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Mixed polyamine systems Ln/Sb/Se/(en+-dien) and Ln/Sb/Se/(en+-trien) (Ln=Ilanthanide, en=ethyle-
nediamine, dien=diethylenetriamine, trien=triethylenetetramine) were investigated under solvother-
mal conditions, and novel mixed-coordinated lanthanide(Ill) complexes [Ln(en)y(dien)(?-SbSe4)]
(Ln=Ce(1a), Nd(1b)), [Ln(en),(dien)(SbSe4)] (Ln=Sm(2a), Gd(2b), Dy(2c)), [Ln(en)(trien)(u-n*n>-
SbSey)].. (Ln=Ce(3a), Nd(3b)) and [Sm(en)(trien)(5?-SbSe,4)] (4a) were prepared. Two structural types
of lanthanide selenidoantimonates were obtained across the lanthanide series in both en-+dien and
en+trien systems. The tetrahedral anion [SbSes]*~ acts as a monodentate ligand mono-SbSes, a
bidentate chelating ligand 1%-SbSe, or a tridentate bridging ligand p-1',72-SbSe, to the lanthanide(1II)
center depending on the Ln®* ions and the mixed ethylene polyamines, indicating the effect of
lanthanide contraction on the structures of the lanthanide(Ill) selenidoantimonates. The lanthanide
selenidoantimonates exhibit semiconducting properties with E; between 2.08 and 2.51 eV.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Solvothermal reactions in polyamine solvents have proven to be a
fruitful approach to the synthesis of main group chalcogenidometa-
lates combining with transition-metal (TM) complexes, and a large
number of these TM containing chalcogenidometalates, including
chalcogenido-germanates [1], -stannates [2], -arsenates [3], and
-antimonates [4] have been synthesized in polyamine solvents of
ethylenediamine (en) and diethylenetriamine (dien). Besides being
the reaction solvents, the polyamine molecules also act as chelating
ligands to coordinate to TM"* to form the complex cations
[TM(polyamine),,,]"*, which act as space fillers and/or charge com-
pensating ions in the chalcogenidometalates. However, the incorpora-
tion of TM"* centers in chalcogenidometalate networks is seldom
observed in en and dien, because the coordinate sites of TM"" ions
are prone to being saturated by the bidentate en and tridentate
dien ligands due to the formation of octahedral complexes
[TM(en)s]"* and [TM(dien),]"*. The TM coordinated chalcogenido-
metalates are only observed for Cr** and Mn?* metals, including
the limited examples of [Cr(en),(GeS,)]~, [{Cr(en)}x(GeSes).]*>",
[Cr(en)y(SnSe,4)] ™ [5], [{Mn(en),}o(en)(SnySe)] [6], [Mn(dien)(AsS4)] ~

* Corresponding author. Fax: +86 512 65880089.
E-mail address: jiadingxian@suda.edu.cn (D. Jia).

0022-4596/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jssc.2011.03.039

[7], Cr(en),SbS3 [8], [Mny(en)y(Sb,Ss)] [9], [Mny(dien)(Sb,Ss)] [10],
[Mny(en)o(SbSe4)s]*~ [11], and [Mny(SbSes),(en)s(H.0)]?~ [12]. The
effective incorporation of TM into chalcogenidometalate anions is
well achieved by adopting the tetradentate polyamine, tris(2-ami-
noethyl)amine (tren), and pentadentate polyamine, tetraethylenepen-
tamine (tepa), as structure directing agents. The TM"* ion is then
coordinated by a tren or tepa ligand and leaves one or two coordina-
tion sites free for TM—S or TM—Se bond formation with the
chalcogenidometalate anions. Indeed, a large number of chalcogen-
idometalates incorporated with TM complexes of Mn?*, Fe?*, Co®*,
and Ni*>*have been prepared with tren [13] and tepa [14] as the
chelating ligands of TM"*.

Unlike the TM"" metals which exhibit the restricted stereo-
chemistry in coordination complexes, the lanthanide (Ln) ions are
characterized by variable coordination numbers and geometries [15],
which theoretically provides the Ln*>* ions with different structural
features from the TM"* ions in the combination with chalcogenido-
metalate anionic ligands in the presence of ethylene polyamines. In
recent years, we investigated the solvothermal synthetic systems Ln/
M/Q (Ln=lanthanide; M=Sn, As, Sb; Q=S, Se) in en and dien, and
prepared a series of lanthanide-containing chalcogenidometalates.
In these lanthanide chalcogenidometalates the coordination of
[SnSes]*~, [SnuSeg]*~, [SnaSeol®~ [16], [AsSes>~ [17], [SbS4~
[18], and [SbSe4]*~ [19,20] anions to the Ln®>*-en and Ln>*-dien
unsaturated complexes have been successfully achieved. In the case
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of the Ln/Sb/Se/en system, [Ln(en)4(SbSe,4)] (Ln=La, Ce, Pr, and Nd)
and [Ln(en)4]SbSe, - 0.5en (Ln=Eu, Gd, Er, Tm, and Yb) two structural
types are formed along the lanthanide series [19]. In the present
work, the mixed polyamine systems Ln/Sb/Se/(en+dien) and Ln/Sb/
Se/(en+trien) are explored in detail across the lanthanide series to
elucidate the lanthanide contraction effect on the structures, and
neutral selenidoantimonates containing lanthanide(Ill) complexes
of mixed ethylene polyamine ligands, [Ln(en)y(dien)(;?-SbSes)]
(Ln=Ce(1a), Nd(1b)), [Ln(en),(dien)(SbSe4)] (Ln=Sm(2a), Gd(2b),
Dy(2c)), [Ln(en)(trien)(u-1'#n?-SbSes)].. (Ln=Ce(3a), Nd(3b)) and
[Sm(en)(trien)(#7-SbSe4)] (4a), were prepared and characterized.

2. Experimental section
2.1. Materials and physical measurements

All the solvents and reagents for synthesis were commercially
available and used as purchased. Elemental analyses were per-
formed on a EA1110-CHNS-O elemental analyzer. Room-tem-
perature optical diffuse reflectance spectra of the powdered
sample were obtained with a Shimadzu UV-3150 spectrometer.
The absorption (o/S) data were calculated from the reflectance
using the Kubelka-Munk function o/S=(1—R)?/2R [21], where

Table 1
Crystallographic data for 1a—4a.

R is the reflectance at a given energy, o is the absorption, and S is
the scattering coefficient.

2.2. Synthesis of [Ln(en)y(dien)(n2-SbSe4)] (Ln=Ce(1a), Nd(1b))
and [Ln(en),(dien)(SbSe4)] (Ln=Sm(2a), Gd(2b), Dy(2c))

CeCl3 (123 mg, 0.5 mmol), Sb (61 mg, 0.5 mmol), Se (158 mg,
2 mmol), and 2 mL of a mixed en/dien (1:1(v/v)) solvent were
loaded into a Teflon-lined stainless steel autoclave with an inner
volume of 15 mL. The reaction was run at 180 °C for 6 days, then
cooled to ambient temperature. Yellow chip crystals of 1a were
filtered off, washed with ethanol and stored under vacuum (61%
yield based on Sb). Red crystals of 1b (57% yield), orange crystals
of 2a (48% yield), orange crystals of 2b (49% yield) and red crystals
of 2¢ (45% yield) were prepared with a procedure similar to that
for the synthesis of 1a, except that Nd,0s3, Sm,03, Gd;05, and
Dy,03 were used instead of CeCls, respectively. All the samples
are stable in dry air. Anal. Found: C 11.85, H 3.57, N 12.12. Calcd.
for CgH,9N;Se4CeSb (1a, 801.09): C 11.99, H 3.65, N 12.24%. Anal.
Found: C 11.78, H 3.52, N 12.09. Calcd. for CgH,9N;Se4NdSb (1b,
805.21): C11.93,H 3.63, N 12.18%. Anal. Found: C 11.70,H 3.51,N
11.95. Calcd. for C;6HsgN14SegSm,Sb, (2a, 1622.64): C 11.84, H
3.60, N 12.08%. Anal. Found: 11.71, H 3.50, N 11.84. Calcd. for
C16Hs8N14SegGd,Sb, (2b, 1636.44): C 11.74, H 3.57, N 11.98%.

1a 1b 2a 2b
Empirical formula CgH,9N-Se,CeSb CgHy9N,Se4NdSb C16Hs58N14SegSm,Shy C16Hs58N14SegGd,Sb;
Formula weight 801.09 805.21 1622.64 1636.44
Cryst syst Monoclinic Monoclinic Triclinic Triclinic
Space group P24/n P24/n P-1 P-1
a (A) 8.6448(13) 8.6186(14) 10.037(3) 10.121(2)
b (A) 27.844(4) 27.777(4) 12.117(3) 12.092(3)
¢ (A) 9.3387(14) 9.3125(15) 17.125(4) 17.189(4)
o (deg) 90 90 88.888(9) 89.102(10)
p (deg) 109.086(2) 109.211(3) 88.651(9) 88.438(9)
v (deg) 90 90 86.658(9) 86.889(10)
Vv (A3) 2124.3(5) 2105.3(6) 2078.2(9) 2099.6(8)
V4 4 4 2 2
T (K) 223(2) 293(2) 223(2) 293(2)
Deaica, (g cm™3) 2.505 2.540 2.593 2.589
Total, unique data 11 553, 4842 20 384, 3855 19 802, 7260 20 158, 7646
Parameters 191 191 371 374
Ry (I>20 (D)) 0.0383 0.0421 0.0481 0.0595
WR; (all data) 0.0743 0.0845 0.1382 0.1945
GOF on F? 1.061 1.161 1.121 1.128

2c 3a 3b 4a
Empirical formula Cy6HsgN14SegDy,Sb, CgHy6NgSe4CeSb CgHz6NgSesNdSb CgH,6NgSe,SmSb
Formula weight 1646.94 784.05 788.18 794.29
Cryst syst Triclinic Orthorhombic Monoclinic Monoclinic
Space group P-1 P2:2:24 P24/n P2,4/c
a (A) 10.107(2) 8.9653(7) 14.307(2) 10.1777(12)
b (A) 12.069(3) 11.3985(8) 9.0127(12) 13.4837(15)
c (A) 17.180(4) 19.7211(13) 15.427(2) 14.7983(19)
o (deg) 89.202(11) 90 90 90
B (deg) 88.287(9) 90 100.775(2) 98.744(3)
v (deg) 87.139(11) 90 90 90
V(A3) 2092.0(9) 2015.3(2) 1954.2(5) 2007.2(4)
V4 2 4 4 4
T (K) 293(2) 223(2) 223(2) 223(2)
Deatca. (g cm—3) 2.615 2.584 2.679 2.628
Total, unique data 17,890, 6815 8692, 3666 12,061, 4452 9724, 3516
Parameters 295 183 182 182
Ry (I>20 (I) 0.0788 0.0250 0.0260 0.0253
WR; (all data) 0.1975 0.0452 0.0537 0.0457
GOF on F? 1.096 1.063 1.003 1.095
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Anal. Found: C 11.52, H 3.43, N 11.53. Calcd. for C;gHsgN4Ses.
Dy,Sb, (2¢, 1646.94): C 11.67, H 3.55, N 11.67%.

2.3. Synthesis of [Ln(en)(trien)(n-n',n?-SbSe,)].. (Ln=Ce(3a),
Nd(3b)) and [Sm(en)(trien)(n>-ShSe,)] (4a)

CeCl3 (123 mg, 0.5 mmol), Sb (61 mg, 0.25 mmol), Se (158 mg,
2 mmol), and 2 mL of a mixed en/trien (1:1(v/v)) solvent were
loaded into a Teflon-lined stainless steel autoclave with an inner
volume of 15 mL. The reaction was run at 180 °C for 6 days, then
cooled to ambient temperature. Orange-yellow prism crystals of
3a were filtered off, washed with ethanol and stored under a
vacuum (65% yield based on Sb). Red crystals of 3b (62% yield)
and 4a (66% yield) were prepared with a procedure similar to that
for the synthesis of 3a, except that Nd,03 and Sm,03 were used
instead of CeCls, respectively. Anal. Found: C 12.13, H 3.36, N
10.66. Calcd. for CgHagNgSe4LaSh (3a, 784.05): C 12.27, H 3.35, N
10.74%. Anal. Found: C 12.03, H 3.22, N 10.56. Calcd. for
CsHygNeSe4NdSb (3b, 788.18): C 12.19, H 3.32, N 10.66%. Anal.
Found: C 12.01, H 3.25, N 10.43. Calcd. for CgH,sNgSe4SmSb (4a,
794.29): C 12.10, H 3.30, N 10.58%.

2.4. X-ray structure determination

All data were collected on a Rigaku Mercury CCD diffract-
ometer with the exception of 2¢, 3a, 3b and 3c on a Rigaku Saturn
CCD diffractometer, using graphite-monochromated Mo-Kuo
radiation with a w-scanning mode to the maximum 20 between
49.00° (2c¢) and 55.00° (1a). An empirical absorption correction
was applied to the data. The structures were solved with SHELXS-
97 [22], and refinement was performed against F? using SHELXL-
97 [22]. All the non-hydrogen atoms were refined anisotropically.
Atoms C(11) in 2a, C(12) in 2b and C(9) in 2c¢ are disordered and
the occupancies are refined as 54% and 46%, 50% and 50%, 60% and
40%, respectively. H atoms were geometrically positioned and
refined using the riding model. Technical details of data collec-
tions and refinement are summarized in Table 1.

en+dien

[Ln(en)x(dien)(#’-SbSes)]
[Ln(en)a(dien)(SbSey)]

(Ln = Ce(1a), Nd(1b)).

Ln:0; (Ln = Sm(2a), Gd(2b), Dy(2¢))

Sb

[Ln(en)(trien)(u-n"'1>-SbSey)] (Ln = Ce(3a), Nd3b))

Se en+trien
il i W
[Sm(en)(trien)(;*-SbSes)] (4a)

Scheme 1. Syntheses of 1a-4a.

3. Results and discussion
3.1. Syntheses

The title complexes were prepared by the reactions of Ln,O3
(CeCl5 for 1a and 3a), Sb and Se at 180 °C for 6 days in 1:1(v/v)
mixed en/dien and en/trien solvents, respectively (Scheme 1). Under
solvothermal conditions, the lanthanide oxides react in situ to form
the mixed-coordinated [Ln(en),(dien)]>* and [Ln(en)(trien)]** com-
plex cations. The cations were coordinated by [SbSe,]*~ anions to
generate neutral lanthanide complexes 1a—2c and 3a—4a, respec-
tively. But the Ln,03, Sb and Se reactions from Th,0s on in en/dien
and from Gd,0s on in en/trien across the lanthanide series yielded
the Ln®>*-en complexes with the same general formula [Ln(en)4]Sb-
Se4- 0.5en, which are isostructural with the compounds synthesized
in the single en solvent several years ago [19]. The dien and trien
ligands do not take part in the coordination to these lanthanides in
the reactions. The Ln>* ion size influences the formation of
lanthanide complexes with the en/dien and en/trien mixed ligands.
This work has shown that the solvothermal reaction of Ln,Os in
mixed polyamine solvents is an convenient and effective method to
prepare Ln complexes with mixed ethylene polyamine ligands for
the Ln3* metals with larger ionic radius.

3.2. Structures of 1a—1b and 2a—2c

Complexes 1a and 1b crystallize in the monoclinic space group
P2¢/n with four formula units in the unit cell, and they are
isostructural with the La** analog [La(en),(dien)(1-SbSey)] (1)
[20]. The crystal structure of 1a is depicted in Fig. 1. Both Ce3*
and Nd3* jons are coordinated by two bidentate en ligands, and
one tridentate dien ligand, forming seven-coordinate complex
cations [Ln(en),(dien)]>** (Ln=Ce, Nd). The [SbSe4]*~ anion acts
as a bidentate #%-SbSe, chelating ligand with Se(1) and
Se(2) atoms to coordinate to [Ln(en),(dien)]?>*, resulting in the
neutral complexes [Ln(en),(dien)(#2-SbSe,)] (Fig. 1(a)). The Ln3~*
ions are ninefold coordinated in a distorted monocapped square
antiprismatic environment. (Fig. 1(b)). The Ln-Se [av.
Ce—Se=3.1775(7) A, Nd—Se=3.1384(9)A] and Ln—N bond
lengths [av. Ce—N=2.712(4) A, Nd—N=2.657(6)A] (Table 2)
are consistent with corresponding bond lengths observed in
literature [23-26], and decrease from Ce to Nd due to the
lanthanide contraction. The Sb atom is coordinated by four Se
atoms, forming a distorted tetrahedron with Sb—Se lengths in the
range of 2.4555(15)-2.4886(8) A and the Se —Sb— Se angles in the
range of 101.73(5)°-114.11(6)° (Table 2) in agreement with
literature data [11,27]. In 1a and 1b the [Ln(en),(dien)(#>-SbSe,)]
molecules are linked end-to-end via hydrogen bonding between

b N3

Se4

Se3

Fig. 1. (a) Crystal structure of 1a with the labeling scheme (thermal ellipsoids are drawn at 30% probability). The hydrogen atoms are omitted for clarity. (b) Crystal

structure of polyhedron CeN,Se; in 1a.
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Table 2

Selected bond lengths (A) and angles (deg) for 1a—4a.
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1a (Ln=Ce) 1b (Ln=Nd) 2a (Ln=Sm) 2b (Ln=Gd)
Sb—Se 2.4589(7)—2.4886(8) 2.4563(10)—2.4851(9) 2.422(2)—2.498(2) 2.451(3)—2.459(3)
Ln—Se 3.1615(7), 3.1935(8) 3.1188(9), 3.1581(9) 3.004(2), 3.026(2) 3.006(3), 3.021(3)
Ln—N 2.680(5)—2.748(5) 2.620(6)—2.691(6) 2.478(14)—-2.581(18) 2.50(2)—-2.60(2)
Se—Sb—Se 102.52(2)—-113.58(3) 101.75(3)—114.05(4) 103.24(8)—114.45(9) 103.26(10)—114.33(12)
Sb—Se(1)—Ln 90.36(2) 90.82(3) 119.59(7) 124.10(10)
Sb—Se(2)—Ln® 89.318(19) 89.60(2) 124.15(7) 120.08(9)
Se—Ln-—Se 75.007(17) 75.50(2)
N-Ln-Se 68.02(10)—154.09(11) 68.18(12)—152.77(15) 72.8(4)—152.2(4) 73.2(5)—-152.2(5)
N—-Ln—-N 61.88(15)—142.70(15) 62.0(2)—143.3(2) 64.3(5)—145.0(5) 65.0(7)—145.4(7)
0.5

2c (Ln=Dy) 3a (Ln=Ce) 3b (Ln=Nd) 4a (Ln=Sm)
Sb—Se 2.430(5)—2.502(4) 2.4549(6)—2.4700(6) 2.4571(6)—2.4712(6) 2.4330(6)—2.4816(6)
Ln—Se 2.980(4), 2.997(4) 3.1834(7)—3.3091(6) 3.1727(6)—3.3044(6) 3.0059(6), 3.0553(6)
Ln—N 2.43(3)-2.56(3) 2.656(4)—2.717(4) 2.579(3)—2.643(4) 2.557(4)—2.592(4)
Se—Sb—Se 103.26(14)—114.43(19) 103.78(2)—112.06(3) 102.41(2)—113.34(2) 99.79(2)—-113.35(2)
Sb—Se(1)—Ln 120.35(13) 89.307(19) 89.590(17) 91.323(18)
Sb—Se(2)—Ln? 124.34(14) 90.233(19) 89.622(17) 90.230(18)
Sb—Se(3)—Ln 117.83(2) 120.79(2)
Se—Ln-—Se 74.505(15)—137.819(19) 74.434(16)—137.159(14) 77.492(16)
N-Ln-Se 72.8(8)—151.6(7) 66.36(11)—143.35(11) 65.97(8)—147.74(8) 69.61(8)—147.34(9)
N-Ln—-N 65.4(10)—145.5(10) 62.88(14)—149.18(14) 64.34(12)—-147.87(12) 65.56(12)—159.53(13)

2 Refer to the Sb—Se(5)—Ln angle in 2a—2c.

Fig. 2. A view of the layer constructed by the [Ce(en),(dien)(5?-ShSe4)] moieties via N-H---Se interactions (shown in dashed lines) in 1a.

amino group and Se atoms to form a chain-like structure.
Adjacent chains are linked through further N-H---Se interactions
into layers perpendicular to the b axis (Fig. 2), and then, the layers
are connected into a 3-D supramolecular network via the N-
H---Se bonds (Fig. S1 in the Supplementary material).
Complexes 2a—2c are isostructural with general formula
[Ln(en),(dien)(SbSe4)], (Ln=Sm(2a), Gd(2b), Dy(2c)) (Table 1).
There are two crystallographically independent [Ln(en),
(dien)(SbSe,)] moieties in 2a—2c. Both Ln®>*(1) and Ln®>*(2)
ions are coordinated by two bidentate en, one tridentate dien
and one monodentate [SbSe4]*>~ ligands, forming the mixed-
coordinated neutral complex [Ln(en),(dien)(SbSe,)]. The structure
of [Sm(1)(en),(dien)(Sb(1)Se,)] in 2a is depicted in Fig. 3(a). Both
Ln3*(1) and Ln3*+(2) are in eight-fold coordination environments
and form bicapped trigonal prisms (Fig. 3(b)). The [Ln(1)(en),
(dien)(Sb(1)Se4)] and [Ln(2)(en),(dien)(Sb(2)Se4)] moieties exhi-
bit very similar molecular structures except that the former
possesses a smaller Ln-Se-Sb angle than the latter (Table 2).
The Ln—N and Ln—Se bond lengths of 2a—2c (Table 2) are in the

range of the literature values, respectively [19,20,24,28]. In
2a—2c, the tetrahedral [SbSe4]>~ anion acts as a monodentate
ligand to the Ln3* ions. The Sb—Se lengths and Se — Sb—Se angles
agree with those of the corresponding values in 1a and 1b
(Table 2). In 2a—2c, the complexes are alternatively connected
end to end into an one-dimensional chain parallel to the c axis
(Fig. 4) through N-H-.-Se contacts with N-..Se separations
between 3.412(16) and 3.68(2)A and corresponding N-H---Se
angles between 142.4° and 167.0°, indicating weak hydrogen
bonds. The chains are linked into a 3-D H-bonded network via
further N-H---Se bonds (Fig. S2 in the Supplementary material).

3.3. Structures of 3a, 3b and 4a

Complexes 3a and 3b crystallize in orthorhombic and mono-
clinic crystal system, respectively, but they display the same
structure. The Ce3>*+ and Nd3* ions are coordinated by a bidentate
en and a tetradentate trien ligands, forming six-coordinate com-
plex cations [Ln(en)(trien)]>* (Ln=Ce, Nd). The [SbSe4]*>~ anion
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Se2

Se4

Se3

Fig. 3. (a) Crystal structure of the [Sm(1)(en),(dien)(Sb(1)Se4)] moiety in 2a with the labeling scheme (thermal ellipsoids are drawn at 30% probability). The hydrogen

atoms are omitted for clarity. (b) Crystal structure of polyhedron SmN-Se in 2a.

Fig. 5. Crystal structure of 3a with the labeling scheme (thermal ellipsoids are drawn at 30% probability). The hydrogen atoms are omitted for clarity.

acts as a tridentate u-n'y%-SbSe, bridging ligand with Se(1),
Se(2) and Se(3) atoms to link the [Ln(en)(trien)]** cations into
neutral coordination polymer [Ln(en)(trien)(u-n',n?-SbSes)].,
(Fig. 5). The Sb—Se lengths and the Se—Sb—Se angles are in the
range of the corresponding values in 1a and 1b (Table 1). The
Ln3* ions are coordinated by six N atoms and three Se atoms
forming distorted monocapped square antiprisms LnNgSes as the
CeN-,Se;, polyhedron in 1a. In 3a, the bond lengths of Ce—Se(1)
[3.2254(7) A], Ce—Se(2) [3.1834(7)A] and Ce—N [av. Ce—N=
2.690(4) A] (Table 2) are comparable to those of 1a, except
Ce—Se(3) [3.3091(6) A] being slightly longer. The same Nd—Se
and Nd —N bond length evolution is observed between 1b and 3b.
In the crystal structures of 3a and 3b, the [Ln(en)(trien)
(u-n'17%-SbSey4)]., chains interact with neighbors via N—H---Se
hydrogen bonding, generating a layer perpendicular to the c axis

(Fig. 6). The layers are linked into a 3-D H-bonding network via
addition N—H---Se hydrogen bonds (Fig. S3 in the Supplementary
material).

Complex 4a crystallizes in the monoclinic space group P2;/c with
four formula units in the unit cell. It is isostructural with
[Eu(en)(trien)(n>-SbSe,)] (4) [20]. The crystal structure of 4a is
depicted in Fig. 7. The Sm>* ion is coordinated by one bidentate
en, and one tetradentate trien ligands, yielding the six-coordinated
complex. Like the [SbSe,]>~ anions in 1a and 1b, the [SbSe,]>~ anion
in 4a also acts in a 5>-fashion chelating the Sm®* ion via Se(1) and
Se(2), leading to the neutral complex [Sm(en)(trien)(#72-SbSey)]
(Fig. 7). The Sm>* ion is in a bicapped trigonal prismatic environ-
ment like Sm>* ion in 2a. The average Sm—Se and Sm—N bond
lengths are 3.0306(6) and 2.569(4) A, respectively, (Table 2), which
are in the range of the corresponding values obtained for 2a.
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Fig. 8. A view of the layer constructed by the [Sm(en)(trien)(n-SbSe4)] molecules via N-H---Se interactions (shown in dashed lines) in 4a.

The [Sm(en)(trien)(12-SbSe4)] molecules are connected end to end
into one dimensional chains via N—H---Se H-bonding, and the
chains are further connected into a layer parallel to the (0 0 1) plane
of the unit cell by hydrogen bonds (Fig. 8). The orientations of the
chains alternate in the same layer. The layers are linked into a 3-D
H-bonding network via further N—H---Se bonds (Fig. S4 in the
Supplementary material).

3.4. Lanthanide contraction effect on the structures of
[Ln(en),(dien)(SbSe,4)] and [Ln(en)(trien) (SbSe,)] series.

The [SbSes]*~ and [Ln(en)y(dien)>* ions form two structural
types across the lanthanide series. The [SbSe;]*~ coordinate to
[Ln(en)y(dien)]>* as a n>-SbSe, ligand from La** to Nd** and acts
as a mono-SbSe, ligand from Sm>* to Dy*™*, giving complexes
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[Ln(en)y(dien)(%-SbSe,)]  (In=La(1)2”! Ce(1a), Nd(1b)) and
[Ln(en),(dien)(SbSe4)] (Ln=Sm(2a), Gd(2b), Dy(2c)), respectively.
The [Ln(en)(trien)(SbSe,)] series also possess [Ln(en)(trien)(u-n'1>-
SbSey)]..(Ln=La(3) [20], Ce(3a), Nd(3b)) and [Ln(en) trien)(n>-
SbSey)] (Ln=Eu(4) [20], Sm(4a)) two structural types, in which
u-n'2-SbSe, and #12-SbSe, coordination modes are observed for
the [SbSe,]*>~ anions. Apparently, the structural evolution in the two
series is related with the Ln>* ion size. The ionic radii of the Ln*+
ions decrease monotonously from La®>* to Lu>* due to lanthanide
contraction effect, therefore, the coordination numbers of Ln>* ions
prefer nine for lighter lanthanide ions and eight for the heavier ones
[29]. To maintain a coordination number of nine for La3>* —Nd3*, the
[SbSe4]>~ anion coordinates to seven-coordinate [Ln(en)y(dien)]**
and six-coordinate [Ln(en)(trien)]>* as bidentate #2-SbSe4 and tri-
dentate u-n'5>-SbSe,4 ligands, and [Ln(en),(dien)(?-SbSe4)] (1, 1a,
and 1b) and [Ln(en)(trien)(u-1'n>-SbSes)].. (3, 3a, and 3b) are
obtained, respectively. From Sm on, the [SbSe4]>~ anion coordinates
to [Ln(en)y(dien)]’* and [Ln(en)(trien)>* as mono-SbSe, and #>-
SbSe, to satisfy coordination number of eight for the Ln>* ions,
generating [Ln(en),(dien)(>-SbSes)] (2a, 2b, and 2c) and
[Ln(en)(trien)(#7>-SbSe,4)] (4 and 4a), respectively.

3.5. Optical properties

Solid state optical absorption spectra of complexes 1a-4a were
recorded from powder samples at room temperature, and the
representative spectra of cerium (1a and 3a) and samarium

o)

0. /S Absorption coefficient (arb.unit)

T T
15 20 25 30 35 40 45 50 55 6.0 65
Energy (eV)

o /S Absorption coefficient (arb.unit)

15 20 25 30 35 40 45 50 55 6.0 65
Energy (eV)

Fig. 9. Solid state optical absorption spectra for (a) 1a (solid line) and 3a (dashed
line); (b) 2a (solid line) and 4a (dashed line).

(2a and 4a) complexes are shown in Fig. 9(a) and (b). The
complexes exhibit well-defined steep absorption edges from
which the band gaps (E;) can be estimated as 2.51, 2.13, 2.21,
2.19, 2.14, 2.38, 2.09, and 2.08 eV for 1a—4a, indicating semi-
conducting properties of the title complexes. The band gaps are
much larger than those of the layered copper selenidoantimo-
nates Cs,Cu,Sb,Ses (1.2—1.3 eV) [30], Cu,SbSes-0.5en (1.58 eV)
[31], and Cu,SbSes-en (1.61 eV) [31]. The electronic transitions
are likely results of charge transfer from the Se?~-dominated
valence band to the Ln®*-dominated conduction band, as
occurred in the multinary chalcogenometalates [32].

4. Conclusion

In conclusion, we have successfully achieved the coordination
of the soft base ligand [SbSe4]>~ to the lanthanide(IIl) centers by
using en+dien and en-+tren mixed polyamines as co-ligands.
Investigation of the mixed polyamine systems Ln/Sb/Se/
(en+dien) and Ln/Sb/Se/(en+trien) reveals that two structural
types of lanthanide(Ill) selenidoantimonates are formed across
lanthanide series for the two systems. The structural turnover of
two structural types occurs at Sm for both systems. The structural
evolution along the lanthanide series is attributed to lanthanide
contraction effect. In addition, the syntheses and characteriza-
tions of the title complexes show that the coordination of
[SbSes]>~ anion to the same lanthanide(Ill) ion can also be
controlled by en/dien and en/trien mixed polyamines beside by
the single polyamine [19].
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