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Syntheses and structural determination of binuclear
nine-coordinate (NH4)4[Sm

III
2(Httha)2]·16H2O and 2-D

ladder-like binuclear nine-coordinate
(NH4)4[Sm

III
2(dtpa)2]·10H2O
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(Received 18 October 2013; accepted 7 January 2014)

Two SmIII coordination compounds, (NH4)4[Sm
III
2(Httha)2]·16H2O (I) (H6ttha = triethylenetetra-

mine-N,N,N′,N′′,N′′′,N′′′-hexaacetic acid) and (NH4)4[Sm
III
2(dtpa)2]·10H2O (II) (H5dtpa = diethylene-

triamine-N,N,N′,N′′,N′′-pentaacetic acid), were synthesized. The complex (I) takes binuclear
molecule structural nine-coordinate tricapped trigonal prismatic conformation. The complex (II) also
takes binuclear molecule structural nine-coordinate tricapped trigonal prismatic conformation, but
forms polymeric 2-D ladder-like layer structure through hydrogen bonds.
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Two rare-earth metal coordination compounds, (NH4)4[Sm
III
2(Httha)2]·16H2O (1) (H6ttha = triethyl-

enetetramine-N,N,N′,N′′,N′′′,N′′′-hexaacetic acid) and (NH4)4[Sm
III
2(dtpa)2]·10H2O (2) (H5dtpa =

diethylenetriamine-N,N,N′,N′′,N′′-pentaacetic acid), have been synthesized through reflux and charac-
terized by FT-IR spectroscopy, thermal analysis, and single-crystal X-ray diffraction techniques.
SmIII of (NH4)4[Sm

III
2(Httha)2]·16H2O (1) is nine-coordinate, forming tricapped trigonal prismatic

coordination with three amine nitrogens and six oxygens, in which four oxygens are from one ttha
and two from the other ttha. (NH4)4[Sm

III
2(Httha)2]·16H2O (1) crystallizes in the monoclinic crystal

system with P2(1)/c space group. The crystal data are: a = 13.9340(13) Å, b = 22.890(3) Å, c =
20.708(2) (14) Å, β = 99.521(2)°, and V = 6513.7(13) Å3. There are two –NH+– groups in the
[SmIII

2(Httha)2]
4−. The polymeric (NH4)4[Sm

III
2(dtpa)2]·10H2O (2) also is nine-coordinate with tri-

capped trigonal prismatic conformation and crystallizes in the triclinic crystal system with P–1 space
group. The cell dimensions are: a = 9.8240(8) Å, b = 10.0329(9) Å, c = 13.0941(11) Å, β = 77.1640
(10)°, and V = 1227.30(18) Å3. In (NH4)4[Sm

III
2(dtpa)2]·10H2O, there are two types of ammonium

cations, which connect [SmIII
2(dtpa)2]

4− and lattice water through hydrogen bonds, leading to a 2-D
ladder-like layer structure.

Keywords: SmIII; Triethylenetetramine-N,N,N′,N′′,N′′′,N′′′-hexaacetic acid (H6ttha); Diethylenetria-
mine-N,N,N′,N′′,N′′-pentaacetic acid (H5dtpa); Ammonia (NH3); Hydrogen bond

1. Introduction

Rare-earth metal complexes attract a great deal of attention all through owing to their
intriguing frameworks and potential applications [1, 2]. Particularly, they were often used
for medical diagnostics, for example, as shift reagents for nuclear magnetic resonance spec-
troscopy [3–5], luminescent chemosensors [6, 7] and probes [8, 9]. For instance, TbIII and
EuIII complexes, as fluorescence probes, have been used to diagnose some diseases [10,
11]. The 4f(1G4)–4f(

3H6) electronic transition of Tm3+ provides a spectrally narrow blue
light emission at 480 nm [12], which will benefit full-color flat display. In particular, the
153SmIII complexes as radioactive drugs expand treatment options for osteosarcoma, offer-
ing patients with bone cancer a treatment that specifically targets and kills tumor cells in
the bone [13–16]. 153SmIII-EDTMP (EDTMP = ethylenediamine-N,N,N′,N′-tetrame-
thylenephosphonate) has been reported as a high-efficiency and long-lasting treatment of
nasopharyngeal, breast carcinoma, lung cancer, and prostate carcinoma [17, 18]. 153Sm(III)
complexes with aminopolycarboxylic acid ligands are used as palliative agents for painful
bone metastasis and follow the distribution of radionuclide in vivo [19–21]. Because SmIII

can yield stable complexes and construct various perfect coordinate structures with amino-
polycarboxylic acid ligands, it should enter into the body as stable complexes having selec-
tivity and affinity on the focus position and quickly be evacuated from the body after
diagnosis or therapy [21, 22]. Thus, SmIII complexes with aminopolycarboxylic acid ligands
have wide applications in medicine. The major roles of SmIII complexes in biology encour-
age us to further study the molecular structure and coordinate structure of SmIII complexes
with aminopolycarboxylic acid ligands.

A series of SmIII complexes with aminopolycarboxylic acid ligands have been reported,
{[SmIII(Hpdta)(H2O)]·2H2O}n (H4pdta = propylenediamine-N,N,N′,N′-tetraacetic acid) [23],
(enH2)1.5[Sm

III(ttha)]·4.5H2O (H6ttha = triethylenetetramine-N,N,N′,N′′,N′′′,N′′′-hexaacetic
acid) [24] and Na2[Sm

III(cydta)][SmIII(cydta)(H2O)3]·11H2O (H4cydta = trans-1,2-cyclohex-
anediamine-N,N,N′,N′-tetraacetic acid) [25]. SmIII complexes can adopt coordination num-
ber eight or nine, and the coordinate structure can take pseudo-monocapped square
antiprismatic, pseudo-square antiprismatic, or tricapped trigonal prismatic geometry. How-
ever, there are few reports on the ammonium salts of SmIII complexes. Our studies showed
that the coordination numbers and coordinate structures of rare-earth metal complexes with
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aminopolycarboxylic acid ligands related to the shape of ligands and also the counter ion.
We want to know how ammonium and ligand species affect coordination number, coordi-
nate structure, space group, molecular structure, and crystal structure. Nitrogen is an integral
part of DNA and proteins; through research on the binding between ammonium with rare-
earth metal complex anions, we can compare interactions between these complexes with
DNA or proteins. Therefore, binding between ammonium with rare-earth metal complex
anions is significant for the exploration of their bioactivities and targets.

In order to extend our work, two aminopolycarboxylic acids, H6ttha (= triethylenetetra-
mine-N,N,N′,N′′,N′′,N′′-hexaacetic acid) and H5dtpa (= diethylenetriamine-N,N,N′,N′′,N′′-
pentaacetic acid), were chosen as ligands and ammonium as counter ion, giving two samar-
ium complexes with aminopolycarboxylic acid ligands, (NH4)4[Sm

III
2(Httha)2]·16H2O (1)

and (NH4)4[Sm
III
2(dtpa)2]·10H2O (2), through direct heating. The molecular and crystal

structures were characterized by FT-IR spectra, thermal analyses, and single-crystal X-ray
diffraction.

2. Experimental setup

2.1. Syntheses

2.1.1. (NH4)4[Sm
III

2(Httha)2]·16H2O (1). H6ttha (= triethylenetetramine-N,N,N′,N′′,N′′′,
N′′′-hexaacetic acid) (A.R., Beijing SHLHT Science & Trade Co. Ltd, China) (2.4723 g,
5.0 mM) was added to 100 mL warm water and Sm2O3 powder (99.999%, Yuelong Rare
Earth Co. Ltd, China) (0.8718 g, 2.5 mM) was added slowly to the above solution. After
the mixture had been stirred and refluxed for 15.0 h, the solution became transparent and
the pH was adjusted to 5.5 by dilute NH3 aqueous solution. Finally, the solution was con-
centrated to 25 mL. A yellow crystal appeared after three weeks at room temperature.

2.1.2. (NH4)4[Sm
III

2(dtpa)2]·10H2O (2). H5dtpa (= diethylenetriamine-N,N,N′,N′′,N′′-pen-
taacetic acid) (A.R., Beijing SHLHT Science & Trade Co. Ltd, China) (1.9668 g, 5.0 mM)
was added to 100 mL warm water and Sm2O3 powder (99.999%, Yuelong Rare Earth Co.
Ltd, China) (0.8718 g, 2.5 mM) was added to the above solution slowly. The solution
became transparent after the mixture had been stirred and refluxed for 13.0 h. Then, the pH
was adjusted to 5.5 by dilute NH3 aqueous solution. Finally, the solution was concentrated
to 25 mL. A yellow crystal appeared after three weeks at room temperature.

2.2. FT-IR spectroscopy

The H6ttha, H5dtpa, 1 and 2 samples were skived and pressed to slices with KBr and their
FT-IR spectra were determined by a Schimadza-IR 408 spectrophotometer. The obtained
results are shown in Supplementary material (see online supplemental material at http://
dx.doi.org/10.1080/00958972.2014.892074).

2.3. Determination of TG-DTA

Thermal analyses of 1 and 2 were conducted using a Mettler-Toledo 851° thermogravimet-
ric analyzer in a flow of Ar (20 mLmin−1) from room temperature to 800 °C at a heating
rate of 20 °C min−1. The thermograms are shown in Supplementary material.
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2.4. X-ray structure determination

The X-ray intensity data were collected on a Bruker SMART CCD type X-ray diffractometer
system with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) at 298 K using φ-ω
scan technique from 1.72° ≤ θ ≤ 26.00°. The structure was solved by direct methods. All
nonhydrogen atoms were refined anisotropically by full-matrix least-squares method on F2.
All calculations were performed by SHELXTL-97 on PDP11/44 and Pentium MMX/166
computers. The crystal data and structure refinements are listed in table 1. Final atomic coor-
dinates and equivalent isotropic displacement parameters for all nonhydrogen fractions are
presented in Supplementary material. Selected bond distances and angles are listed in table 2.
Some hydrogen bond distances (Å) and angles of 2 are listed in Supplementary material.

3. Results and discussion

3.1. FT-IR spectra

3.1.1. (NH4)4[Sm
III

2(Httha)2]·16H2O (1). The comparison of FT-IR spectra between
H6ttha and 1 (shown in Supplementary material) reveals that ν(C–N) of 1 at 923 cm–1

blueshift by 24 cm–1 compared with that (899 cm–1) of H6ttha. This indicates that some
nitrogens from ttha coordinate with SmIII. The spectrum of free H6ttha shows strong

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

Complex 1 2

Empirical formula C36H98N12O40Sm2 C28H72N10O30Sm2

Formula weight 1639.96 1329.66
Temperature, K 298(2) 298(2)
Wavelength, Å 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space group P2(1)/n P–1
Unit cell dimensions
a, Å 13.9340(13) 9.8240(8)
b, Å 22.890(3) 10.0329(9)
c, Å 20.708(2) 13.0941(11)
β, deg 99.521(2) 77.1640(10)
Volume, Å3 6513.7(13) 1227.30(18)
Z 4 1
ρCalcd, Mg/m3 1.672 1.799
Absorption coefficient, mm–1 1.892 2.472
F(000) 3368 674
Crystal size, mm 0.35 × 0.30 × 0.27 0.18 × 0.12 × 0.10
θrange for data collection,° 2.42–25.02 2.60–25.02
Limiting indices −15 ≤ h ≤ 16 −11 ≤ h ≤ 11

−27 ≤ k ≤ 20 −11 ≤ k ≤ 11
−24 ≤ l ≤ 22 −15 ≤ l ≤ 9

Reflections collected 32589 6206
Independent reflections 11482 [R(int) = 0.0546] 4242 [R(int) = 0.0319]
Completeness to θmax, % 99.8 97.7
Max. and min. transmission 0.6291 and 0.5572 0.7901 and 0.6646
Goodness-of-fit on F2 1.078 1.124
Final R indices [I > 2σ(I)] R1 = 0.0430, wR2 = 0.0958 R1 = 0.0453, wR2 = 0.0937
R indices (all data) R1 = 0.0751, wR2 = 0.1189 R1 = 0.0586, wR2 = 0.1015
Largest difference peak and hole, eÅ−3 1.012 and −0.679 1.316 and −0.981
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2

600 C. Ma et al.
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absorptions at 1736 cm−1 originating from ν(C=O), which disappears completely in the FT-IR
spectrum of 1. In addition, 1 gives the characteristic absorption of carboxyl at 1608 cm−1

for the asymmetric stretch and at 1400 cm−1 for the symmetric stretch, a blueshift
(138 cm−1) compared with 1470 cm−1 of H6ttha and a redshift 14 cm−1 compared with that

Table 2. Selected bond distances (Å) and angles (deg) of 1 and 2.

Bond d, Å Bond d, Å Bond d, Å

1
Sm(1)–O(1) 2.418(4) Sm(1)–N(1) 2.662(5) Sm(2)–O(15) 2.394(4)
Sm(1)–O(3) 2.411(5) Sm(1)–N(2) 2.655(5) Sm(2)–O(17) 2.405(5)
Sm(1)–O(5) 2.437(5) Sm(1)–N(3) 2.746(5) Sm(2)–O(19) 2.451(4)
Sm(1)–O(7) 2.467(4) Sm(2)–O(9) 2.412(4) Sm(2)–N(5) 2.696(5)
Sm(1)–O(21) 2.412(4) Sm(2)–O(11) 2.379(5) Sm(2)–N(6) 2.663(6)
Sm(1)–O(23) 2.388(5) Sm(2)–O(13) 2.452(4) Sm(2)–N(7) 2.724(5)
2
Sm(1)–O(1) 2.402(4) Sm(1)–O(5) 2.437(4) Sm(1)–N(1) 2.729(5)
Sm(1)–O(2#1) 2.460(4) Sm(1)–O(7) 2.421(4) Sm(1)–N(2) 2.611(5)
Sm(1)–O(3) 2.428(4) Sm(1)–O(9) 2.422(4) Sm(1)–N(3) 2.644(5)

Angle ω, deg Angle ω, deg Angle ω, deg

1
O(1)–Sm(1)–O(3) 128.59(15) O(7)–Sm(1)–N(2) 121.87(15) O(11)–Sm(2)–N(5) 73.83(16)
O(1)–Sm(1)–O(5) 133.22(15) O(7)–Sm(1)–N(3) 61.30(15) O(11)–Sm(2)–N(6) 141.64(16)
O(1)–Sm(1)–O(7) 71.36(14) O(21)–Sm(1)–O(23) 78.53(14) O(11)–Sm(2)–N(7) 135.81(16)
O(1)–Sm(1)–O(21) 140.19(15) O(21)–Sm(1)–N(1) 138.77(16) O(13)–Sm(2)–O(15) 126.27(15)
O(1)–Sm(1)–O(23) 81.84(15) O(21)–Sm(1)–N(2) 139.07(15) O(13)–Sm(2)–O(17) 71.06(16)
O(1)–Sm(1)–N(1) 64.82(15) O(21)–Sm(1)–N(3) 91.39(15) O(13)–Sm(2)–O(19) 146.48(17)
O(1)–Sm(1)–N(2) 71.95(16) O(23)–Sm(1)–N(1) 74.18(16) O(13)–Sm(2)–N(5) 62.56(16)
O(1)–Sm(1)–N(3) 78.05(15) O(23)–Sm(1)–N(2) 141.08(15) O(13)–Sm(2)–N(6) 91.16(18)
O(3)–Sm(1)–O(5) 72.62(16) O(23)–Sm(1)–N(3) 134.10(15) O(13)–Sm(2)–N(7) 143.43(16)
O(3)–Sm(1)–O(7) 144.13(15) N(1)–Sm(1)–N(2) 68.85(17) O(15)–Sm(2)–O(17) 134.66(16)
O(3)–Sm(1)–O(21) 81.50(16) N(1)–Sm(1)–N(3) 129.72(16) O(15)–Sm(2)–O(19) 70.33(15)
O(3)–Sm(1)–O(23) 81.84(15) N(2)–Sm(1)–N(3) 68.12(16) O(15)–Sm(2)–N(5) 63.82(15)
O(3)–Sm(1)–N(1) 64.00(16) O(11)–Sm(2)–O(9) 77.08(16) O(15)–Sm(2)–N(6) 72.69(17)
O(3)–Sm(1)–N(2) 93.91(17) O(9)–Sm(2)–O(13) 84.71(16) O(15)–Sm(2)–N(7) 77.86(15)
O(3)–Sm(1)–N(3) 142.89(16) O(9)–Sm(2)–O(15) 139.38(16) O(17)–Sm(2)–O(19) 120.70(15)
O(5)–Sm(1)–O(7) 118.06(14) O(9)–Sm(2)–O(17) 75.62(16) O(17)–Sm(2)–N(5) 111.55(17)
O(5)–Sm(1)–O(21) 75.21(15) O(9)–Sm(2)–O(19) 70.15(15) O(17)–Sm(2)–N(6) 64.82(17)
O(5)–Sm(1)–O(23) 144.50(15) O(9)–Sm(2)–N(5) 139.55(16) O(17)–Sm(2)–N(7) 72.75(15)
O(5)–Sm(1)–N(1) 112.04(17) O(9)–Sm(2)–N(6) 139.27(16) O(19)–Sm(2)–N(5) 126.05(15)
O(5)–Sm(1)–N(2) 64.74(16) O(9)–Sm(2)–N(7) 91.40(15) O(19)–Sm(2)–N(6) 122.36(16)
O(5)–Sm(1)–N(3) 70.35(15) O(11)–Sm(2)–O(13) 78.63(17) O(19)–Sm(2)–N(7) 61.55(15)
O(7)–Sm(1)–O(21) 69.95(14) O(11)–Sm(2)–O(15) 83.80(16) N(5)–Sm(2)–N(6) 68.72(17)
O(7)–Sm(1)–O(23) 73.28(14) O(11)–Sm(2)–O(17) 140.59(17) N(5)–Sm(2)–N(7) 129.02(16)
O(7)–Sm(1)–N(1) 128.05(16) O(11)–Sm(2)–O(19) 74.49(15) N(6)–Sm(2)–N(7) 68.61(16)
2
O(1)–Sm(1)–O(2#1) 72.45(14) O(2#1)–Sm(1)–N(1) 124.89(14) O(5)–Sm(1)–N(2) 66.75(15)
O(1)–Sm(1)–O(3) 81.21(14) O(2#1)–Sm(1)–N(2) 137.89(15) O(5)–Sm(1)–N(3) 127.13(15)
O(1)–Sm(1)–O(5) 89.79(14) O(2#1)–Sm(1)–N(3) 115.69(16) O(7)–Sm(1)–O(9) 93.78(16)
O(1)–Sm(1)–O(7) 142.71(14) O(3)–Sm(1)–O(5) 131.88(16) O(7)–Sm(1)–N(1) 136.63(15)
O(1)–Sm(1)–O(9) 85.30(15) O(3)–Sm(1)–O(7) 134.22(15) O(7)–Sm(1)–N(2) 74.24(16)
O(1)–Sm(1)–N(1) 61.90(14) O(3)–Sm(1)–O(9) 73.51(16) O(7)–Sm(1)–N(3) 65.71(15)
O(1)–Sm(1)–N(2) 130.41(16) O(3)–Sm(1)–N(1) 63.60(15) O(9)–Sm(1)–N(1) 128.46(15)
O(1)–Sm(1)–N(3) 142.44(14) O(3)–Sm(1)–N(2) 83.76(15) O(9)–Sm(1)–N(2) 134.15(16)
O(2#1)–Sm(1)–O(3) 138.25(15) O(3)–Sm(1)–N(3) 69.17(16) O(9)–Sm(1)–N(3) 64.88(15)
O(2#1)–Sm(1)–O(5) 80.64(14) O(5)–Sm(1)–O(7) 74.42(15) N(1)–Sm(1)–N(2) 69.05(16)
O(2#1)–Sm(1)–O(7) 71.76(14) O(5)–Sm(1)–O(9) 153.03(15) N(1)–Sm(1)–N(3) 119.25(16)
O(2#1)–Sm(1)–O(9) 72.59(15) O(5)–Sm(1)–N(1) 70.47(15) N(2)–Sm(1)–N(3) 69.96(17)

Symmetry code: #1: −x + 1, −y + 1, −z + 1
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(1414 cm−1) of H6ttha, indicating that oxygens of carboxyl are also coordinated. There is a
broad absorption at 3428 cm−1 for 1. It could be reasonably attributed to the stretching
vibration of O–H.

3.1.2. (NH4)4[Sm
III

2(dtpa)2]·10H2O (2). Similarly, as shown in Supplementary material,
ν(C–N) of 2 at 932 cm−1 displays a redshift (29 cm−1) compared with that (961 cm−1) of
H5dtpa, indicating that the amine nitrogens of H5dtpa are coordinated to SmIII. The charac-
teristic absorption of carboxyl at 1597 cm−1 for asymmetric stretch and at 1403 cm−1 for
symmetric stretch indicate that carboxyl groups are coordinated to SmIII. Disappearance of
strong absorption at 1734 cm−1 reveals that all carboxylic groups are completely deproto-
nated, consistent with results of X-ray diffraction analyses. A strong and broad absorption
at 3425 cm−1 shows the existence of O–H in 2.

3.2. Thermal analyses

3.2.1. (NH4)4[Sm
III

2(Httha)2]·16H2O (1). The TG curve of 1 shows a four-stage decom-
position (Supplementary material). The first weight loss is 8.0% from room temperature to
105 °C, which corresponds to the expulsion of ammonia. The second weight loss of 17.5%
from 105 to 300 °C corresponds to the expulsion of lattice water. The third weight loss is
attributed to the decomposition of organic ligand starting from 300 to 425 °C; the weight
loss ratio is 28.97%. The last stage from 425 to 800 °C (weight loss of 14.4%) corresponds
to the decomposition of carboxylate. The final residue is mainly Sm2O3 with total weight
loss ratio of 68.87%.

3.2.2. (NH4)4[Sm
III

2(dtpa)2]·10H2O (2). The thermal decomposition process of 2 is simi-
lar to that of 1 with three-stage decomposition (Supplementary material). The first decom-
position happens from 25 to 100 °C with weight loss of 5.90%, which corresponds to the
release of ammonia. The second weight loss (13.71%) from 100 to 271 °C corresponds to
the expulsion of 10 lattice waters. Then, the sample decomposes gradually and the decom-
position is completed at 800 °C. The corresponding weight loss is 51.84%, and the corre-
sponding product is Sm2O3. The total weight loss ratio is 71.45%.

3.3. Molecular and crystal structures

3.3.1. (NH4)4[Sm
III

2(Httha)2]·16H2O (1). (NH4)4[Sm
III
2(Httha)2]·16H2O has a binuclear

molecular structure (figure 1). In [SmIII
2(Httha)2]

4−, all carboxylic groups in the two H6ttha
are coordinated to two SmIII ions, similar to K4[Eu

III
2(Httha)2]·13.5H2O [26], K4[Tb

III
2

(Httha)2]·14H2O [26] and K4[Sm
III
2(Httha)2]·14H2O [27] reported previously. The SmIII is

coordinated with three amine nitrogens and four oxygens from one ttha and two oxygens
from the other ttha. Due to the relatively high acidity of aqueous solution, when 1 was syn-
thesized, two protons do not dissociate from the amine nitrogens of ttha and formed ≡NH+

so that the two protonated nitrogens (N(4) and N(8)) in ttha do not coordinate with SmIII.
Differing from K4[Eu

III
2(Httha)2]·13.5H2O and K4[Sm

III
2(Httha)2]·14H2O, whose coordi-

nate geometries around EuIII or SmIII are nine-coordinate pseudo-monocapped square an-
tiprismatic (MC-SAP) conformation, the coordinate geometry around SmIII in
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[SmIII
2(Httha)2]

4− can be considered as nine-coordinate pseudo-tricapped trigonal prismatic
(TC-TP) conformation (figure 2). Around Sm(1), O(1), N(2), and N(3) and the set of O(3),
O(21), and O(23) form two approximately parallel trigonal planes, forming a trigonal prism.
Three capped atoms, O(5) O(7), and N(1), lie above the planes formed by O(3), O(21),
N(2), and N(3); O(1), O(21), O(23), and N(3); and O(1), O(3), O(23), and N(2), respec-
tively. The total angle of 〈(N(1)Sm(1)O(5)), 〈(N(1)Sm(1)O(7)), and 〈(O(5)Sm(1)O(7)) is
358.15°, close to 360°, indicating that Sm(1), O(5), O(7), and N(1) are in the same plane.
Around Sm(2), the set O(15), N(6), and N(7) and O(9), O(11), and O(13) form two approx-
imate parallel trigonal planes, forming a trigonal prism, also. Three capped atoms, O(17),

Figure 2. Coordination polyhedron around SmIII in 1.

Figure 1. Molecular structure of 1.
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O(19), and N(5), lie above the planes formed by O(9), O(13), N(6), and N(7); O(9), O(11),
O(15), and N(7); and O(11), O(13), O(15), and N(6), respectively. The total angle of 〈(N(1)
Sm(1)O(5)), 〈(N(1)Sm(1)O(7)), and 〈(O(5)Sm(1)O(7)) is 358.31°, close to 360°, indicating
that Sm(2), O(17), O(19), and N(5) are in the same plane.

For Sm(1), because of the repulsion between the capped [O(5), O(7), and N(1)] and the
planes [formed by O(3), O(21), N(2), and N(3); O(1), O(21), O(23), and N(3); and O(1),
O(3), O(23), and N(2)], Sm(1)N3O6 is not a standard tricapped trigonal prismatic conforma-
tion. To the O(3)O(21)N(2)N(3) square plane, the value of trigonal dihedral angle is 2.66°
between Δ(N(2)O(3)O(21)) and Δ(N(2)N(3)O(21)) and 2.74° between Δ(N(2)N(3)O(3)) and
Δ(O(3)O(21)N(3)). To the O(1)O(21)O(23)N(3) square plane, the trigonal dihedral angle
between Δ(O(21)N(3)O(23)) and Δ(N(3)O(23)O(1)) is 8.65° and between Δ(N(3)O(1)O
(21)) and Δ(O(1)O(21)O(23)) is 8.40°. The trigonal dihedral angle between Δ(N(2)O(1)O
(3)) and Δ(O(1)O(3)O(23)) is 11.97° and between Δ(O(1)N(2)O(23)) and Δ(N(2)O(23)O
(3)) is 13.19°. The values of the trigonal dihedral angle tend to 0°, showing four atoms
almost in the same plane. That is, these data predict that four atoms of every side of the tri-
angular prism are almost located in the same plane. According to these calculated data, the
conformation of Sm(1)N3O6 in [SmIII

2(Httha)2]
4− is a TC-TP conformation but distorts to a

small extent. Similarly, for Sm(2), the Sm(2)N3O6 is not standard tricapped trigonal pris-
matic conformation. To the O(9)O(13)N(6)N(7) square plane, the value of trigonal dihedral
angle is 3.57° between Δ(N(7)N(6)O(9)) and Δ(N(6)O(9)O(13)) and 3.69° between Δ(N(6)
N(7)O(13)) and Δ(N(7)O(13)O(9)). To the O(9)O(11)O(15)N(7) square plane, the trigonal
dihedral angle between Δ(N(7)O(15)O(9)) and Δ(O(15)O(9)O(11)) is 5.99° and between
Δ(O(15) N(7)O(11)) and Δ(N(7)O(11)O(9)) is 6.22°. To the O(11)O(13)O(15)N(6)) square
plane, the trigonal dihedral angle between Δ(O(15)N(6)O(11)) and Δ(N(6)O(11)O(13)) is
15.25° and between Δ(N(6)O(15)O(13)) and ΔO(15)O(13)O(11)) is 13.79°. These values
show four atoms of dihedral angle are in the same plane. According to these calculated
data, the conformation of Sm(2)N3O6 in [SmIII

2(Httha)2]
4− keeps a TC-TP conformation.

Therefore, Sm(1)N3O6 and Sm(2)N3O6 in [SmIII
2(Httha)2]

4− adopt TC-TP conformation.
As shown in table 2, for Sm(1), the Sm(1)–O bond distances are 2.388(5) Å (Sm(1)–O

(23)) to 2.467(4) Å (Sm(1)–O(7)), and the average value is 2.422(6) Å. The Sm(1)–N bond
lengths are 2.655(5) Å (Sm(1)–N(2)) and 2.746(5) Å (Sm(1)–N(3)) with average of 2.688
(2) Å. The O–Sm(1)–O bond angles are 71.36(14)° (〈O(1)–Sm(1)–O(7)) to 144.50(15) (〈O
(5)–Sm(1)–O(23)), O–Sm(1)–N bond angles vary from 61.30(15)° (〈O(7)–Sm(1)–N(3)) to
141.08(15)° (〈O(23)–Sm(1)–N(2)), and the 〈N–Sm(1)–N bond angles change from 68.12
(16)° (〈N(2)–Sm(1)–N(3)) to 129.72(16)° (〈N(1)–Sm(1)–N(3)). For Sm(2), the Sm(2)–O
bond distances are 2.379(5) Å (Sm(2)–O(11)) to 2.452(4) Å (Sm(2)–O(13)), and the aver-
age is 2.415(9) Å. The Sm(2)–N bond lengths are 2.663(6) Å (Sm(2)–N(6)) and 2.724(5) Å
(Sm(2)–N(7)) with average of 2.694(9) Å. The O–Sm(2)–O bond angles are 70.15(15)° (〈O
(9)–Sm(2)–O(19)) to 146.48(17) (〈O(13)–Sm(2)–O(19)), O–Sm(2)–N bond angles vary
from 61.55(15)° (〈O(19)–Sm(2)–N(7)) to 141.64(16)° (〈O(11)–Sm(2)–N(6)), and the 〈N–
Sm(2)–N bond angles change from 68.61(16)° (〈N(6)–Sm(2)–N(7)) to 129.02(16)° (〈N(5)–
Sm(2)–N(7)). Thus, the coordination polyhedron around Sm(1) and Sm(2) of 1 are similar,
although there are some differences in bond lengths and angles.

As shown in figure 3, there are four (NH4)4[Sm
III
2(Httha)2]·16H2O molecules in a unit

cell, connected with lattice water and protonated ammonium (NH4
+) through hydrogen

bonds, and then crystallize in a monoclinic system with P2(1)/n space group.
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3.3.2. (NH4)4[Sm
III

2(dtpa)2]·10H2O (2). In this crystal structure, SmIII forms a 1 : 1 com-
plex with H5dtpa. Although 2 is also binuclear nine-coordinate, its molecular and crystal
structures are different from 1 because dtpa replaces ttha. Some similar findings were previ-
ously reported, (NH4)4[Tb2

III(dtpa)2]·9H2O [28] and (NH4)4[Dy2
III(dtpa)2]·4H2O [29].

Because NHþ
4 can form hydrogen bonds with complex anion and lattice water, shortening

the distance of Sm(1) and Sm(1#), each dtpa contributes a carboxylic oxygen to coordinate
to the adjacent SmIII forming binuclear [SmIII

2(dtpa)2]
4−. Therefore, 2, (NH4)4[Tb2

III

(dtpa)2]·9H2O [28] and (NH4)4[Dy2
III(dtpa)2]·4H2O [29] all adopt binuclear structures, dif-

ferent from K2[Dy(dtpa)(H2O)]·6H2O [30] and Na4[Dy
III(dtpa)(H2O)]2·16H2O [31], where

K+ and Na+ combine with complex anions through an ionic bond, which cannot shorten the
distance between complex anion units, resulting in mononuclear structures of these two
complexes.

The molecular structure of 2 is shown in figure 4. SmIII is nine-coordinate with three
nitrogens and five carboxylic oxygens, which come from the same dtpa, and another oxy-
gen from another dtpa. For [SmIII

2(dtpa)2]
4−, Sm(1) and Sm(1#) are centrosymmetric, and

the symmetric center is located at the point of intersection of the two diagonals of the paral-
lelogram formed by Sm(1), O(2), Sm(1#), and O(2#) (symmetry code: 1#: −x + 1, −y + 1,
−z + 1). As an octadentate ligand, dtpa is not able to supply enough donors to fill the coor-
dination positions of SmIII. Each dtpa coordinates to one SmIII using its five carboxylic oxy-
gens and three amine nitrogens. The ninth coordinated O(2#) is provided by another
coordinated carboxylic group of dtpa. Therefore, O(2) and its symmetrically equivalent O
(2#) play an important role in connecting Sm(1) and Sm(1#). In fact, the O(1)–C(5)–O(2)
and O(1#)–C(5#)–O(2#) carboxylates connect Sm(1) and Sm(1#). Seven five-membered
rings are formed in Sm(1) and Sm(1#) with the atoms of each ring being almost coplanar.

Figure 3. Arrangement of 1 in unit cell (dashed lines represent intermolecular hydrogen bonds).
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As seen from figure 5, the coordination polyhedron of [SmIII
2(dtpa)2]

4− is nine-coordinate
pseudo-TC-TP. The upper triangle is formed by O(1), O(3), and O(9), while the nether tri-
angle plane is formed by two carboxyl (O(5) and O(7)) and one amine nitrogen (N(2)). The
first square plane is formed by three carboxyl (O(1), O(3), and O(5)) and one amine N(2).

Figure 5. Coordination polyhedron around SmIII in 2.

Figure 4. Molecular structure of 2.
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The second square plane is formed by O(3), O(9), and O(7) and one amine N(2). And the
third one is formed by four carboxyl (O(1), O(5), O(7), and O(9)). For these three square
planes, the capping positions are occupied by two N(1) and N(3) and one carboxyl (O(2#)),
respectively.

As shown in table 2, because the O(2#) comes from a bridging carboxylic group, the Sm
(1)–O(2#) bond distance (2.460(4) Å) is the longest of the Sm–O bonds. The Sm(1)–O bond
distances in 2 are from 2.402(4) Å (Sm(1)–O(1)) to 2.460(4) Å (Sm(1)–O(2#)), with aver-
age of 2.428(7) Å. The Sm(1)–N bond distances vary from 2.611(5) Å (Sm(1)–N(2)) to
2.729(5) Å (Sm(1)–N(1)), with average of 2.661(8) Å, longer than the Sm(1)–O bond dis-
tances, suggesting that O coordinates to SmIII much stronger than N. The O–Sm(1)–O bond
angles vary from 71.76(14)° (〈(O(2#)–Sm(1)–O(7)) to 153.03(15)° (〈O(5)–Sm(1)–O(9)).
The O–Sm(1)–N bond angles vary from 61.90(14)° (〈O(1)–Sm(1)–N(1)) to 142.44(14)°
(〈O(1)–Sm(1)–N(3)), and the 〈N–Sm(1)–N bond angles change from 69.05(16)° (N(1)–Sm
(1)–N(2)) to 119.25(16)° (N(1)–Sm(1)–N(3)). The smallest and largest bond angles are
61.90(14)° (〈O(1)–Sm(1)–N(1)) and 153.03(15)° (〈O(5)–Sm(1)–O(9)), respectively.

In Sm(1)N3O6 (figure 5), due to the repulsion between the capped atoms and the planes,
the coordination polyhedron is not standard tricapped trigonal prismatic conformation. The
values of the trigonal dihedral angle tend to 0°, indicating four atoms of the dihedral angle
are almost in the same plane; these data predict that four atoms of every side of the triangu-
lar prism are almost located in the same plane. The conformation of Sm(1)N3O6 in
[SmIII

2(dtpa)2]
4− is a slightly distorted TC-TP.

As shown in figure 6, there is only one (NH4)4[Sm
III
2(dtpa)2]·10H2O (2) in a unit cell.

The complex molecule connects with lattice waters and ammonium (NH4
+) through hydro-

gen bonds, and then crystallize in triclinic crystal system with P–1 space group. Hydrogen
bonds play an important role in the 2-D planar structure of 2. There are two types of NH4

+

(figure 7), one NH4
+ is N(4). Each N(4) connects with five oxygens, in which O(1), O(5),

and O(9) are coordinated carboxyl from one (NH4)4[Sm
III
2(dtpa)2]·10H2O molecule and

O(4) is uncoordinated carboxyl O atoms from the other (NH4)4[Sm
III
2(dtpa)2]·10H2O mole-

cule and O(11) from lattice water. The hydrogen bond distances of N(4)…O(1), N(4)…

Figure 6. Arrangement of 2 in unit cell (dashed lines represent intermolecular hydrogen bonds).
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O(4), N(4)…O(5), N(4)…O(9), and N(4)…O(11) are 2.854, 2.796, 2.941, 3.043, and
2.960 Å, respectively. The second NH4

+ is N(5), which links two uncoordinated carboxyl
O(6) and O(10) from two different (NH4)4[Sm

III
2(dtpa)2]·10H2O molecules and O(12) from

one lattice water. N(5)…O(6), N(5)…O(10), and N(5)…O(12) hydrogen bond distances are
2.894, 2.762, and 2.849 Å, respectively.

As shown in figure 8, [SmIII
2(dtpa)2]

4− are interconnected by sharing NH4
+ and lattice

water, forming an infinite 1-D chain along the a-axis. The hydrogen bond distances of O(2)
…O(12), O(7)…O(12), N(5)…O(12), and N(5)…O(6) are 3.038 Å, 2.983 Å, 2.849 Å, and

Figure 7. Bindings between NH4
+ and [SmIII

2(dtpa)2]
4− in 2 (dashed lines represent intermolecular hydrogen

bonds).

Figure 8. Polyhedral view of the 2-D ladder-like layered network of 2.
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2.895 Å, respectively. Along the b-axis, two neighboring [SmIII
2(dtpa)2]

4− complex anions
are connected by sharing the NH4

+ and lattice water, with O(2)…O(12), O(4)…O(12), O(7)
…O(12), N(5)…O(12), and N(5)…O(10) hydrogen bond distances of 3.038, 2.834, 2.983,
2.849, and 2.762 Å, respectively, resulting in the formation of an infinite 1-D chain. The
two 1-D chains are linked by sharing the NH4

+ and lattice water along the ab plane, leading
to the formation of a close-knit 2-D ladder-like network structure.

4. Conclusions

Two SmIII complexes with aminopolycarboxylic acid ligands (H6ttha = triethylenetetramine-
N,N,N′,N′′,N′′′,N′′′-hexaacetic acid and H5dtpa = diethylenetriamine-N,N,N′,N′′,N′′-
pentaacetic acid), (NH4)4[Sm

III
2(Httha)2]·16H2O and (NH4)4[Sm

III
2(dtpa)2]·10H2O, were

synthesized and characterized by FT-IR spectra, thermal analyses, and single-crystal X-ray
diffraction. Both adopt nine-coordinate tricapped trigonal prismatic conformation. However,
due to different ligands, 1 and 2 have different crystal structures, space groups, etc. 1 adopts
a binuclear nine-coordinate TC-TP conformation, different from previously reported
(enH2)1.5[Sm

III(ttha)]·4.5H2O, K4[Eu
III
2(Httha)2]·13.5H2O, and K4[Sm

III
2(Httha)2]·14H2O,

whose coordinate geometry around SmIII or EuIII are pseudo-MC-SAP. Use of ammonium
as the counter ion results in two protonated amine nitrogens forming ≡NH+, causing N(4)
and N(8) to not coordinate with SmIII. It is different from methylamine and ethylenediamine
salts of rare-earth metal complexes with ttha. As expected, 2 also takes binuclear nine-coor-
dinate tricapped trigonal prismatic polyhedron, different from the K and Na salts of rare-
earth metal complexes with dtpa, K2[Dy

III(dtpa)(H2O)]·6H2O and Na4[Dy
III(dtpa)

(H2O)]2·16H2O, with a mononuclear nine-coordinate structure. Ammonium as the counter
ion results in the formation of hydrogen bonds among complex anions, lattice water, and
protonated ammonium (NH4

+), leading to the formation of close-knit 2-D ladder-like net-
work. Diversity of aminopolycarboxylic acid ligands and counter ion results in different
molecular structures of the two SmIII complexes. Therefore, we conclude that ligand
structures and counter ions play a crucial role on the molecular and crystal structures of
rare-earth metal complexes with aminopolycarboxylic acid ligands.

Supplementary material

CCDC 947291 (NH4)4[Sm
III
2(Httha)2]·16H2O and CCDC 959909 (NH4)4[Sm

III
2

(dtpa)2]·10H2O contain the supplementary crystallographic data for this article. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, by e-mailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Cen-
ter, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44(0)1223 336 033.
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