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Abstract: Five  crystal complexes {[Eux(TPTZ),(mNBA)s(H20),]-2CH3;0H}, (1),
[Eu(TPTZ)(CF;COO)(H,0)s5]-Cl,-CH;CH,OH ), {[Yby(TPTZ),(BDC)3]-2H, 0} 3),
[Yb(TPTZ)CI(H,O)4]-Cl, (4) and [Er(TPTZ)(TTA)Cl,] (5) (mNBA = m-nitro benzoate,
BDC = terephthalate, TTA = thenoyltrifluoroacetone, TPTZ = 2,4,6-tri(2-pyridyl)-1,3,5-triazine) have
been synthesized. The single X-ray diffraction reveals that TPTZ is mainly in the trident coordination
mode and organic aromatic carboxylic acids are in the multiple coordination modes in the crystals.
The composition of solvents, reaction temperature and reactant ratios all affect the composition
and structure of the formed crystals. Crystals 1 and 3 belong to triclinic system, while the other
three belong to monoclinic system. Among them, Crystal complexes 1 and 3 are coordination
polymers. The other three crystals are mononuclear complexes with Ln'" ions in the asymmetric
environment. Both of the Crystal complexes 1 and 2 show strong luminescence emissions of Eu®*.
The luminescence lifetimes of the two complexes are 0.761 ms and 0.447 ms, respectively. In addition,
their luminescence quantum efficiencies are 25.0% and 16.7%, respectively.

Keywords: lanthanide complexes; 2,4,6-tri(pyridin-2-yl)-1,3,5-triazine; aromatic carboxylic acids;
crystal structure; luminescence

1. Introduction

The lanthanide complexes have a great deal of applications in the fields such as single-molecule
magnets, biomedicine, electro-luminescence devices, laser-systems and optical communications [1-5].
However, f-f electron transitions of lanthanide ions are forbidden by the parity rule. Thus, their
fluorescent intensities and quantum efficiencies are relatively low [6]. Some neutral or anionic
organic ligands, such as aromatic carboxylic acid, have been introduced. These organic ligands
have excellent light absorption abilities and can transfer energy to lanthanide ions due to so-called
“antenna effect” [7,8]. Because of the distinctive coordination modes and conjugated large 7t system,
neutral ligand 2,4,6-tri(pyridin-2-yl)-1,3,5-triazine (TPTZ) has become one of the most attractive
ligands. Moreover, TPTZ can increase the chemical and thermal stability of the complexes [9-14].
In addition, the triplet energy level of TPTZ (21,200 cm ') matches the lowest excited state energy level
of Eu3* (17,200 cm 1), which results in the enhancement of the luminescence intensities of europium
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complexes [15,16]. Up to now, crystals of Sm, Eu, Tb, Dy, Gd, Nd, Cd, Cu and Co with TPTZ have been
synthesized [17-20].

The anionic ligand terephthalic acid (H;BDC) may bind with metal ions by bidentate
chelating coordination or monodentate bridging coordination, which can form one-dimensional
chains, two-dimensional layered structures and three-dimensional network structures with distinct
topologies [21-26]. m-nitrobenzoic acid (mNBA) and thenoyltrifluoroacetone (TTA) ligands are also
typical organic ligands, which can form stable complexes with lanthanide ions [27-29]. In recent
years, constructing crystals and coordination polymers have become a hot spot in the material and
coordination chemistry research. Because lanthanide ions possess high and variable coordination
number, and complicated structure, the synthesis of the lanthanide crystal complexes and the
coordination polymers are typically unpredictable [30-34]. Herein, we introduce the neutral ligand
of TPTZ together with the different anionic ligands HyBDC, mNBA and TTA, using the methods
of solvothermal and slow evaporation of solvent by varying the reaction conditions. Five crystal
complexes with distinct composition and structure have been synthesized with central ions of Eu, Yb
and Er. In addition, the luminescence properties of the europium complexes have been discussed.

2. Experimental Section

2.1. Chemical Reagents and Instruments

The purity of lanthanide oxides EuyO3, Yb,O3 and Er,Oj are all 99.99%. TPTZ, H,BDC, mNBA,
TTA and other reagents are all of analytical grade and used as received. Elemental analysis of C,
H and N was performed on a Vario EL Cube elemental analyzer (Hanau, Germany). Crystal X-ray
diffraction patterns were recorded on a Bruker SMART 1000 CCD diffractometer (Bruker, karlsruhe,
Germany) with a monochromator in the Mo and Cu K« radiation (A = 0.71073/1.54184 A) incident
beam at a temperature of 293 K. Infrared spectra were recorded with KBr pellets on a Nicolet Nexus
670 FT-IR spectrometer (Madison, WI, USA) within the scope of 4000400 cm ™. Luminescence spectra
and luminescence lifetime of the europium complexes were measured on an Edinburgh Analytical
Instruments FLS-920 spectraphotometer (Edinburgh, UK). Quantum efficiencies were calculated
according to literature and illustrated in support information.

2.2. Synthesis of Crystal Complexes 1-5

For the experiment, 1.76 g EuyO3 was dissolved in hydrochloric acid under constant stirring.
The mixture was heated until the crystallized film appeared, after which the solution was cooled to
room temperature and a white powder appeared. The white powder was collected and dissolved in
anhydrous ethanol solution to get a 0.1 mol L~! EuCl; ethanol solution. The preparation procedures
of YbCl3 and ErCl; ethanol solutions were similar to that of the EuCl3 solution.

{[Euy(TPTZ),(mNBA)s(H,0),]-2CH30H},, (1). A mixture of mNBA (3 mmol, 0.501 g) and EuCl;
(1 mmol) were dissolved in 15 mL anhydrous ethanol solution, stirred and heated to 50 °C for 3 h. The
pH value of the solution was adjusted to 6.2-6.7 with dilute ammonia solution until white precipitate
appeared. The solution was left still at room temperature overnight. Then, the mixture was separated
by filtering. After being washed with pure ethanol, the white precipitate of Eu(mNBA); complex
was dried to constant weight. The precipitate was dissolved in 30 mL of CH,Cl, and five drops of
DME. Then, a methanol solution of TPTZ (1 mmol, 0.312 g) was added dropwise into the solution.
The solution was sealed with plastic wrap and evaporated automatically for seven days. Faint yellow
crystal complex was finally collected—Anal. Calc. (%) for crystal complex [CgoHggEupsN1§Oss]n: C,
47.40; H, 2.96; N, 12.44; found: C, 46.94; H, 2.70; N, 12.23.

[Eu(TPTZ)(CF3COO)(H;0)5]-Cly-CH3CH,OH (2). A mixture of TTA (1 mmol, 0.222 g) and EuCls
(1 mmol) was dissolved in a mixture solvent of 10 mL ethanol and 5 mL acetonitrile. The pH value of
the solution was adjusted to 6.4 with dilute ammonia solution and white precipitate was obtained.
After stirring at room temperature for 30 min, TPTZ (1 mmol, 0.312 g) was added. The solution was



Crystals 2017, 7, 139 3o0f15

kept stirring for 30 min and transferred into a Teflon-lined stainless steel autoclave. The autoclave
was kept for 72 h under 120 °C and programmed cooled to room temperature, after which the crystal
complex was obtained—Anal. Calc. (%) for crystal complex CyyHpsCl, EuF3NgOs: C, 33.66; H, 3.56;
N, 10.71; found: C, 33.54; H, 3.20; N, 11.03.

{[Yby(TPTZ),(BDC)3]-2H,0},, (3). H,BDC (1 mmol, 0.166 g) was dissolved in a mixture solvent
of 7 mL DMF and 5 mL distilled water. Then, 1 mmol of YbCl;z ethanol solution was added into the
stock solution. After stirring for about 30 min, TPTZ (1 mmol, 0.312 g) was added to the solution.
The solution was stirred at room temperature for another 30 min. Then, the solution was transferred
into a Teflon-lined stainless steel autoclave and reacted at 100 °C for 72 h. After being programmed and
cooled to room temperature, the crystal complex was obtained—Anal. Calc. (%) for crystal complex
[CeoHaoN12014Ybs]n: C, 48.03; H, 2.67; N, 11.20; found: C, 48.07; H, 2.69; N, 11.31.

[YW(TPTZ)CI(H,0)4]-Cl; (4). TPTZ (0.5 mmol, 0.156 g) was dissolved in 10 mL acetonitrile. YbCl;
(1.5 mmol) ethanol solution was slowly added into the solution. The pH value of the solution was then
adjusted to 6.4 with ammonia solution. After stirring at room temperature for 30 min, the solution
was transferred to a Teflon-lined stainless steel autoclave and reacted for 72 h under 120 °C. After
programmed cooled to room temperature, the crystal complex was obtained—Anal. Calc. (%) for
crystal complex C1gH9CI3NgO4Yb: C, 32.47; H, 3.01; N, 12.65; found: C, 32.03; H, 2.87; N, 12.16.

[Ex(TPTZ)TTA)CI,] (5). TTA (1 mmol, 0.222 g) was dissolved in a mixture solvent of 10 mL
ethanol and 5 mL acetonitrile. Then ErCl; (1 mmol) ethanol solution was added. After stirring at room
temperature for 30 min, TPTZ (1 mmol, 0.312 g) was added. The solution was kept stirring for 30 min
and transferred into a Teflon-lined stainless steel autoclave to react for 72 h under 80 °C. After being
programmed and cooled to room temperature, the crystal complex was obtained—Anal. Calc. (%) for
crystal complex CpsNgO,SFsH;4CLEr: C, 40.47; H, 2.09; N, 10.89; found: C, 40.94; H, 2.40; N, 10.53.

2.3. Crystal Structure Determinations

The crystal data have been collected by a Xcalibur Eos Gemini diffractometer (South San Francisco,
CA, US) using Mo and Cu K« radiation incident beam. All structures were solved by direct methods
and refined by full-matrix least-squares methods against F?> with SHELXTL-97. Diamond-crystal and
molecular visualization software was applied in drawing crystal figures. All of the non-hydrogen
atoms were refined with anisotropic thermal parameters, and all hydrogen atoms have been omitted
for the sake of clarity. Crystallographic data of the crystals have been deposited at the Cambridge
Crystallographic Data Center (England, Britain). The CCDC numbers of the five Crystals 1-5 are
960822, 960824, 960826, 960821 and 960823, respectively.

3. Results and Discussion

3.1. Infrared Spectroscopy

The IR spectra of the five crystal complexes and the ligands were shown in Figure 1. For TPTZ
ligand, the band at 1370 cm ! was attributed to the breathing vibration of the center ring and the band
at 993 cm~! was attributed to the bending vibration of the pyridyl ring. The two bands shifted to
1383-1382 and 1012-1008 cm ™! in the Crystal complexes 1-5, respectively, indicating that nitrogen
atoms of the center ring and the pyridyl ring were coordinated with the metal ions [15,16]. The bands
observed in the 767-771 cm ™! region were assigned to the aromatic C-H deformation vibrations [15,35].
In addition, the complexes 1-4 exhibited a band in the 1645-1623 cm~! region, which could be assigned
to 8omy of H,O [35]. The absorption band of ligand H,BDC showed a typical band around 1681 cm™!,
which may be ascribed to the stretching vibration of carbonyl v(c—q). This band disappeared in the
complexes. After coordinated with Yb3* ions in complex 3, the asymmetric stretching vibrations of the
COO~ groups located at 1636 and 1551 cm !, while the symmetric stretching vibrations absorption
appeared at 1530 and 1425 cm ™. The Avas s [AVas_s = Vas (COO) — vs (COO)] value is used to
determine the coordination mode between the metal and the carboxylate ligand. It is generally



Crystals 2017, 7, 139 4 0f 15

believed that Avas—s is below 200 cm ™! for the bidentate and bridging mode, but greater than 200 cm ™!
for the unidentate mode [36-39]. The Av,s_s values are between 106 and 126 cm 1, respectively, and
suggest that the COO™ groups are coordinated in the bidentate chelate mode and bridging mode.
For TTA, the broad peak around 1654 cm ™! (Vas(c=0)) of carbonyl shifted to 1593 cm~! in complex 5.
Two peaks (1149 cm ! and 1197 em ') were assigned to the characteristic peaks of TTA, which shifted
to 1143 cm~ ! and 1193 cm ™. Similarly, 1311 cm~! (vs(crs)) in TTA shifted to 1306 cm~lin complex
5, which indicated that lanthanide ions coordinated with TTA [27,28,40-43]. For m-nitrobenzoic acid
(mNBA), the characteristic absorption peak around 1693 cm ™! may be ascribed to the stretching
vibration of carbonyl. In complex 1, the asymmetric stretching vibrations of the COO" groups exhibited
strong absorption bands around 1623 and 1545 cm ™!, while the symmetric stretching vibrations
absorption bands appeared around 1403 and 1382 cm~!. The Av,s_s values suggest that the COO~
groups are coordinated with Eu3* ions in bidentate chelate, unidentate and bridging mode [29,44].
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Figure 1. Infrared spectra of five crystal complexes and ligands: (a)

([Euy(TPTZ),(mNBA)s(H;0),]-2CH30H},; ~ (b)  [Eu(TPTZ)(CF3COO0)(H,0)s5]-Cly-CH3CH,OH;
() {[Ybo(TPTZ),(BDC)3]-2H,O}n; (d) [Yb(TPTZ)CI(H,0)4]-Cly; (e) [Er(TPTZ)(TTA)CL,]; (f) TPTZ;
(g) mNBA; (h) HTTA; (i) H,BDC.

3.2. Structural Analysis and Discussion

The structures of the five crystal complexes were established by single crystal X-ray diffraction at
293(2) K. A summary of the key crystallographic information for the five crystals was listed in Table 1,
the main data of selected bond lengths and angles were summarized in Table 2, and more data of bond
lengths and bond angles for the five crystals were displayed in supporting information.

Table 1. Crystal data and structure refinement information.

Crystal 1 2 3 4 5
Formula CgoHégEUszOzg szHngleuF3N608 C60H4QN12014Yb2 C18H20C13N604Yb C26H15C12ErF3N6OZS
Mr 2025.40 784.36 1499.13 663.79 771.68
T, K 293(2) K 293(2) K 293(2) K 293(2) K 293(2) K
A (Mo/Cu Ku), A 0.71073 0.71073 1.54184 0.71073 0.71073
Crystal system Triclinic Monoclinic Triclinic Monoclinic Monoclinic
Space group P-1 C2/c P-1 P21/c P21/n
a, A 10.8765(10) 25.670(2) 9.8997(7) 11.9058(12) 10.0669(11)
b, A 11.733(8) 16.3284(6) 9.9032(5) 24.7081(19) 20.4848(16)
¢ A 16.7469(17) 16.8617(12) 17.7324(11) 7.8908(8) 13.3962(10)
o, deg 76.330(7) 90 81.704(5) 90 90
B, deg 82.130(8) 121.440(5) 74.458(6) 93.380(10) 93.717(8)
v, deg 83.204(6) 90 69.889(5) 90 90
v, A3 2048.8(3) 6030.0(7) 1570.17(16) 2317.2(4) 2756.7(4)
Z 2 8 2 4 4
Dc, g cm—3 1.642 1.728 1.585 1.956 1.859
w, mm~! 0.866 2.330 3.032 1.161 3.371

0 range, (°) 2.41-28.75 2.69-25.02 2.44-25.02 2.71-28.77 2.51-25.02
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Table 1. Cont.

Crystal 1 2 3 4 5
—14/9, —30/30, ~11/11, ~13/14, —11/11,
Index range —14/15, —19/18, —11/11, —29/26, —24/22,
—22/22 —19/20 —18/21 -9/8 —15/14
Reflections uniduc: 9181 5316 5407 5259 4798
olloed que; [Rint = 0.0592] [Rint = 0.1245] [Rint = 0.1046] [Rint = 0.0639] [Rint = 0.1077]
16,229 18,834 10,434 10,505 12,982
GOF 1.046 1.046 1.027 1.037 0.973
. Ry = 0.0489, Ry = 0.0907, R; = 0.0639, Ry = 0.0487, Ry = 0.0598,
Final Rindices [1 > 20] wR, = 0.0697 WR, = 0.2099 wR, = 0.1426 wR, = 0.0693 WR, = 0.0906
L R; = 0.0710, R1=0.1581, Ry = 0.0978, Ry = 0.0824, R, = 0.1226,
Rindices (all data) WR; = 0.0810 WRy = 0.2584 WR; =0.1992 WR; = 0.0852 WR; = 0.1199

{[Euy(TPTZ),(mNBA)s(H,0),]- 2CH30H},, (1). Crystal 1 belongs to coordination polymer and

I ion, one

crystallizes in a triclinic system, P-1 space group. Each asymmetric unit consists of one Eu
TPTZ, three mNBA and one coordinated water molecule (Figure 2). The distance between the two
Eu " ions is 5.088 A. The two Eu ' jions have the same coordination environment and the two Eu
I jons were bridged by two m-nitrobenzoic acid. In addition, TPTZ adopts tridentate coordination
with europium ions and forms a 1:1 europium/TPTZ compound [45]. The coordination number
of europium ion is 9. Each Eu ! ion coordinately bonds to three nitrogen atoms of one TPTZ (N,
N2, N5), five oxygen atoms from four mNBA ions (O, Oy, Os, Og, Og) and one oxygen atom from
the coordinated water molecule (O;3). From Table 2, the bond angles of three N-M-N are 62.69° for
N3-Eu;-Ns, 124.46° for Nq-Eu;-Ns5 and 61.80° for Np-Eu-Nj, respectively. The mNBA takes a variety of
coordination modes with Eu ' ion, including monodentate form, bidentate chelating and bridging
form. It can be concluded from the data that the Ln I-O bond length of bidentate chelating is the
longest compared with monodentate and bridging coordination.

@Eu
®N
@o
@cC

Figure 2. The crystal structure of {[Eup(TPTZ),(mNBA)g(Hp0),]-2CH30H} .

[Eu(TPTZ)(CF3COO)(H;0)51-Cly-CH3CH;OH (2). Crystal 2 is a europium compound and
crystallizes in a monoclinic system, C2/c space group. Each asymmetric unit consists of one europium
ion, one TPTZ ligand, one trifluoroacetate and five coordinated water molecules (Figure 3). Crystal 2
1 Il ion coordinately bonds to three
nitrogen atoms from one TPTZ (N3, N, N5), one oxygen atom from trifluoroacetate (O;) and five
oxygen atoms from the coordinated water molecules (03,04, Os, Og, Oy).

is a mononuclear. The coordination number of Eu " ion is 9. Eu
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®cn

Figure 3. The crystal structure of [Eu(TPTZ)(CF3COO)(H,0)s5]-Cl,-CH3CH,OH.

{[Yby(TPTZ),(BDC)3]-2H,0}, (3). Crystal 3 is a ytterbium compound and crystallizes in a triclinic
system, P-1 space group. The coordination number of Yb ' ion is 9. Yb ' ion coordinately bonds
to three nitrogen atoms of one TPTZ (N7, Ny, N5) and six oxygen atoms of three BDC?~ (O, O,
O3, O4, Os, Og) (Figure 4). Furthermore, each carboxylate group of the BDC?~ takes two coordinate
forms linking metal ions. One is bidentate chelating with the coordination mode («? — 7). The other
is monodentate bridging coordination mode [(x! — k1) — pp]. The Yb-O bond length of bidentate
chelating is longer than a monodentate bridging mode, which is the same as Crystal 1. There is no
coordinated water molecule. Four bidentate chelating BDC?>~ molecules are almost on the same plane.

Figure 4. The crystal structure of {[Yby(TPTZ),(BDC)3]-2H,O}n.

[YW(TPTZ)CI(H;0)4]-Cly (4). Crystal 4 is a ytterbium complex and crystallizes in a monoclinic
system, P21/c space group. The asymmetric unit of this compound consists of one Yb ! ion, one TPTZ
ligand, four coordinated water molecules and one chloride ion (Figure 5). The coordination number of
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Yb M jon is 8. In addition, a Yb I ion coordinately bonds to three nitrogen atoms of one TPTZ (N1, Ny,
N5s), four oxygen atoms of the coordinated water molecules (O1, O,, O3, O4) and one chloride ion.

e a
4c

@Y
@c
eN
@o
@c

ci

ci3 @

Figure 5. The crystal structure of [Yb(TPTZ)Cl(H,0O)4]-Cl,.

[Er(TPTZ)(TTA)CI,] (5). Crystal 5 is an erbium complex and crystallizes in a monoclinic system,
P21/n space group. The asymmetric unit of the compound contains one Er ' ion, one TPTZ, one TTA
and two chloride ions (Figure 6). The coordination sphere consists of three nitrogen atoms from one
TPTZ, two carbonyl oxygen atoms from one TTA, and two chloride ions. The coordination number of
erbium ion is 7, which is relatively lower than the other four crystals. This is ascribed to the deficiency
of ligand and no coordination water.

@FEr
(W]
@a
or
éenN
@0
@cC

Figure 6. The crystal structure of [Er(TPTZ)(TTA)CL,].

As presented in Table 2, Ln-Ln distances in Crystals 1 and 3 are shorter than the other three
crystals, which suggest that the Ln-Ln distances in a bi-nuclear structure are shorter than those in a
single-nuclear structure. The 2D network structure of Crystal 3 is visualized in Figure 7. As shown in
Figure 8, the Eu-Eu distance is shorter than Yb-Yb distance, and the bond angles of O-Eu-O is larger
than those of O-Yb-O, which may be related to the larger radius of an Eu ion (94.7 pm) than a Yb
ion (86.8 pm) [46] as well as the different coordination modes of Ln I, Although the coordination
number of the two Complexes 1 and 3 are all 9, in the europium complex, Eu ion coordinates with
three carboxyls by one bidentate chelating, one monodentate and one bridging coordination. The steric
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hindrance of this coordination model is smaller than that in the ytterbium complex, in which a Yb
ion coordinates with the carboxyl by two bidentate chelating and one bridging coordination. From
Table 2, the bond lengths of M-O vary in different crystals. It can be concluded that the difference of
bond lengths may be related to the coordination number and steric hindrance of lanthanide complexes.
With increasing of the coordination number and the steric hindrance, the bond length of M-O gets
longer. The bond lengths of M-O in bidentate chelating are longer when compared with monodentate
and bridging coordination.

Figure 7. 2D network of crystal 3 {[Yb,(TPTZ),(BDC)3]-2H;O} .

Table 2. Selected bond lengths and bond angles of the five crystals.

Bond Lengths Ln—Ln Bond Angles
Sample N
Ln—O (A) (&) 2 Ln—N Distance O0—Ln—X (%) N—Ln—N (°)
Eu;-O; = 2.478(3) O1-Eu;-O; = 52.27(11)
Eu;-O, = 2.532(4) 262905) 01-Eu;-Os5 = 124.54(13) 61.80(14)
Eu;-Os = 2.333(4) . 0;-Eup-Og = 135.39(12) :
Crystal 1 Euy-Op = 2.410(4) ;2?2“51) 5.0876(6) Os-Fuy-Oo = 82.52(13) 16224'6496(1143)
Euy-Oy = 2.368(4) 635(5) 01-Eu;-Oy3 = 142.85(13) 69(14)
ELI1 -013 = 2.503(3) 06—EU1 -02 = 70.58(14)
o
Eul _03 5 197(9) 2.592(10) O1-Eu;-Oy4 = 120.8(4) 60.7(3)
Crystal 2 Eu1_04 240 60) 2.585(11) 9.9439(10) 01-Eup-O5 = 130.5(4) 122.8(3)
175 == 2.628(11) 01-Eu;-Og = 73.8(5) 62.1(3)
Eu;-Og = 2.435(12) O1-Euy-Or = 73.3(4)
Eup-O; = 2.437(9) ITERT7 = A
Yb;-O; = 2.336(13) 01-Yb;-0, = 53.0(5)
Yb;-0, = 2.460(13) 2.506(19) 05-Yb1-Oy = 76.4(5) 63.5(6)
Yb;-O3 = 2.234(13) . O3-Yb;-Oy = 90.0(4) .
Crystal 3 Yby-O, = 2.172(11) ;.g;(}g) 5.3109(8) OuYby-Op = 43.9(8) 16247.59(56)
Yb;-O5 = 2.48(3) 498(19) O3-Yb;-O5 = 71.2(9) 50)
Yb;-Og = 2.326(15) 04-Yb-Og = 140.8(5)
b0, 23550 s
Yb1-O5 = 2.336(6) 2.524(7) o Z_Yb 1_0 3:1 ) @ 64.1(2)
Crystal 4 Yb1-O3 = 2.289(6) 2.457(7) 11.9082(11) OS-Ybl-O4 - 1 43‘2(2) 128.3(2)
Yby-Oy = 2.325(6) 2.548(6) I A 64.8(2)
Yby-Cl, = 2.614(2) O1-Yb;-04 = 73.9(2)
O5-Yb;-Oy = 148.11(19)
E?:gl - igigg; 2.522(7) 0,-Er1-04 = 75.3(2) 65.2(2)
Crystal 5 Er r c12 5 57703) 2.434(8) 8.4679(9) O4-Er;-Cl, = 88.65(19) 129.5(3)
=T 2.528(7) 05-Er;-Cly = 90.86(19) 64.3(2)

Er1-Clp = 2.566(3)

2 the bond lengths of Ln-N in the order of Ln-Nj, Ln-N; to Ln-Ns5; b the bond angles of N-Ln-N in the order of
Nj- Ln -Nj, N1- Ln -Nj5 to N»- Ln-Ns.
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Eu--Eu=5.09A (
100.82°

Figure 8. The distance and angles between two metals in Crystal complexes 1 and 3.

3.3. Effect of Synthetic Methods on the Composition and Structure of Crystal Complexes

The Crystal complex 1 was grown by slow evaporation at room temperature, and the other
four crystals were synthesized by the solvothermal method under 80-120 °C. It can be seen that
the reactant ratios and synthetic methods have great influences on the composition and structure
of these metal-organic complexes, especially on the coordination behavior. Crystal complex 1 was
prepared by 1 mmol EuCl;, 1 mmol TPTZ and 3 mmol mNBA. Its composition was consistent with
the reactant ratio. Crystal complex 2 was prepared by 1 mmol EuCl3, 1 mmol TPTZ and 1 mmol
HTTA, but the composition of Crystal complex 2 was [Eu(TPTZ)(CF;COO)(H,0)s5]-Cl,-CH3CH,OH,
which indicated that the ligand TTA decomposed into CF3COO under120 °C and 72 h. Crystal 3 was
prepared by 1 mmol YbCl3, 1 mmol TPTZ and 1 mmol HyBDC. The composition of Crystal complex 3
was {[Yby(TPTZ),(BDC)3] 2H,0O}n, which indicated that the ligand BDC?~ linked Yb3* ions to form
polymers in bridging mode. Crystal complex 4 was prepared by 1.5 mmol YbCl; and 0.5 mmol TPTZ
without anionic ligand. The mole ratio of Yb with TPTZ was 3:1, but the composition of Crystal
complex 4 was [Yb(TPTZ)CI(H,O)4] Cl,, which showed that one TPTZ only combined one Yb ion.
Because the organic ligand was lacking in Crystal complex 4, water molecules and chloride ion also
participated in coordination. Crystal complex 5 was prepared by ErCls;, TPTZ and TTA with the
mole ratio of 1:1:1 at 80 °C. The composition of crystal 5 was [Er(TPTZ)(TTA)Cl,] with a coordination
number of 7. This suggested that TTA did not break down at 80 °C.

In Crystal complex 4, TPTZ coordinates with Yb ions through three nitrogen atoms of the center
ring and the pyridyl ring, and the other nitrogen atoms could not coordinate with more Yb ions.
However, one TPTZ may coordinate with two monovalent or bivalent transition metal ions [47-49].
This may be because, after coordination between TPTZ and Yb ions, trivalent Yb ions attract more
electrons of TPTZ, resulting in lower electron density in other nitrogen atoms. The ligand of organic
carboxylate tends to adopt mutiple coordination modes with Ln ! and form multinuclear crystals.
When the amount of organic ligands is sufficient in the preparation of the complexes, other solvent
molecules have difficulty participating in coordination. Crystal complex 1 contains two coordinated
water molecules and Crystal complex 3 has no coordinated water molecules. When the organic
ligand is lacking, the solvent molecules participate in coordination with Ln ! ions. Water molecules
generally adopt oxygen atoms coordinated with lanthanide ions. In Crystal complex 2, there are
five water molecules and, in Crystal complex 4, there are four water molecules and one chloride
ion participating in coordination, respectively. If water molecules are lesser in number, the chlorine
ions tend to participate in coordination with Ln ' ions, which indicates that the coordination ability
of water molecules is greater than chlorine ions. Because of the lack of organic ligands and water
molecules, two chloride ions also participate in coordination in Crystal complex 5.

Compared with Crystal complex 5, the TTA was broken down into small molecules (CF;COO™)
in Crystal complex 2 when the reaction was kept at 120 °C for a long time.
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3.4. Luminescence of the Europium Complexes

Emission and excitation peaks of Complexes 1 and 2 were measured in solid state under 0.1 nm
slit widths at room temperature. The excitation spectra of the europium complexes were measured
by monitoring the emission wavelength at 616 nm (Figure S8). The emission spectra were measured
at room temperature under the optimal excitation wavelength at 318 nm for Complex 1 and 356 nm
for Complex 2 within the scope of 450-750 nm (Figure 9). Both of the emission spectra of Complexes
1 and 2 show five typical emission bands corresponding to the 5Dy—7F, 1, 3 4 transitions of the
Eu’*. The two spectra do not show a significant difference, suggesting that the light-emitting sites in
Complex 1 are the same as those in Complex 2. Among the five emission bands, the electric dipole
transition °Dy—’F, around 616 nm is the strongest. In addition, the ratio of electric dipole transition
and magnetic dipole transition (°Dy—’Fy) of Complexes 1 and 2 are 3.31 and 4.28, respectively, which
indicates that the coordination environment of Eu3* complexes are not center symmetric [50-54].
The luminescence intensities of electric dipole transition of Complexes 1 and 2 are 0.74 x 10° and
1.4 x 10°, respectively. The emission intensity of Complex 2 is stronger than that of Complex 1.
The energy difference between the triplet energy level of mNBA and Eu®* excited state energy is
approximately 8000 cm ™!, which is too large for energy transfer. Therefore, mNBA cannot effectively
sensitize luminescence emission of Eu®* ion in Complex 1 [55]. Complex 2 has a strong emission
intensity with shoulder peaks, which may be ascribed to the crystal field splitting and the asymmetric
molecule structure [56].

1.6x10°

1ox10° | Complex 2

u.

8.0x10* -
- Complex 1

Intensity/a

4.0x10* |

Lo N

1 " 1 n 1
500 600 700
Wavelength/nm

Figure 9. Luminescence spectra of Complexes 1 and 2.

The luminescence lifetimes and quantum efficiencies of the Complexes 1 and 2 are listed in Table 3,
and the luminescence decay curves and the corresponding fit curves of Dy energy level are shown in
Figure 10 and Figure S9, respectively. The relationship between luminescence intensity and lifetime
is expressed as Iy = Ipe /%) that is Ln(I(t))/Iy = —k/t = —t/7 (I is the initial luminescence intensity
and 7 is the luminescence lifetime)!®. The luminescence lifetimes of Complexes 1 and 2 are 0.761 and
0.447 ms, respectively. The luminescence lifetimes of the complexes are not long, which may result
from the fact that the complexes have water molecules, leading to the high nonradiative rates.
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Table 3. Luminescent quantum efficiency data of Complexes 1 and 2.

Parameters @ 2)
vgo (em™1) 17,271 17,241
vo1 (em™1) 16,892 16,949
vgp (cm™1) 16,234 16,260
vg3 (em™1) 15,385 15,408
vog (cm™1) 14,306 14,368
IOl (a.u) 227 339
Iz (a.u) 745 1448
Too/Ion 3.28 428
T (ms) 0.761 0.447
1/7 (ms™1) 1.314 2.24
Ar (57D 328 374
Anr (571 987 1865
M (%) 25.0 16.7
x> 0.9990 0.9987
6000
5000-  Compound 1 { Compound 2
= . 5000 -
oo § Blackcircles: experimental data Black circles: experimental data
Solid red line: 4000 F Solid red line:
gooool ¢ fitted by Lnd/lgy=-k/t=-t/z 2 3000 | fitted by Ln(I/10)=-k/t=t/t
S ' 1=0.7613 ms 5 =0.5082 ms
S2000} 3 |
2000
1000+ 1000l
o- ot
o 2 4 _6 8 10 o 2z 4 6 8 10
Decav Time/ms Decav Time/ms

Figure 10. Luminescence decay curves of Complexes 1 and 2.

In addition, luminescent quantum efficiencies (1) were calculated according to literature [57-60].
The value n mainly depends on lifetime and Iy /Ip;. As can be clearly seen from Table 3, the quantum
efficiencies are the reverse of the luminescence intensities of Complexes 1 and 2. Although the radiative
transition rates A, of Complex 1 (328 s~!) are slower than that of complex 2 (374 s 1), the nonradiative
Apr of complex 2 (1865 s~ 1) is much faster than complex 1 (987 s~1). Thus, the quantum efficiency of
Complex 1 (25.0%) is higher than that of Complex 2 (16.7%). This shows that the nonradiative energy
transfer from the emitting Eu ! ion to the oscillating O-H group of the coordinated water molecules is

very easy.

4. Conclusions

In summary, five crystals of Eu !, Yb ' and Er ' with neutral ligands of TPTZ and anion ligands

of mNBA, H,BDC and TTA have been synthesized under different synthetic conditions. Among

them, Crystal complexes 1 and 3 belong to coordination polymer, and the other three complexes

belong to mononuclear crystal. One TPTZ only coordinates with one Ln !

III

ion. The ligands of organic
carboxylic acid tend to adopt multiple coordination modes with Ln ™" and form multinuclear complexes.
Lanthanide ions have high and variable coordination numbers. When the amount of organic ligands is
sufficient in the preparation of the crystal complexes, solvent molecules have difficulty participating
in coordination. However, when the organic ligand is lacking, solvent molecules participate in
coordination with Ln ! ions. If the amount of ligand is limited and no solvent molecules exist in the
reaction system, the coordination number of Ln T js Jower. In addition, TTA is broken down into small

molecules at high temperature after long-time reaction. For europium complexes, Complex 2 has a
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strong emission intensity and relatively low T and n, which could be ascribed to the composition of the
complex and the nonradiative energy transfer from the emitting Eu ' ion to the oscillating O-H group
of the coordinated water molecules.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/7/5/139/s1,
Figure S1: Coordination polyhedron of Eu®* ions in crystal 1; Figure S2: Coordination polyhedron of Eu3* ions in
crystal 2; Figure S3: Coordination polyhedron of Yb®* ions in crystal 3; Figure S4: The coordination environment of
BDC2-and Yb?™ in crystal 3; Figure S5: The 2D layered structure of crystal 3; Figure S6: Coordination polyhedron
of Yb%* ions in crystal 4; Figure S7: Coordination polyhedron of Yb3* ions in crystal 5; Figure S8: Excitation
spectra of complexes 1 and 2; Figure S9: Fluorescence fit curves of complexes 1 and 2. Table S1: Selected Bond

lengths [A] and angles [°]for crystal 1; Table S2: Selected Bond lengths [A] and angles [°] for crystal 2; Table S3:
Selected Bond lengths [A] and angles [°] for crystal 3; Table S4: Selected Bond lengths [A] and angles [°] for crystal
4; Table S5. Selected Bond lengths [A] and angles [] for crystal 5.
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