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Two complexes [Lnj(hfga),(phen)s(H>O)q] - hfga -2H,O (Hhfga =hexafluoroglutaric acid,
phen =1, 10-phenanthroline, Ln=Tb, 1; Eu, 2) were synthesized under hydrothermal conditions
and their structures determined by X-ray crystallography. The complexes consist of dinuclear
units with an inversion center. Each Ln(III) is nine-coordinate with two carboxylate oxygens
from two hfga ligands, three oxygens from water and four nitrogens from two phen molecules.
Two carboxylate groups of one hfga adopt monodentate coordination to Ln(III) as a long
bidentate bridge linking two Ln(IIT) ions to form a dimer. Ln(III)--- Ln(ITI) distances of
9.027(3) A for 1 and 9.043(3) A for 2 were observed. Both complexes emit strong fluorescence
and show characteristic emission of Tb(III) and Eu(III) ions, respectively.

Keywords: Lanthanide; Dinuclear molecule; Hexafluoroglutaric acid; Crystal structure;
Fluorescence

1. Introduction

The construction of metal-organic coordination polymers is a current interest for
fascinating structures and potential applications [1-14]. The combination of various
metals with polycarboxylate ligands having rich coordination modes lead to
coordination polymers with different shapes and dimensions or with unique properties,
resulting in applications such as magnetism, catalysis, adsorption and luminescent
probes [4-14]. Many coordination polymers are based on transition metals; design and
synthesis of lanthanide-organic coordination polymers are of interest because of high
and variable coordination and flexible coordination geometry of lanthanide ions.
Lanthanide complexes have unique fluorescence, magnetic properties and potential
applications [6—14]. Fluorinated organic ligands improve the luminescence intensity of
complexes by reducing the fluorescence quenching of C-H vibrations [15-17].
Hexafluoroglutaric acid (H,hfga) is a fully fluorinated aliphatic dicarboxylic acid
ligand. Preparation, characterization and a few crystallographic structures of d-block
metal complexes containing H,hfga have been reported [18, 19]. However, there have
been no systematic studies on lanthanide complexes with H-hfga. 1,10-Phenanthroline
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(phen) helps to increase the rigidity and thermal stability of complexes, and can enhance
the luminescent properties of lanthanide complexes due to the antenna effect.
Therefore, using Hyhfga and phen in hydrothermal reactions of lanthanide nitrate
salts give two new compounds with luminescence properties, [Ln,(hfga),(phen)y
(H,O)¢] - hfga - 2H,O (Ln=Tb,1; Eu,2). In this article, we report the prepara-
tion, crystal structures, thermal stabilities and luminescent properties of the two
complexes.

2. Experimental

2.1. Materials and physical techniques

All analytical grade reagents and solvents were commercially available and used as
received without further purification. The lanthanide(III) nitrates Ln(NOj3);-6H,0
(Ln=Tb, Eu) were prepared by dissolving corresponding lanthanide oxides (99.99%) in
nitric acid followed by recrystallization and drying.

Elemental analyses for C, H and N were carried out on an Elementar Vario EL
elemental analyzer. The IR spectra were measured with a Bruker Equinox-55 FT-IR
spectrometer on KBr disks from 4000-400 cm™~'. The fluorescence spectra of solid state
samples were recorded on an F-4500 Fluorescence Spectrophotometer at room
temperature. Thermogravimetric analyses were performed on a WCT-1A Thermal
Analyzer with a heating rate of 10°Cmin~" from 20 to 1000°C in air.

2.2. Syntheses of the complexes

A mixture of Ln(NOs)s;-6H,O (0.1359¢g,0.3mmol) (Ln=Tb and Eu), hexafluor-
oglutaric acid (0.1080 g, 0.45mmol), 1,10-phenanthroline (0.1093 g, 0.6 mmol), deio-
nized water (10mL) and sodium hydroxide aqueous solution (2mol L™',0.33 mL) was
placed in a 25mL Teflon-lined stainless steel autoclave; the pH was about 4.5. After
stirring, the mixture was sealed and heated at 160°C for 4 days under autogenous
pressure, then cooled to 100°C at a rate of 5°Ch ™", followed by slow cooling to room
temperature. Colorless block-like single crystals suitable for X-ray diffraction were
obtained in about 51.4% for 1 and 48.7% for 2 yield (based on Ln). If the amount of
NaOH aqueous solution was 0.28 mL (pH about 4.3), clear aqueous solution without
precipitate was obtained, and if the amount of NaOH was 0.36 mL (pH about 4.8),
only powder was obtained. When the heating temperature was 180°C or higher, black
powder was obtained, implying that the ligand may decompose at high temperature.
When the temperature was lower than 110°C, only pellucid solution was obtained,
showing that lower temperature is inappropriate to form these complexes. Anal.
Caled (%) for CgzHygThoF1gNgOog (1897.57) (1): C, 39.90; H, 2.531; N, 5.906. Found
(%): C, 39.76; H, 2.514; N, 5.769. IR data (KBr,vem™'): 3396 br, 1657 vs, 1595m,
1575m, 1520m, 1423s, 14065, 1260m, 1169s, 1048s, 924 m, 846s, 808 m, 730s, 417
w. Anal. Caled (%) for CgHygEu,FigNgO5y (1883.01) (2): C, 40.19; H, 2.550;
N, 5.949. Found (%): C, 39.93; H, 2.530; N, 5.797. IR data (KBr,vcm_l): 3391 br,
1657 vs, 1595m, 1575m, 1520m, 1423s, 14065, 1260m, 1169s, 1048s, 924 m, 847s,
808 m, 730s, 417 w.
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2.3. Crystallographic data collection and structure determination

Single-crystal X-ray diffraction of 1 and 2 were performed on a Bruker SMART
diffractometer equipped with a CCD area detector with a graphite monochromator
situated in the incident beam for data collection. Determination of unit cell parameters
and data collections were performed with Mo-Ke« radiation (4=0.71073 1&) by w scan
mode in the range of 1.51 <0<26.47 for 1 and 2.33<6<25.30 for 2 at 293(2)K.
All data were corrected by semi-empirical method using SADABS [20]. The program
SAINT [21] was used for integration of the diffraction profiles. All structures were
solved by direct methods using SHELXS of the SHELXTL-97 package and refined with
SHELXL [22, 23]. Metal atom centers were located from the E-maps and other non-
hydrogen atoms were located in successive difference Fourier syntheses. The final
refinements were performed by full matrix least-squares on F> with anisotropic thermal
parameters for non-hydrogen atoms. All hydrogen atoms were first found in difference
electron density maps, and then placed in the calculated sites and included in the final
refinement in the riding model approximation with displacement parameters derived
from the parent atoms to which they were bonded. The atoms of free hfga have
positional disorder. The crystallographic data and structure refinement of the two
complexes are summarized in table 1. Selected bond lengths and angles of 1 and 2 are
listed in tables 2 and 3, respectively.

Table 1. Crystal data and structure refinement for 1 and 2.

Complex
Empirical formula
Formula weight
Crystal size (mm?)

1
Ce3HagThoF15NgOog
1897.57
0.20 x 0.16 x 0.12

2
Ce3HagEunF15NgOop
1883.01
0.18 x 0.12 x 0.08

Temperature (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space group . P2,/c P1
Unit cells and dimensions (A, °)

a 9.2889(12) 9.2573(19)

b 18.422(2) 13.425(3)

¢ 20.856(3) 14.453(3)

o 82.60(3)

B 107.769(5) 74.66(3)

Y. 76.69(3)
v (A%) 3398.6(8) 1681.3(7)
zZ 2 1
Dcared Mgm™) 1.854 1.860
w (mm™Y) 2.194 1.980
F (000) 1868 930
6 range for data collection (°) 1.51-26.47 2.33-25.30
Limiting indices —1l1<h<ll —11<h<ll

—23<k=<18 —l6<k<l16
—26<[<22 —17<I1<17

Reflections collected/unique 19285/7015[ R iny) = 0.0258] 11516/6120[ R iny) = 0.0428]
Data/restraints/parameters 7015/173/649 6120/26/538
Goodness-of-fit on F* 1.076 1.003

Final R indices [/>20 (1)]
R indices (all data)

Largest diff. peak and hole (e 1353)

Ry =0.0246, wR, =0.0616
R, =0.0286, wR,=0.0637
0.566 and —0.834

R, =0.0665, wR,=0.1607
R, =0.0713, wR,=0.1638
0.612 and —0.884
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Table 2.

Selected bond lengths (A) and angles (°) for 1.

Y. Zhang et al.

Tb(1)-0(3)
Th(1)-0(7)
Tb(1)-0(6)
Th(1)-N(2)
Th(1)-N(1)

0O(3)-Tb(1)-0(1)
O(1)-Tbh(1)-O(7)
O(1)-Tb(1)-0(5)
0(3)-Tb(1)-0(6)
O(7)-Th(1)-0(6)
O(3)-Th(1)-N(4)
O(7)-Tb(1)-N(4)
O(6)-Th(1)-N(4)
O(1)-Th(1)-N(2)
O(5)-Tb(1)-N(2)
O(3)-Th(1)-N(3)
O(7)-Tb(1)-N(3)
O(6)-Th(1)-N(3)
O(1)-Tb(1)-N(1)
O(5)-Tb(1)-N(1)
N(4)-Tb(1)-N(2)
N(2)-Tb(1)-N(3)
N(2)-Tb(1)-N(1)

2.320(19)
2.441(19)
2.477(2)
2.617(2)
2.673(2)

90.85(7)
79.06(7)
137.86(7)
133.17(7)
66.84(6)
72.99(7)
88.22(7)
71.83(7)
73.87(7)
87.52(7)
72.11(7)
68.81(7)
115.59(7)
69.55(7)
68.32(7)
143.99(8)
136.40(7)
62.36(7)

Th(1)-O(1)
Tb(1)-0(5)
Tb(1)-N(4)
Tb(1)-N(3)

O(3)-Th(1)-0(7)
O(3)-Th(1)-0O(5)
O(7)-Th(1)-O(5)
O(1)-Tb(1)-0(6)
O(5)-Tb(1)-0(6)
O(1)-Th(1)-N(4)
O(5)-Tb(1)-N(4)
0O(3)-Th(1)-N(2)
O(7)-Th(1)-N(2)
O(6)-Tb(1)-N(2)
O(1)-Th(1)-N(3)
O(5)-Th(1)-N(3)
O(3)-Th(1)-N(1)
O(7)-Th(1)-N(1)
O(6)-Tb(1)-N(1)
N(@)-Tb(1)-N(3)
N(4)-Tb(1)-N(1)
N(@3)-Tb(1)-N(1)

2.340(18)
2.458(18)
2.602(2)
2.662(2)

140.92(7)
76.75(7)
133.89(7)
135.98(7)
67.08(6)
135.82(7)
79.11(7)
136.13(7)
77.25(7)
72.16(7)
73.51(7)
135.89(7)
73.78(7)
133.91(7)
115.96(7)
62.48(7)
137.67(7)
128.45(7)

Table 3.

Selected bond lengths (A) and angles (°) for 2.

Eu(1)-0(4)
Eu(1)-0(5)
Eu(1)-0(6)
Eu(1)-N(2)
Eu(1)-N(1)

O(4)-Eu(1)-0(1)
O(1)-Eu(1)-0(5)
O(1)-Eu(1)-0(7)
O(4)-Eu(1)-0(6)
O(5)-Eu(1)-0(6)
O(4)-Eu(1)-N(2)
O(5)-Eu(1)-N(2)
0(6)-Eu(1)-N(2)
O(1)-Eu(1)-N(3)
O(7)-Eu(1)-N(3)
O(4)-Eu(1)-N(4)
O(5)-Eu(1)-N(4)
O(6)-Eu(1)-N(4)
O(1)-Eu(1)-N(1)
O(7)-Eu(1)-N(1)
NQ)-Eu(1)-N(3)
N(3)-Eu(1)-N(4)
N(3)-Eu(1)-N(1)

2.307(8)
2.439(8)
2.483(7)
2.612(9)
2.665(8)

91.7(3)
79.2(3)
139.4(3)
133.5(3)
67.8(3)
136.1(3)
78.4(3)
71.4(3)
136.1(3)
78.2(3)
72.2(3)
67.7(3)
117.8(3)
70.2(3)
69.3(3)
143.1(3)
62.9(3)
139.8(3)

Eu(1)-O(1)
Eu(1)-0(7)
Eu(1)-N(3)
Eu(1)-N(4)

O(4)-Eu(1)-0(5)
O(4)-Eu(1)-0(7)
0(5)-Eu(1)-0(7)
O(1)-Eu(1)-0(6)
O(7)-Eu(1)-0(6)
O(1)-Eu(1)-N(2)
O(7)-Eu(1)-N(2)
O(4)-Eu(1)-N(3)
0(5)-Eu(1)-N(3)
O(6)-Eu(1)-N(3)
O(1)-Eu(1) N(4)
O(7)-Eu(1)-N(4)
O(4)-Eu(1)-N(1)
0(5)-Eu(1)-N(1)
O(6)-Eu(1)-N(1)
N(2)-Eu(1)-N(4)
N(2)-Eu(1)-N(1)
N(4)-Eu(1)-N(1)

2.357(6)
2.458(7)
2.610(8)
2.657(9)

139.8(3)
75.4(3)
134.2(3)
134.7(3)
66.5(2)
72.3(3)
90.5(3)
75.1(3)
84.6(3)
71.8(3)
73.2(3)
134.2(3)
74.2(3)
135.3(3)
113.6(3)
135.2(3)
61.9(3)
128.6(3)

3. Results and discussion

3.1. Structural description of 1 and 2

The molecular structure of 1, shown in figure 1, consists of one [Tb,(hfga),(phen),
(H,O)g] core, one free hfga and two free waters. The latter two will not be
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Figure 1. Molecular structure of 1 with thermal ellipsoids at 30% probability. All hydrogen atoms, free
water molecules and free hfga are omitted for clarity.

further discussed. The [Tb,(hfga),(phen)4(H,0)¢] unit is binuclear with an inversion
center. Two Tb(I1I) ions are linked by doubly bidentate hfga ligands. One monodentate
carboxylate oxygen of hfga bonds to a Tb(III), the other monodentate carboxylate
oxygen of hfga links another Tb(III). This is rare in lanthanide carboxylate
complexes. Many binuclear lanthanide complexes with carboxylate are formed through
bidentate-bridging or bridging-chelating COO™ groups linking two metal centers,
namely, Ln—O—-C-O-Ln or Ln—O-Ln. In 1, hfga is a long bidentate bridge linking two
Tb(III) ions, Tb—-OOCCF,CF,CF,COO-Tb, resulting in Tb---Tb separation at
9.027(3) A, larger than in other terbium carboxylate complexes [24]. A large number
of lanthanide polycarboxylate complexes have 1-D, 2-D, or 3-D polymeric structures
[6-13], and only a few are binuclear [14].

Each Tb(III) is further coordinated to three waters and two phen molecules.
The phen chelates the Tb(III) ion to form five-membered rings, blocking polymeriza-
tion of the binuclear molecule. The dihedral angle between two phen planes is 85.7°,
showing that the two phen molecules are approximatively vertical, decreasing steric
constraints.

The Tb1(III) is nine-coordinate with two carboxylate oxygens (O1 and O3) from two
hfga ligands, three oxygens (05, 06 and O7) from water and four nitrogens (N1, N2, N3
and N4) from two phen molecules. The nine donor atoms around Tbl(III) form
a distorted monocapped square antiprism. The bond distances Tb1-O(carboxyl) are
2.340(18) and 2.320(19) A, respectively, with average bond distance of 2.330 A.
The Tbl-O(water) bond distances vary from 2.441(19) to 2.477(2) A with average
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of 2.459A. The Tbl-N bond distances are in the range 2.602(2)-2.673(2) A with
average of 2.639 A. The N2-Tb1-N1 and N4-Tb1-N3 bond angles are 62.36(7)° and
62.48(7)°, respectively.

In the dinuclear molecule, the two bridging hfga ligands and the two Tb(III) centers
form a 16-membered loop, 2[Tb—OOCCF,CF,CF,COO-Tb]. Viewed along the a-axis,
these molecular loops have interesting packing with a channel with a 16-membered loop
(A) and big channels (B) observed (figure 2).

Free hfga and two water molecules exist in crystal lattice with strong hydrogen bond
interactions between coordinated water and lattice water, between coordinated water
and the carboxylate oxygens of uncoordinated hfga and between lattice water and
uncoordinated carboxylate oxygens of coordinated hfga. The hydrogen bond distances
are in the range 2.641-2.824 A and the O-H---O angles vary from 110.44-173.22°
(table 4). Intermolecular hydrogen bonds between binuclear molecules lead to a 2-D
network structure (figure 3) and further consolidate the stability of the structure.

The molecular structure of 2 is shown in figure 4. The structural characteristics of 2
are similar to 1. So, the details will not be further discussed here. The main difference is
in distance between atoms. The Eul-O (carboxyl) bond distances are 2.307(8) and

Figure 2. Packing diagram of 1 along the a—axis showing channels (A and B). All hydrogen atoms, free
water molecules and free hfga are omitted for clarity.

Table 4. Hydrogen bonds (D-H---A) for 1 (A) and (°).

D-H <DHA dD---A) A

05-H5B 110.44 2738 010 [-x+2, -y, —z+1]
06-H6A 147.53 2.730 08 [x+1,7,7]

06-H6A 134.33 2.641 010 [-x+2, =y, —z+1]
06-H6B 130.90 2.660 09 [—x+1,—y,—z+1]
06-H6B 140.99 2775 o1l

07-H7A 123.50 2752 012

O7-H7B 114.36 2.824 o1l

O12-HI2A 170.55 2753 04 [x—1,7,7]

O12-HI2B 173.22 2.724 02
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Figure 3. Packing diagram of 1 along the c-axis showing 2-D network through H-bonds interactions.

Figure 4. Molecular structure of 2 with thermal ellipsoids at 30% probability. All hydrogen atoms, free
water molecules and free hfga are omitted for clarity.
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Figure 5. Emission spectra of 1 (a, Aex =343 nm) and 2 (b, Aex =395 nm).

2.357(6) A, with average bond distance of 2.332 A. The Eul-O (water) distances are in
the range 2.439(8)-2. 483(7)A with average of 2. 460A The Eul-N distances are in the
range 2.610(8)-2.665(8) A with average of 2.636 A. The distance between Eu(IIT) ions is
9.043(3) A. The comparison of main crystal data between 2 and 1 shows that the
average Eul-O(carboxyl) distance in 2 is slightly longer than that of Tb1-O(carboxyl)
in 1. The distance between two Eu(III) ions in 2 is longer than that of two Tb(III) ions
in 1. The reason for these differences is the radius of Eu(IIl) is larger than Tb(III).
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3.2. Fluorescence spectra

Complexes 1 and 2 emit strong green and red fluorescence, respectively, under
ultraviolet light. The fluorescence properties of 1 and 2 in the solid state were
investigated at room temperature and their emission spectra were recorded upon
excitation at 343 and 395nm, respectively (figure 5). For 1, four emission peaks are
clearly shown in the emission spectrum at 491, 545, 584 and 619 nm, arising from
emitting level (°Dy) to the ground multiplet ("Fg_3) of Tb(III), D, — "F¢, °Dy — 'Fs,
°D,— 'F, and °D,— 'F; [figure 5(a)l. The most intense emission at 545nm
(°D,— "Fs) is a magnetic dipole and gives an intense green luminescence. The second
intense emission at 491 nm (°D, — "Fg) is an electronic dipole transition. The emission
spectrum of 2 principally arises from transitions originating at the *Dj level of Eu(III)
[figure 5(b)]. The strong emission bands at 591 and 615nm correspond to Dy — 'F,
and Dy — 'F, transitions of Eu(III), respectively. >D, — 'F, belonging to an electric
dipole transition is stronger than Dy — 'F, belonging to a magnetic dipole transition,
resulting in red luminescence of 2. Less intense emission bands at 581, 654 and 688 nm
are attributed to °Dy— 'Fy, "Dy — 'F5 and *Dy— 'F4 transitions, respectively. In the
emission spectrum of 2, weak bands at 537 and 557 nm belong to the transitions of
°D; — 'F; and °D; — 'F», respectively. The luminescence investigation for 1 and 2
show that hfga is suitable for sensitization of luminescence of Tb(III) and Eu(III).

3.3. Thermogravimetric analysis

The TGA-DTA analyses of 1 and 2 were studied from 25 to 1000°C. The TGA-DTA
curves of 1 and 2 are similar, showing that decomposition begins at 116°C for 1 and
117°C for 2, and complete decomposition is achieved above 468°C for 1 and 477°C for
2. TGA curves exhibit three steps of weight losses, 8.38, 56.45 and 10.28% for 1, and
8.77, 59.03 and 8.49% for 2, respectively. The final residues are Tb4O for 1 and Eu,0;
for 2, respectively. The total observed weight losses of 75.11% for 1 and 76.29% for 2,
respectively, are close to the calculated values of 80.30% for 1 and 81.31% for 2.

4. Conclusion

Hexafluoroglutaric acid (H»hfga) and 1,10-phenanthroline (phen) react with nitrate
salts of lanthanide(IIl) giving [Ln>(hfga),(phen)4(H>O)¢]-hfga-2H,O (Ln=Tb,1;
Eu, 2). The complexes are binuclear through hfga linking two Ln(III) ions. The hfga
ligand adopts the rare n':n'-us-coordination. Emission spectra display characteristic
fluorescence of Tb(I11) and Eu(III) for 1 and 2, respectively.
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