussed.
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INTRODUCTION

The search for new compound with exciting mag-
netic, luminescent and other functional characteris-
tics promoted chemists to combine two or more differ-
ent metal ions within the same molecule or framework
[1-5]. Especially, the 3d—4f heterometallic coordina-
tion polymers (CPs) have captivated more and more
researchers due to their potential applications in vari-
ous scientific fields, for example, magnet, gas adsorp-
tion/separation, catalyst, luminescence, etc. [1, 6—
11]. Up to now, although a large number of 3d—4f CPs
with different morphologies, structure and dimen-
sions have been reported [12—17], it has still been a
challenge to predict the final architectures of 3d—4f
CPs. Therefore, it is necessary to choose a simple and
high-efficiency experiment method. In recent years,
utilizing ‘metalloligand’ synthetic approach to con-
struct 3d—4f coordination frameworks has attracted a
great deal of attentions, because this method is easy
controllable and beneficial to design and modulate the
structures [1, 18]. Compared with other metalloli-
gands, mononuclear macrocyclic oxamide ligands are
stable, easy to control in the synthesis process,
and not easy to produce other impurities, but their

biggest drawback is that the coordination polymers
with one-, two- or three-dimensionality are hard to
obtain. Thus, in this paper, we adopt a mixed-ligand
self-assembly synthetic method, that is, using carbox-
ylate organic ligand and mononuclear macrocyclic
oxamide ML (Scheme 1a) as co-ligands to construct
novel 3d—4f CPs. Because carboxylate organic ligand
and its ions have been proven to be good linkers [19—
21], due to their versatile coordination modes, strong
coordination ability with Ln3" ions. Moreover, the
degree of protonation of carboxylate organic ligands
affects the number of the functional coordination
sites, and provides endless possible outcomes of the
final products. With these facts in mind and in contin-
uation of our interest in X-ray diffraction analyses
CPs, in this work, we use 5-nitroisophthalate and
mononuclear macrocyclic oxamide ML as mixed
ligands to react with Ln3* ions. The results show that
two novel coordination polymers [Er,(Cul),-
(Nipt);(H,0)] 0.75H,0 () and [Eu,(NilL),-
(Nipt);(H,0)] - H,O (IT) were obtained. More inter-
estingly, the nitro group (NO,) as an electron-with-
drawing coexisting in isophthalic can weakly coordi-
nate with transition metal ions M(II) (M = Cu, Ni) in
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CPs I and 1I, to the best of our knowledge, which is
very rare. Considering the synergistic effect between
lanthanide and transition metal ions and the different
ligands, we investigate the luminescence of complex I.
The results show that mononuclear macrocyclic
oxamide CuL can serve as an efficient sensitizer for the
near-infrared luminescence of trivalent erbium ion.
Although the researches about the near-infrared
(NIR) emission of lanthanide complexes containing
Yb(IIT), Nd(IIT) and Er(III) have become a hot topic
due to the potential applications in bioassays and laser
system [22—28], the light-absorbing Cu(II)L chromo-
phores used as sensitizers for NIR luminescence has
not been reported.

EXPERIMENTAL

All the starting reagents were purchased and used
without further purification. The complex ligand ML
(M = Cu, Ni) was prepared according to the described
elsewhere [29]. Elemental analyses for C, H and N
were carried out with a Perkin-Elmer 240 Elemental
analyzer. IR spectra (600—4000 cm™') were measured
with a KBr plate on a Shimadzu IR-408 infrared spec-
trophotometer. Electronic spectra for solid samples
were recorded on a Shimadzu UV-2101 PC scanning
spectrophotometer. The luminescence properties were
carried out on a RF-5301PC luminescence.

Synthesis of complex I. A mixture of Er(NO;); -
6H,0 (0.05 mmol, 23.1 mg), CuL (0.1 mmol,
19.6 mg), H,Nipt (0.1 mmol, 21 mg), H,O (10 mL)
and CH;0H (4 mL) was placed in a 25 mL-Teflon-
lined reactor and stirred for 30 min at room tempera-
ture, and then triethylamine was dropped in until the
pH value of the system was adjusted to about 7—8. The
reaction mixture was sealed and heated at 160°C for
72 h and then cooled to room temperature. Dark green
crystals of complex I suitable for single crystal X-ray
diffraction analysis had been produced and washed
several times by distilled water. The yield was 40.1%.

For CgyHyy sN11024CuyEr, (I)
Anal. calcd., % C,41.58
Found, % C, 41.60

H, 2.49
H,2.52

N, 8.61
N, 8.65

(b)
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IR bands (v, cm™"): 1635 v(COO), 1611 v(C=0),
1541 v(C=N), 1338 V(N O,).

Synthesis of complex II was carried out by the same
way as I, but using Eu(NO;); - 6H,0 (0.05 mmol,
22.3 mg) instead of Er(NO;); - 6H,0, and using NiL
(0.05 mmol) instead of CuL. Finally, the red crystals
were obtained. The yield was 51.3%.

For C62H45N]1024N12EU2 (II)
Anal. caled., % C,42.54
Found, % C, 42.57

H, 2.57
H, 2.52

N, 8.80
N, 8.83

IR bands (v, cm™): 1643 v(COO-), 1607 v(C=0),
1557 v(C=N), 1349 v(NO,).

X-ray crystallography. All the data for I, II were
collected with a Bruker Smart CCD area detector by
using graphite monochromatic MoK, radiation (A =
0.71073 A) at 296.15 K. Using Olex2, the structure was
solved with the XS structure solution program using
Direct Methods and refined with the ShelXL refine-
ment package using Least Squares minimisation.
Hydrogen atoms were added geometrically and
refined with riding model position parameters and
fixed isotropic thermal parameters. The crystallo-
graphic data for I and II are listed in Table 1, and
selected bond lengths and angles for I and II are sum-
marized in Table 2.

Supplementary material for structures I has been
deposited with the Cambridge Crystallographic Data
Centre (CCDC nos. 1880429 (I), 1880430 (II);
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.
ac.uk).

RESULTS AND DISCUSSION

The macrocyclic oxamide complex ligands ML
(M = Cu(II), Ni(IT)) (a); the coordinated modes of
5-nitroisophthalate (M Cu(II), NiII)); Ln =
Er(IIT), Eu(II) (b, c) are given in Scheme 1.

(c)

Scheme 1.
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Table 1. Crystal data and structure refinement for complexes I and I1

Value
Parameter

I 11
Formula weight 1789.19 1749.43
Crystal system Triclinic Triclinic
Space group Pl Pl
a, A 10.701(2) 10.7649(15)
b, A 14.861(3) 14.8593(19)
¢, A 21.354(5) 21.431(3)
o, deg 95.110(3) 94.388(3)
B, deg 103.256(3) 103.572(3)
v, deg 109.730(3) 109.847(3)
v, A3 3059.5(11) 3088.4(7)
Z 2 2
Pcalced> mg/m3 1.942 1.881
Absorption coefficient, mm 3.497 2.699
F(000) 1759.0 1736.0
Crystal size, mm 0.18 X 0.15 x 0.14 0.18 x 0.17 x 0.15
Goodness-of-fit on F? 1.014 0.996
R, (I>20()))* 0.0360 0.0770
wR, (all data)* 0.0870 0.2000
Largest diff. peak and hole, e A3 1.85/—1.23 3.33/-2.62
* Ry = SIF — IF/ZIFl wRy = (Iw(Fy — FO2/SIw(E) 1},
Table 2. The data of selected bond distances (A) and angles (deg) for complexes I and IT*

Bond d,A Angle o, deg

|
Er(2)—0(18) 2.645(4) O(12)Er(1)O(2) 149.52(15)
Er(1)—0(8)* 2.216(4) O(5)Er(1)O(6) 53.84(15)
Er(1)—0(2) 2.354(4) O2)Er(1)0(5) 86.91(16)
Er(1)—0O(6) 2.418(4) O(6)Er(1)O(1) 116.27(14)
Cu(2)—N(6) 2.021(6) N(7)Cu(2)N(5) 171.1(2)
Cu(1)—N4) 1.957(5) N(7)Cu(2)N(8) 83.37(19)

I
Eu(2)—(19)** 2.664(10) O(12)Eu(1)O(2) 149.8(3)
Eu(1)—0(8)*2 2.264(9) O(6)Eu(1)0(5) 53.2(3)
Eu(1)—0(2) 2.424(8) O(5)Eu(1)O(1) 115.5(3)
Eu(2)—0(3) 2.432(8) OQ)Eu(1)0(5) 79.6(3)
Ni(2)—N(5) 2.010(11) N(8)Ni(2)N(6) 171.9(6)
Ni(1)—N(3) 1.933(13) N(8)Ni(2)N(5) 83.4(4)

* Symmetry codes: 21 +x, y, z (I); 2 =1 +x, 3,z ™ 1 + x, y, z (10).
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As revealed by single-crystal X-ray diffraction
analysis, there are crystallographically independent
two Er’** ions, two Cu?" ions in complex I. As shown
in Fig. 1a, the Er(1) ion has eight coordination sites
which are occupied by five oxygen atoms from four
Nipt?~ ligands, two oxygen atoms from one CuL, and
an oxygen atom from the coordination water mole-
cule, to furnish a distorted square anti-prism coordi-
nation geometry. The Er(1)-—O bond lengths and
OEr(1)O bond angles are in the range of 2.216(4)—
2.459(4) A and 53.84(15)°—156.85(15)°, respectively.
The Er(2) ion also resides in a distorted square anti-
prism coordination environment with sixcarboxyl
oxygen atoms from five Nipt>~ ligands, two oxygen
atoms from one CuL. The Er(2)—O bond lengths and
OEr(2)O bond angles are in the range of 2.231(4)—
2.645(4) A and 51.48(13)°—145.87(14)°, respectively.
The coordination geometry of each Cu®" ion is a dis-
torted square pyramid surrounded by four nitrogen
atoms from macrocyclic oxamide group (Cu(1)—N
1.957(5)—1.975(5) A and Cu(2)-N 1.972(5)—
2.021(6) A) and one oxygen atom from COO- for
Cu(2), NO, for Cu(1) (Cu(1)—O 2.829(6) A and
Cu(2)—0 2.462(5) A). Obviously, the axial Cu—O
bands are weak, which may be related to the Jahn—
Teller effect and/or weak coordination ability of nitro
group as an electron-withdrawing coexisting in isoph-
thalic. The centre Er’" ions and external Cu?" ions are
bridged by oxamide groups to form heterobinuclear
units  Er(1)Cu(1) (Er(1)—Cu(l) 5.716(4) A) and
Er(2)Cu(2) (Er(2)—Cu(2) 5.670(4) A). Er(1)Cu(1)
and Er(2)Cu(2) heterobinuclear units are interlinked
through a Nipt>~ to form a asymmetric heterotetranu-
clear Cu,Er, unit. The adjacent asymmetric hetero-
tetranuclear Cu,Er, units are bridged by Nipt?~ ligands
to afford a 2D dimensional network (Fig. 2). In 2D
framework, one kind of Nipt’>~ connects three Er’*
and two Cu?* ions in the order of CuErErCuEr with
two W,-n'm'-carboxylate and W,,n'-nitrogroups
(Scheme 1b); another kind of Nipt?~ links three Er’*
ions adopting K;-n':n'-chelating and pw,-n':n'-bridg-
ing coordination modes (Scheme 1c¢). Topologically,
the structure is composed of two kinds of 3-connect-
ing Nipt>~ anions, 4-connecting and 5-connecting
Er’* ions. Thus compound I can be simplified to a
3,3,4,5-connected 4-nodal network with the Schlafli
symbols of (3.4.5)(32.4%.5.6%.7%)(4%.63.8)(42.6) (Fig. 3).
Furthermore, the adjacent 2D networks are linked
together with O—H--O and C—H---O intermolecular
hydrogen bonds to form a 3D framework, and O---O,
C---O distances and O—H--O, C—H---O angles are in
the range of 2.765—2.936 A, 2.804—3.444 A, 1240°—
174° and 119°—164°, respectively.

Single-crystal X-ray diffraction analysis indicated
that the compound II has the same structure as com-
pound I. As shown in Fig. 1b, Eu(1) ion is eight-coor-
dinated with five O atoms from four the Nipt*~
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ligands, two O atoms from one NiL, and one O atom
from the coordinated water molecule, the Eu(1)—0O
bond lengths and OEu(1)O bond angles are in the
range of 2.264(9)—2.514(8) A and 53.2(3)°—157.4(3)°,
respectively. While Eu(2) ion is also eight-coordinated
with six O atoms from five Nipt>~ ligands, two O atoms
from one NiL, the Eu(2)—O bond lengths and
OEu(2)0O bond angles are in the range of 2.291(9)—
2.664(1) A and 50.8(3)°—146.2(3)°, respectively. Each
Ni?* ion resides in a distorted square pyramid sur-
rounded by four nitrogen atoms from macrocyclic
oxamide group (Ni(1)—N 1.933(13)—1.969(10) A and
Ni(2)—N 1.962(10)—2.010(11) A) and one oxygen
atom from COO~ for Ni(2), NO, for Ni(1) (Ni(1)—O
2.820(3) A and Ni(2)—0 2.443(6) A), obviously, the
axial Ni—O bands are weak. Each Eu®" ion connects
one Ni?* ion by oxamide group to form heterobinu-
clear units Eu(1)Ni(1) (Er(1)—Ni(1) 5.767(2) A) and
Eu(2)Ni(2) (Er(2)—Ni(2) 5.710(8) A), and the two
heterobinuclear units are interlinked through a Nipt?~
to form a asymmetric heterotetranuclear Eu,Ni, unit.
The adjacent asymmetric heterotetranuclear Cu,Eu,

units are bridged by Nipt?>~ ligands to afford a
2D dimensional network, which issimilar to that
of complex I (Fig. 2). Furthermore, the adjacent
2D networks are bridged together with O—H---O and
C—H--O intermolecular hydrogen bonds to form a 3D
framework, and O---O, C---O distances and O—H---O,
C—H-0 angles are in the range of 2.753—3.021 A,
2.805—-3.465 A, 119°—135° and 120°—152°, respec-
tively.

For complexes I and II, the strong peaks in the
range 1635—1643 and 1389—1366 cm™! are character-
istic of the absorption for the asymmetric and sym-
metric stretching vibrations of COO~, and all carboxyl
groups of H,Nipt are deprotonated because no bands
for COOH in the region 1680—1720 cm~' were
observed [30]. The bands around 1338—1349 cm~! are
characteristic of the nitro group [30]. The characteris-
tic absorption peaks of mononuclear macrocyclic
oxamide ligands ML appear in range of 1601—1617
and 1547—1560 cm~', which are attributed to the
v(C=0) and the v(C=N) vibrations [30], respectively.
The bands around 3421 cm~! are characteristic of the
hydroxyl from H,O [30].

The solid-state electronic absorption spectra were
measured at room temperature. For I and II, the broad
absorption band at 634 and 580 nm can be designed to
the spin-allowed d—d electronic transition of Cu?* and
Ni?* ions in Cy, [31], respectively, compared with ML,
I and II both have a red shift. Below 500 nm, the com-
plexes exhibit intense bands, which isrelated to the
charge-transfer transitions in the [ML] (M = Cu, Ni)
chromophores and/or intraligand m—n* transitions
[31]. The hypersensitive transition bands of the Er®*

No.4 2020
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Fig. 1. Portion of the crystal structures of I (a) and II (b) showing coordinate environments of Er(I11), Cu(Il) and Eu(11I), Ni(II)

ions, respectively. All H atoms are omitted for clarity. Symmetry codes: (4) 1 +x, y, z; (B) —x, —,

2-50-1—x,=1—-py,1-

(D) —x,—1—y, 1 —zg)forTand (A) =1 —x,», 5, (B) 2 —x, =y, =5, (O)2—x, 1 =y, 1 —z; (D) 1 + x, y, 7) for IL.

and Eu?' ions were not observed, because the absorp-
tion intensity of them is very feebleness.

In order to study the effects of 5-nitroisophthalate
and mononuclear macrocyclic oxamide complex CuL
on the visible and near-infrared luminescence proper-
ties of Er’* ions, the luminescence properties of the
complex I using the excitation wavelength of 467 nm

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46

was investigated in the solid state at room temperature.
The main emission bands in the visible area are at 544,
591, and 615 nm, and these bands may be attributed to
the 2Hll/z — 4115/2, 4S3/2 — 4[15/2, and 4F9/2 — 4115/2
transitions ofthe Er3* ion (Fig. 4). The NIR emission
bond of Er** ion at 1530 nm was also observed (Fig. 5),
which can be assigned to the Er(IIl)-centered f—f

No. 4 2020
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Fig. 2. The view of the self-assembly 2D framework bridged by Nipz_ and ML ligands for complex I.

transitions from the */;;, to the */5,, [22, 23, 26]. In
order to further explore the cause of near infrared
luminescence, the emission spectra of mononuclear
macrocyclic oxamide complex Cul and 5-nitroisoph-
thalic acid were also measured at A, = 467 nm, the
results show that the broad NIR phosphorescence of
free CuL around 909 nm has been observed. Com-

-ﬂ

Fig. 3. The topological representation of the 2D sheet, the
blue and pink sticks represent Niptz_and Ln*" ions (Ln=
Er (I), Eu (II)).

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46

pared with the NIR emission spectrum of CuL, the
emission intensity of I around 909 nm distinctly
decreases or disappears, which indicates that the effi-
cient energy transfer from excited Cu(Il) to the Er**
excited state 47,5 /> through the oxamide oxygen bridge-
shas occurred, and eventually leads to the f—f transi-
tion of Er(I1I) center in the NIR range [22, 23, 26].
Therefore, it can be concluded that the near infrared
luminescence of Er(Ill) center is generated by CulL
sensitization.

Thus, two new 3d—4f heterometallic coordination
polymers Cu,Er, and Eu,Ni, were obtained with ML

4Fopn— s

u

Intensity, a

0k I
550

700

1 1
600 650
Wavelength, nm

Fig. 4. Solid-state visible emission spectra of I (A, =
467 nm).
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Fig. 5. Solid-state NIR emission spectra of I and CuL (A, =
467 nm).

(M = Cu, Ni) and 5-nitroisophthalate as co-ligands under
solvothermal raction conditions. The single-crystal X-ray
diffraction analyses indicate thatcompounds I and II are a
2D heterometallic framework with 3,3,4,5-connected
(3.4.5)(3%.42.5.6%.7%)(4%.63.8)(42.6) topology. The lumines-
cence propertiesof complex I provedthat mononuclear
macrocyclic oxamide CuL can serve as an efficient
sensitizer for the near-infrared luminescence of triva-
lent erbium ion.
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