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The solvothermal synthetic system Ln/Sb/Se (Ln = La, Eu) was mvestlgated in different ethylene polyammes and a
series of lanthanum and europium selenidoantimonates [La(en)z(dmn)(n -SbSe,)] (1a), [La(dien)o(u-1" 17°-SbSey)]
(Ib), [La(trlen)z(HZO)]SbSe4 (le), [La(en)(tnen)(,u n',n°-SbSe,)] (Id), [Eu(en)s(dien)(SbSe,)] (lla), [Eu(en)-
(trien)(7>-SbSe,)] (llb), and [Eu(dien)s(572-SbSe4)] (llc) (en = ethylenediamine, dien = diethylenetriamine, trien =
tnethylenetetramme) were prepared. A systematic investigation of the crystal structures showed that the soft Lewis
basic ligand [SbSe4]®~ can be tuned to coordmate to the hard Lewis acidic lanthanide i |ons as a monodentate ligand,
mono-SbSey; a bidentate chelating ligand, 7%-SbSey; or a tridentate bridging ligand, 4- 7' 17°-SbSey, by the ethylene

polyamines or m|xed et 3erne polyammes used in the syntheses. The [SbSe,]*~ anion exhibited different coordination

modes for La** and Eu®*
numbers of La®" and Eu®* ions.

ions in the presence of the same ethylene polyamine because of the different coordination

Introduction

The mild solvothermal synthesis of main group chalcogen-
idometalates containing transition-metal (TM) complexes in
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ethylene polyamines has attracted increasing attention' since
the cobalt thloantlmonate [Co(en);]CoSb,Sg was prepared in
ethylenediamine in 1996,% and a number of these chalcogen-
1d0metalc1tes mcludmg chalcogemdo -germanates,’ -stan-
nates,* -arsenates,” and -antimonates® have been prepared
in ethylene polyamines of ethylenediamine (en) and diethyle-
netriamine (dien). However, 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);]"" and [TM(dien),]"". The TM-coordi-
nating chalcogenidometalates are only observed for Cr** and
Mn”" metals, including the limited examples of [Cr(en)z-
(GeSo)]", [{Crlen)}2(GeSer)s]”, [Crien)(SnSes)] [{Mn-
(en)Z}Z(en)(SHZSG)] [Mn(dien)(AsSy)] . Cr(en)szsa,lo
[Mis(en)y (SS9l [Mna(dien)(Sb:S))2  [Mny(en)
(SbSe4)4] 13 and [an(SbSe4)2(en)4(H2O)] Recently,
by adoptlng a tetradentate polyamine, tris(2- amlnoethyl)
amine (tren), as a chelating ligand in the solvothermal synthesis,
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the Bensch'® and Sheldrick'® groups have prepared a number
of chalcogenidometalates incorg)orated with TM complexes
of Mn?", Fe?*, Ni**, and Co”". It can be seen from the
results that the coordination of TM with the chalcogenido-
metalate anion is much influenced by the denticity of ethylene
polyamines.

Unlike the transition metals which exhibit the restricted
stereochemistry in coordination complexes, the lanthanide-
(ITI) ions are characterized by variable coordination numbers
and geometries,'” which theoretically provides the lanthanide
metals with different structural features from the transition
metals in the combination with chalcogenidometalates in the
presence of ethylene polyamines. A couple of years ago, we
started to investigate the solvothermal synthetic systems Ln/
M/Q (Ln = lanthanide; M = Sn, As, Sb; Q = S, Se) in en
and dien solvents, from which a series of lanthanide-contain-
ing chalcogenidometalates were prepared.'® ! The coordi-
nations of the tetrachalcogenidometalate anions [SnSeq]* '
[AsSes’," [SbS4*,%° and [SbSe,* 2! with lanthanide-
(IIT)—en and —dien complexes are successfully achieved in
these synthetic systems. In the case of system Ln/Sb/Se, two
types of compounds were obtained with en as the solvent.
Across the lanthanide series, the lighter lanthanide metals
form neutral complexes represented by [La(en)4(SbSey)] (1),
in which the [SbSes]*~ anion coordinates to the [La(en)]*"
ion as a monodentate ligand,”'® while the heavier ones develop
ionic complexes represented by [Eu(en)4]SbSe4-0.5en gII) in
which the [SbSes*” anion exists as a discrete ion.”'® To
examine the effect of amines on the coordination of the
[SbSes]*~ ion to the lanthanide metals, we investigated the
La(Eu)/Sb/Se system in different ethylene polyamines and
found that not only can the [SbSes]*~ anion coordinate to the
heavier lanthanide metals but also the coordination modes of
[SbSe]*~ can be tuned by the ethylene polyamines. Herein, we
report the syntheses and characterizations of a series of
lanthanum(IT) and europium(IIl) selenidoantimonates,
[La(en)(dien)(>-SbSes)]  (Ta), [La(dien)»(u-1' 57>-SbSes)]
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(Ib), [La(trien),(H,0)|SbSes (Ic), [La(en)(trien)(u-n' 5>
SbSe,)] (Id), [Eu(en),(dien)(SbSe4)] (ITa), [Eu(en)(trien)(n*-
SbSe,)] (Ib), and [Eu(dien),(5>-SbSe,)] (Ic), in which the
monodentate, bidentate, and tridentate coordination modes
are observed for the [SbSe,]*~ anion.

Experimental Section

Materials and Methods. All starting chemicals were analytical
grade and used as purchased. Elemental analyses were con-
ducted on a MOD 1106 elemental analyzer. FT-IR spectra were
recorded with a Nicolet Ma%na-IR 550 spectrometer in dry KBr
discs in the 4000—400 cm™ * range. Room-temperature optical
diffuse reflectance spectra of the powdered sample were ob-
tained with a Shimadzu UV-3150 spectrometer. The absorption
(a/S) data were calculated from the reflectance using the Ku-
belka—Munk function a/S = (1 — R)*/2R.?*> Thermoanalytical
measurements were performed using a thermogravimetric ana-
lysis—differential scanning calorimetry (TG-DSC) microanaly-
zer of SDT 2960, and all of the samples were heated under a
nitro%en stream of 100 mL min~' with a heating rate of 5 °C
min

Syntheses. All complexes were synthesized in ethylene poly-
amines or mixed polyamines under solvothermal conditions. In
a typical synthetic procedure, the reactants in a certain molar
ratio were dispersed in ethylene polyamine or mixed polyamines
under stirring; then, the mixture was loaded into a Teflon-lined
stainless steel autoclave with an inner volume of 15 mL. The
sealed autoclave was heated at 180 °C for 7 days. After being
cooled to ambient temperature, crystals were filtered off,
washed with ethanol, and stored under a vacuum.

Synthesis of [La(en)z(dien)(nz-SbSe4)] (Ia). Red polyhedron
crystals of Ia were prepared by the reaction of La,O; (82 mg,
0.25 mmol), Sb (61 mg, 0.50 mmol), and Se (158 mg, 2 mmol) in 3
mL of a mixed en/dien (1:1 (v/v)) solvent (53% yield based on Sb).
Elem Anal. Calcd for CgH,9N-,SeyLaSbh: C, 12.01; H, 3.65; N,
12.26. Found: C, 11.83; H, 3.61; N, 12.07. IR (KBr, cm™'): 3730
(W), 3609 (w), 3242 (m), 3206 (m), 3177 (m), 3126 (m), 2945 (m),
2886 (m), 1566 (vs), 1520 (m), 1463 (s), 1413 (m), 1329 (s), 1271
(m), 1154 (m), 1084 (s), 1029 (m), 976 (vs), 897 (m), 863 (w), 813
(w), 764 (w), 688 (s), 609 (m), 584 (m), 495 (m), 479 (s), 446 (s).

Synthesis of [La(dien),(u-5",5°-SbSe,)] (Ib). Orange block
crystals of Ib were prepared by the reaction of La,Os (82 mg,
0.25 mmol), Sb (61 mg, 0.50 mmol), and Se (158 mg, 2 mmol) in
3 mL of dien (56% yield based on Sb). Elem Anal. Calcd for
CgHp¢NgSeyLaSb: C, 12.27; H, 3.35; N, 10.73. Found: C, 12.12; H,
3.31; N, 10.55. IR (KBr, cm™): 3411 (s), 3296 (s), 3201(v), 3172
(vs), 3126 (s), 2909 (s), 2863 (m), 1567 (vs), 1451 (vs), 1397 (m),
1366 (s), 1327 (m), 1258 (m), 1154(m), 1135(m), 1050 (vs), 1019 (s),
965 (vs), 903 (m), 864 (m), 810 (W), 756 (w), 602 (s), 556 (m), 486 (s).

Synthesis of [La(trien),(H,0)]SbSe, (Ic). Orange chip crystals
of Ie were prepared by the reaction of La,O5 (82 mg, 0.25 mmol),
Sb (61 mg, 0.50 mmol), and Se (158 mg, 2 mmol) in 3 mL of trien
(31% yield based on Sb). Elem Anal. Calcd for C;,H33NgOSey.
LaSb: C, 16.25; H, 4.32;: N, 12.63. Found: C, 16.12; H, 4.26; N,
12.46. IR (KBr, ecm™1): 3735(s), 3172 (vs), 3110 (vs), 2902 (s),
2863(s), 1574 (s), 1451 (s), 1358 (w), 1312 (s), 1289 (s), 1181 (w),
1134 (m), 1081 (s), 1050 (vs), 965 (s), 903 (m), 872 (s), 826 (m),
810 (m), 605 (s), 663 (W), 594 (w), 540 (m), 440(m).

Synthesis of [La(en)(trien)(u-1",7>-SbSey4)] (Id). Red needle
crystals of Id were prepared by the reaction of La,Os3 (82 mg,
0.25 mmol), Sb (61 mg, 0.50 mmol), and Se (158 mg, 2 mmol) in 3
mL of a mixed en/trien (1:1 (v/v)) solvent (48% yield based on Sb).
Elem Anal. Calcd for CgH,¢NeSeyLaSbh: C, 12.27; H, 3.35; N,
10.73. Found: C, 12.15; H, 3.34; N, 10.58. IR (KBr, cm™"): 3404
(s), 3211 (vs), 3094 (vs), 2917 (vs), 2863 (s), 1568 (vs), 1521 (vs),

(22) Wendlandt, W. W.; Hecht, H. G. Reflectance Spectroscopy; Inter-
science Publishers: New York, 1966.
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Table 1. Crystal Data and Summary of X-ray Data Collection

Ia Ib Ic Id
empirical formula C8H29N7Se4LaSb C8H26N6Se4LaSb C12H38NSOSe4LaSb C8H26N6864LaSb
fw 799.88 782.85 887.00 782.85
color of cryst red orange orange orange
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2,/n (no. 14) P2,/c (no. 14) P2, (no. 4) P2,/n (no. 14)
a, A 8.6554(14) 8.9753(13) 10.9619(17) 14.421(2)
b, A 27.909(4) 13.4326(18) 10.5221(15) 9.0480(12)
¢, A 9.3570(16) 16.600(2) 11.1483(17) 15.561(2)
o, deg 90 90 90 90
f, deg 109.303(3) 97.604(4) 91.611(4) 100.890(4)
¥, dF% 90 90 90 90
V, A 2133.3(6) 1983.7(5) 1285.4(3) 1993.9(5)
VA 4 4 2 4
T, K 293(2) 293(2) 293(2) 293(2)
calcd density, Mg m > 2.491 2.621 2.292 2.608
F(000) 1480 1440 836 1440
26(max), deg 50.68 50.70 50.68 50.68
total reflns collected 20103 18933 12641 18706
unique reflns 3906 (R;,, = 0.0522) 3619 (R;,, = 0.0771) 4616 (Riy, = 0.0510) 3638 (R;,, = 0.0820)
no. of param 191 182 243 182
RI1 [ > 20(])] 0.0412 0.0533 0.0439 0.0589
wR2 (all data) 0.0829 0.1203 0.0801 0.1159
GOF on F* 1.173 1.131 1.077 1.195

Ila 1Ib Ilc

empirical formula CgH>9N-,Se,EuSb CgH>4NgSesEuSb CgH>4N¢SesEuSb
fw 812.93 795.90 795.90
color of cryst red orange orange
cryst syst triclinic monoclinic triclinic
space group PT (no. 2) P2,/c (no. 14) P1 (no. 2)
a, A 10.117(2) 10.172(4) 8.2239(15)
b, A 12.104(2) 13.476(5) 8.2399(15)
¢, A 17.179(3) 14.791(5) 16.173(4)
o, deg 89.083(7) 90 93.475(17)
f, deg 88.431(7) 98.707(6) 104.656(17)
. de 86.795(7) 90 108.89(2)
v, A 2099.4(7) 2004.3(12) 991.0(3)
VA 4 4 2
T, K 293(2) 293(2) 293(2)
caled density, Mg m > 2.572 2.638 2.667
F(000) 1504 1464 732
26(max), deg 50.70 50.00 48.50
total reflns collected 20392 14542 8845
unique reflns 7619 (R; = 0.0555) 3481 (Rin = 0.0643) 3170 (R; = 0.0902)
no. of params 378 182 170
R1[I > 20(1)] 0.0675 0.0416 0.0777
wR2 (all data) 0.1461 0.1245 0.2074
GOF on F* 1.041 1.139 1.110

1466 (s), 1398 (m), 1368 (m), 1335 (m), 1151 (m), 1073 (s), 1011 (s),
973 (s), 903 (s), 826 (m), 756 (m), 595 (W), 586 (W), 471 (w).

Synthesis of [Eu(en),(dien)(SbSe4)] (Ila). Red block crystals of
Ila were prepared with a procedure similar to that for the
synthesis of Ia, except that Eu,O3 was used instead of La,O3
(45% yield based on Sb). Elem Anal. Calcd for CgHao-
N-Se,EuSb: C, 11.82; H, 3.60; N, 12.06. Found: C, 11.64; H,
3.52; N, 11.85. IR (KBr, cm™"): 3728 (w), 3611 (w), 3251 (m),
3206 (m), 3195 (m), 3118 (m), 2941 (m), 2886 (s), 1567 (vs), 1519
(s), 1451 (m), 1328 (s), 1268 (m), 1142 (m), 1081 (s), 1042 (m), 996
(), 972 (s), 903 (m), 857 (w), 818 (w), 761 (w), 681 (s), 601 (m),
583 (m), 479 (s), 445 (m).

Synthesis of [Eu(en)(trien)(57%-SbSe,)] (IIb). Orange prism
crystals of IIb were prepared with a procedure similar to that
for the synthesis of Id, except that Eu,Oz was used instead of
La,O; (43% yield based on Sb). Elem Anal. Calcd for
CgH56NgSesEuSb: C, 12.07; H, 3.29; N, 10.56. Found: C,
11.94; H, 3.26; N, 10.48. IR (KBr, cm'): 3406 (s), 3209 (vs),
3094 (vs), 2918 (vs), 2866 (s), 1567 (vs), 1518 (vs), 1467 (s), 1398
(m), 1331 (m), 1150 (m), 1078 (s), 1009 (s), 973 (s), 901 (s), 826
(m), 758 (m), 598 (w), 587 (w), 471 (w), 455 (m).

Synthesis of [Eu(dien)z(qz-SbSe4)] (IIc). Orange block crystals
of Ile were prepared with a procedure similar to that for the
synthesis of Ib except that Eu,O3; was used instead of La,O3
(51% yield based on Sb). Elem Anal. Caled for
CgH>4NgSesEuSb: C, 12.07; H, 3.29; N, 10.56. Found: C,
11.88; H, 3.23; N, 10.41. IR (KBr, cm'): 3243 (m), 3203 (s),
3126 (s), 3108 (s), 2925 (s), 2917 (s), 2871 (s), 1580 (vs), 1459 (vs),
1381 (m), 1320 (s), 1056 (s), 965 (vs), 887 (w), 857 (w), 780 (m),
671 (s), 588 (s), 526 (s), 478 (s), 454 (m).

X-Ray Crystal Structure Determinations. Data were collected
on a Rigaku Mercury CCD diffractometer at 293(2) K using
graphite-monochromated Mo Ka radiation (1 = 0.71073 A)
with a w-scan method to a maximum 260 value of 50.68° for Ia,
Ic, and Id; 50.70° for Ib and Ila; 50.00° for I1b; and 48.50° for Ilc.
An absorption correction was applied for all of the compounds
using multiscan. The structures were solved with direct methods
using the program SHELXS-97, and the refinement was

(23) (a) Sheldrick, G. M. SHELXS-97; University of Gottingen: Gottingen,
Germany, 1997. (b) Sheldrick, G. M. SHELXL-97; University of Géttingen:
Gottingen, Germany, 1997.
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performed against F° using SHELXL-97.%% All of the non-
hydrogen atoms were refined anisotropically. The atoms C(11)
and C(12) in Ic and Ila are disordered, and the occupancies of
the disordered atoms C/C’ were assigned as 73% and 27% for Ic
and 66% and 34% for Ila. The hydrogen atoms were added
geometrically and refined using the riding model. Crystallo-
graphic, experimental, and analytical data for the title com-
pounds are listed in Table 1.

Results and Discussion

The Coordination of the [SbSe,]>~ Anion with the La>*
Ion Influenced by Ethylene Polyamines. For the purpose
of convenient elucidation and comparison, the structure
of complex I is briefly summarized here. In I, the
[SbSe,]’~ anion coordinates to the [La(en),*" ion as a
monodentate ligand (Figure 1). The La®" ion lies in a
nine-fold coordination environment with one Se and
eight N atoms.?!?

The crystal structures of Ia—Id are depicted in Figure 1.
All La*" ions are in nine-fold coordination environments.
In Ia, La*" is coordinated to two bidentate en hgands, a
tridentate dien ligand, and a bidentate [SbSe4] anion,
giving the neutral complex [La(en),(dien)(>-SbSey)]. In
Ib, the La’*" ion is coordmated by two tridentate dien
hgdnds then, the [La(dien),]* " cations are interconnected
by the tridentate bridging ligand u-7' 7 SbSe4, whose
Sel and Se2 atoms coordinate to one [La(dien),]* " cation
and whose Se3 coordinates to another [La(dien),]*" ca-
tion. The [La(dien),]’" and [SbSes]*” ions are alterna-
twel%/ interlinked into the neutral chain [La(dien),-

77 SbSe4)]oo by the La—Se bonds (Figure 1). The
La ion in Ic¢ is coordinated to eight N atoms of two
tetradentate trien ligands and one O atom of a water
molecule. The tetrahedron [SbSe,’” exists as a discrete
anion to compensate the charge of the complex
[L::l(trlen)z(HzO)]3Jr cation (Figure 1). Complex Id is a
structural isomer of Ib with the same formula, CgH»sNgSe4.
LaSb, since one en and one trien molecule have the same sum
formula (en + trien = CgH,Npg) as two dien molecules
(2d1en = CgHysNp). In Id, the [SbSe ]’ ion dCtS as the same
u-n' n>-SbSe, bridging llgand as the [SbSe4]*~ ion in Ib to
connect the [La(en)(trien)]’" cations into the neutral coor-
dination polymer [La(en)(tnen)(y-nl,nz-SbSe4)]m (Figure 1).
The La— N(en) (av. 2713(§) in Ia), La—N(dien) (av.
2.716(6) A in Ia, 2.692(9) A in Ib), and La—N(trien) (av.
2.701(8) Ain Ic) bond lengths show no s1gn1ﬁcant difference
and match well with the values for La*" complexes with en
and dien ligands.*®*?'* The La—Se bond lengths are
3.1944(9) and 3.1573(9) Ainla, 3, 1944(13) 3.3094(12) A
in Ib, and 3.2190(13)—3.3260(12) Ainld (Table 2), which
are in good agreement with the values reported in the
literature.*™

Table 2. Selected Bond Lengths (10\) and Angles (deg) for Ia, Ib, Ic, and Id
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In the crystal structures of Ia—Id, numerous weak N—
H---Se hydrogen bonds are observed between the
[SbSe4]* anion and the NH, or NH groups of ethylene
polyamines. In Ia, the [Ln(en),(dien)(7°-SbSe,)] moieties
are arranged end-to-end, forming one-dimensional
chains via N—H:--Se hydrogen bonds, and the
[Ln(en),(dien)(n>-SbSe,)] moieties show different orien-
tations in the neighbor chains (Figure 2). The
[La(dien)(u-1',p*-SbSey)].. chains in Ib run parallel
along the a axis and are connected into a layer perpendi-
cular to the ¢ axis (Figure 3) via N—H- - - Se interactions
with N- - -Se separations of 3.388(8)—3.799(9) A and N—

Se angles of 129.8—167.7°. The [La(en)(trien)(u-

,77 -SbSey)].. chains in Id exhibit a packing diagram

Sb1

(Ib)

(1d)

/ Se2

:- ® : ®
Figure 1. Molecular stuctures of I (en),>'® Ia (en, dien), Ib (dien), Ic
(trien), and Id (en, trien) with labeling (50% probability ellipsoids). The

denotation of polyamine in parentheses refers to the amino ligands of the
La®" ion in the complex. Hydrogen atoms are omitted for clarity.

Ia Ib I Id

Sb—Se 2.4551(9)—2.4869(9) 2.4539(14)—2.4735(13) 2.4566(13)—2.4663(15) 2.4534(13)—2.4735(14)
La—Se 3.1944(9), 3.1573(9) 3.1944(13)—3.3094(12) 3.2190(13)—3.3260(12)
La—N 2.687(7)—2.753(6) 2.670(9)—2.714(9) 2.674(8)—2.742(7) 2.632(9)—2.715(9)
Se—Sb—Se 102.73(3)—113.42(3) 101.84(4)—114.11(5) 107.92(5)—111.62(5) 103.37(5)—112.78(5)
Sb—Se—La 89.14(2), 90.31(3) 90.19(4)—116.37(4) 89.30(4)—120.69(4)
Se—La—Se 75.11(2) 73.49(3)—139.87(4) 74.06(3)—137.70(4)
Se—La—N 68.43(12)—153.80(15) 66.15(17)—136.33(17) 65.7(2)—148.15(18)
N-La—N 61.0(2)—143.1(2) 62.2(3)-142.3(3) 63.0(2)—149.6(3) 63.3(3)—133.4(3)



8290 Inorganic Chemistry, Vol. 48, No. 17, 2009

Jia et al.

Figure 2. A view of the layer constructed by the [La(en),(dien)(5>-SbSe4)] moieties via N—H - - - Se interactions (shown in dashed lines) in Ia.

Figure 3. A view of the layer constructed by the [La(dien)»(u-n',n*
SbSey)].. chains via N—H - - - Se interactions (shown in dashed lines) in Ib.

similar to that of the chains in Ib. In I¢, all Se atoms of the
[SbSe,]’~ anion contact [La(trien)>,(H,O)*" via N—
H- - -Se interactions (Figure 4) with N- - -Se separations
of 3.530(8)—3.818(8) A and N—H- - -Se angles of 129.6—
170.5°. The [SbSes]’” anions and [La(trien),(H,O)*"
cations are arranged in rods parallel to the b axis. All
molecules of Ia—Id are further connected into three-
dimensional networks via the N—H- - -Se contacts (see
Figure S4—S7 in the Supporting Information).
Summarizing the structures of I and la Id (Figure 1),
the coordlnatlon modes of the [SbSes]*~ anion with the
La*" ion are apparently controlled by the ethylene poly-
amines as the second ligands. With trien as the ligand to
La’", the [SbSes’  anion forms the ionic complex
[La(trien)>(H,0)]SbSey4 (Ic) in which [SbSeq]’ ™ exists as
a free ion. In [La(en)4(SbSes)] (I), the [SbSes]’ anion
binds to the eight-coordinated [La(en)4]* " ion as a mono-
dentate hgand to asaturated coordination number of nine
for the La®" jon. In the presence of the mixed en/dien
ligands, the [SbSes]>~ 1on coordinates to the seven-co-
ordinated [La(en)z(dlen)] complex as a bidentate che-
lating ligand 7> SbSe4, leading to the neutral complex
[La(en),(dien)(;°-SbSe,)] (Ia). In dien and en/trien sol-

Figure 4. A view of the layer constructed by the [La(trien),(H,0)]* " and
[SbSe,]* ions via N—H- - - Se interactions (shown in dashed lines) in Iec.

vents, La’" forms the six- coordmated complexes
[La(dlen)z]3+ and [La(en)(tnen)] , and the [SbSes*”
anion coordmates to the six-coordinated complexes as a
tridentate u-5',57>-SbSe, bridging hgand to form the
coordination polymers [La(dlen)zw ' 177-SbSey)].. (Ib)
and [La(en)(trien)(u-n",7> SbSe4)] . (Id), respectively.

The Coordination of the [SbSe,]*~ Anion with the Eu*"
Ion Influenced by Ethylene Polyamines. Complex Il is also
briefly mentioned here, and its structure is depicted in
Figure 5. Complex II consists of the [ Eugen)4 I’ and
[SbSe,]’~ ions and free en molecules.>'® Eu*" lies in an
eight-fold coordination environment with eight N atoms
of four en ligands.

The crystal structures of Ila—Ilc are depicted in F1g-
ure 5. All Eu*" ions are 1n elght fold coordination envir-
onments. In Ila, the Eu*" ion is coordinated by two en
ligands and a dien ligand, giving a seven-coordinated
complex, [Eu(en)z(dien)ff The [SbSe4]* ™ ion combines
with the [Eu(en),(dien)]”" ion as a monodentate ligand
via the Eu—Se bond. There are two crystallographically
independent [Eu(en),(dien)(SbSe4)] moieties in Ila, and
the structure of [Eu(1)(en),(dien)(Sb(1)Se4)] is presented
in Figure 5. [Eu(l)(en)>(dien)(Sb(1)Sey)] and
[Eu(2)(en),(dien)(Sb(2)Se4)] exhibit very similar molecu-
lar structures, except that the former possesses a smaller
Eu—Se—Sb angle than the latter (Eu(1)—Se(1)—Sb(1) =
119.76(6)°, Eu(2)—Se(5)—Sb(2) = 124.31(6)°; Table 3).
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Figure 5. Molecular stuctures of I (en),'® Ila (en, dien), IIb (en, trien),
and Ilc (dien) with labeling (50% probability ellipsoids). The denotation
of polyamine in parentheses refers to the amino ligands of the Eu** ion in
the complex. Hydrogen atoms are omitted for clarity.

In IIa, the [Eu(1)(en),(dien)(Sb(1)Se4)] and [Eu(2)(en),-
(dien)(Sb(2)Se4)] moieties stack alternatively and are
connected end-to-end through the N—H - - -Se hydrogen
bonds, forming a one-dimensional chain parallel to the ¢
axis (Figure 6). The Eu—Se and Eu—N bond lengths are
in the range of the literature values, respectively. '54-200:21®
The Sb—Se lengths and Se—Sb—Se angles are in agree-
ment with the corresponding values in Ia—Id (Tables 2
and 3).

Like the relationship between Ib and Id,
[Eu(en)(trien)(n*-SbSe,)] (IIb) and [Eu(dien),(17°-SbSe4)]
(Ilc) are also isomeric compounds with the same formula
of CgH»6NgSe,EuSb. But IIb and Ilc crystallize in mono-
clinic space group P2 /c and triclinic space group
P1, respectively. The Eu" ion is coordinated to one
bldentate en and one tetradentate trien ligand in IIb and
to two tridentate dien ligands in Ile, forming six-coordi-
nated complexes Eu(en)g‘men) ” and [Eu(dien),]*",
respectively. The [SbSey4]”” ion coordinated to the
[Eu(en)(trien)]*" or [Eu(dien),]*" ion as a bidentate 77 -
SbSe, chelating ligand through Sel and Se2 atoms to give
the neutral complexes IIb and Ilc (Figure 5). The Sb—Se,
Eu—Se, and Eu—N bond lengths of IIb are in agreement
with the corresponding bond lengths of Ilc (Table 3).

The structural difference between IIb and Ilc caused by
amine ligands is reflected by bond angles. The angles
around Se(1) and Se(2) in IIb are 90.40(4) and 91.68(4)°,
respectively, which are distinctly larger than the corre-
sponding angles observed in Ilc (85.96(9) and 86.39(9)°),
while the Se—Eu—Se angle (77. 31(4)") in IIb is much
smaller than the corresponding an%le in e (82.19(8)°).
In addition, the tetrahedral [SbSe,4]” ion in IIb is more
distorted, as evidenced by the Se—Sb—Se angles, which
vary from 99.41(5)° to 113.43(5)° for IIb and from
105.07(11)° to 113.21(11)° for IIc (Table 3). On the other
hand, the crystallographic difference between IIb and Il¢
is reflected by the molecular packing in the crystals. In IIb,
the [Eu(en)(trien)(17-SbSe,)] moieties are connected end-
to-end into one-dimensional chains, and the chains are
further connected into a layer parallel to the (001) plane of
the unit cell via N—H- - -Se hydrogen bonds (Figure 7).
The orientations of the chains alternate in the same layer
(Figure 7). But in IlIe, the orientations of the
[Eu(dien),(7*-SbSe,)] moieties are in the same direction
in the layer (Figure 8).
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Comparing the structures of II, IIa, Ilb, and Ilc
(Figure 5), the coordination modes of the [SbSe4]*~ anion
with the Eu®" ion are influenced by en, dien, and trien
polyamines. In II, the Eu*" ion is saturated by four en
ligands, so [SbSe4]’~ exists as a discrete ion. In en/dien
solvent, the [SbSes]*” ion coordinates to the seven-co-
ordinated complex [Eu(en),(dien)]>" as a monodentate
ligand to maintain a coordination number of eight
for the Eu*" ion, forming the complex [Eu(en)z(dlen)
(SbSe4)] (Ia). In en/trien and dien solvents, the [SbSe,]*~
ions coordinate to the six-coordinated complexes
[Eu(en)(trien)]> " and [Eu(dien),]>" as bidentate chelating
ligands to form the neutral compounds [Eu(en)(trien)-
(7>-SbSe4)] (IIb) and [Eu(dien)»(17>-SbSe,)] (Ilc), res-
pectively.

The Different Effects of Ethylene Polyamines on the
La®>" and Eu®" Complexes. In this work, all La®" jons
form nine-coordinated complexes, and all Eu®" ions form
eight-coordinated complexes. These results are in accord
with the observation that the lighter lanthanide ions
prefer to form nine-coordinated complexes and heavier
ones prefer to form eight-coordinated complexes in solu-
tion because of the longer ionic radii of lighter lanthanide
ions.** Consequently, the ethylene polyamine eXhlbltS
different effects on the COOI‘dlndthn of the La*" and
Eu*" ions with the [SbSe4]*” anion. In en, the [SbSe,]*~
anion coordinates to the [La(en)4]* " ion as a monodentate
ligand in I, but it does not coordinate with the [Eu(en)4]3Jr
ion in IL In en/dien, because La*" and Eu*" form the
same seven- coordlnated complex Ln(en)z(dlen)l 3 (Ln
= La, Eu), the [SbSe,]*~ ion acts as a bidentate 77°-SbSey4
chelating ligand in Ia, and a monodentate ligand in Ila, to
maintain the coordination numbers of nine and eight for
the La** and Eu®" ions, respectively. Comparing com-
plexes Ib and Ilc, which are synthesized in dien solvent,
the SbSe,]*~ ion coordinates to [La(dien),]*" in Ib as a

7' 1°-SbSey bridging ligand to connect the [La(dlen)z]
ions into a polymer, but it acts as a bidentate 5°-SbSe,
chelating ligand to [Eu(dlen)z] in Ilc. Meanwhile, in en/
trlen the [SbSe,]’~ ion shows a coordlnatlon mode of u-

n' . 7>-SbSe, with [La(en)(trien)]> " (Id) and 7-SbSe4 with
[Eu(en)(trien)]> " (IIb) (Figures 1 and 5). It should be
pointed out that the coordination modes of [SbSeu]*~
with the La®>" and Eu®" lanthanide ions not only are
driven by achieving coordination numbers of nine and
eight around the metals, respectively, but are also related
with the sterical hmdrance of the ethylene polyammes
For example, according to HSAB theory, in dien, La®"
should form complex [La(dlen) 1SbSe,4 in which the hard
Lewis acidic La®" ion is coordinatively saturated by three
hard Lewis basic dien ligands with a coordination number
of nine. But actually, in dien, La®" forms complex
[La(dien),(u-SbSey)].. (Ib) in which La*" is six-coordi-
nated by two dien ligands, and then [SbSe4]’~ coordinates
to La*" asa tridentate u-" ,7] SbSe4 bridging ligand. The
formation of [La(dien)(u-n' 7 SbSe4)]m (Ib), other than
the proposed [La(dien);]SbSe,, is perhaps demanded by
the strict sterical hindrance of dien and [SbSe4]>~ ligands.

Optical Properties. Solid state optical absorption spec-
tra of complexes Ia—Ile¢ were recorded from powder

(24) Cossy, C.; Barnes, A. C.; Enderby, J. E.; Merbach, A. E. J. Chem.
Phys. 1989, 90, 3254-3259.
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Table 3. Sclected Bond Lengths (A) and Angles (deg) for lla—Tlc

IIa 1Ib IIc
Sb—Se 2.442(2)—2.5008(17) 2.4295(13)—2.4754(12) 2.446(3)—2.493(3)
Eu—Se 3.0218(17), 3.0322(17) 3.0484(14), 2.9951(12) 3.019(3), 2.993(3)
Eu—N 2.502(12)—2.589(13) 2.559(4)—2.592(4) 2.55(2) 2.61(2)
Se—Sb—Se 103.41(6)—114.41(8) 99.41(5)—113.43(5) 105.07(11)—113.21(11)
Sb—Se—FEu 119.76(6), 124.31(6) 90.40(4), 91.68(4) 85.96(9), 86.39(9)
Se—Eu—Se 77.31(4) 82.19(8)
Se—Eu—N 73.2(3)—152.5(3) 69.31(18)—147.66(18) 74.2(6)—152.8(5)
N—Eu—N 64.6(4)—145.6(4) 65.7(3)—159.4(3) 64.9(7)—144.7(8)

Figure 7. A view of the layer constructed by [Eu(en)(trien)(77°-SbSey)]
moieties via N—H- - - Se interactions (shown in dashed lines) in complex

IIb.

Figure 8. A view of the layer constructed by [Eu(dien),(17°-SbSe,)]
moieties via N—H - - - Se interactions (shown in dashed lines) in complex Ilc.

samples at room temperature, and the representative
spectra of Ia, Ib, IIa, and Ilc are shown in Figure 9. The
absorption spectra of the complexes show well-defined
abrupt absorption edges from which the band gaps
can be estimated as 2.12 eV for Ia, 2.23 eV for Ib

a/S (arb.unit)

"30 35 40 45 50
Energy /eV

._
wn
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15 20 25 30 35 40 45 50
Energy /eV

Figure 9. Optical absorption spectra of Ia and Ib (top) and Ila and Ilc
(bottom).

(Figure 9), 2.29 eV for Ic, 2.15 eV for Id (Figure S8,
Supporting Information), 2.09 eV for Ila, 2.24 ¢V for IIb
(Figure S9, Supporting Information), and 2.19 eV for Ilc
(Figure 9). The band gaps suggest that the organic
hybrid complexes Ia—Ilc are semiconductors. The
band gaps are much larger than those of the layered
copper selenidoantimonate compounds Cs,Cu,Sb,Ses
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(1.2—1.3eV),> Cu,SbSe;-0.5en (1.58 eV),?® and Cu,Sb-
Ses-en (1.61 eV).*

Conclusion

The solvothermal synthetic system Ln/Sb/Se (Ln = La,
Eu) has been systematically investigated in ethylene poly-
amines of en, dien, and trien, as well as in the mixtures of en/
dien and en/trien. We have shown that the coordination of
the soft basic ligand [SbSe,]*~ with the hard acidic La** and
Eu’" lanthanide ions can be tuned by using the different
ethylene polyamines as the synthetic solvents. The [SbSes]*~
anion coordinates with La®* as a monodentate ligand inen, a
bidentate chelating ligand in en/dien, and a tridentate brid-
ging ligand in dien or en/trien, while it binds with Eu*" as a
monodentate ligand in en/dien and a bidentate chelating
ligand in en/trien or dien. On the other hand, the [SbSe4]*~
anion shows different coordination modes with La*" and

(25) Chen, Z.; Wang, R. J.; Dilks, K. J.; Li, J. J. Solid State Chem. 1999,
147, 132-139.

(26) Chen, Z.; Dilks, R. E.; Wang, R. J.; Lu, J. Y.; Li, J. Chem. Mater.
1998, 10, 3184-3188.
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Eu’" in the presence of the same polyamine ligands because
of the different coordination numbers of the La*" and Eu®*
ions. The tunable coordination of the [SbSes]*~ anion with
the La*™ and Eu’" ions is related with the coordination
numbers of the lanthanide metals, and the sterical hindrance
of the ethylene polyamine ligands as well. The systematic
investigation on the structures of the series of lanthanum and
europium selenidoantimonates in this work will contribute to
a more complete understanding of the coordination chem-
istry of lanthanide metals and the designation and prepara-
tion of new lanthanide chalcogenidometalates.
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