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New lanthanide thioantimonate(V) compounds, [Ln(en)s(H20).{(us—x-SbS4)] (en = ethylenediamine, Ln = La, x =
0, la; Ln = Nd, x = 1, Ib) and [Ln(en)s)SbS4+0.5en (Ln = Eu, lla; Dy, IIb; Yb, lic), were synthesized under mild
solvothermal conditions by reacting Ln,O3, Sh, and S in en at 140 °C. These compounds were classified as two
types according to the molecular structures. The crystal structure of type | (la and Ib) consists of one-dimensional
neutral [Ln(en)s(H20)x(us—xSbS4)]. (x = 0 or 1) chains, in which ShS,*~ anions act as tridentate or hidentate
bridging ligands to interlink [Ln(en)s]** ions, while the crystal structure of type Il (lla, Ilb, and lic) contains isolated
[Ln(en)4** cations, tetrahedral ShS,*~ anions, and free en molecules. A systematic investigation of the crystal
structures of the five lanthanide compounds, as well as two reported compounds, clarifies the relationship between
the molecular structure and the entity of the lanthanide(lll) series, such as the stability of the lanthanide(lll)—en
complexes, the coordination number, and the ionic radii of the metals.

Introduction infrared transparency regidimhese compounds are generally

Lanthanide chalcogenides have attracted increased attenEJ repared by flux methods at high temperature. The mild

L : o solvothermal synthesis, in which reaction is performed in
tion in recent years, because of their promising photo-, L .

. ; .~ ' the presence of a structure-directing agent such as an organic
thermo-, and electroluminescence and nonlinear optical

s . L . amine, has proven to be a versatile route for the preparation
properties;* as well as potential applications in an extended . - .
of chalcogenides containing the main group elements ger-

manium, tin, arsenic, and antimohyn the case of antimony,

*To whom correspondence should be addressed. E-mail: daijie@

suda.edu.cn. transition-metal (TM) ions have been introduced into the
Iﬁ;ﬁ?ﬁg Bﬂ:xgg:g solvothermal system of Sb (or S§¥S/amines and a large

(1) (a) Hautala, J.; Taylor, P. Q. Non-Cryst. Solid4992 141, 24—34. number of TM-containing thioantimonates have been pre-
(b) Maestro, P.; Huguenin, [. Alloys Compd1995 225, 520-528. pared by the solvothermal routé The transition metals and

(c) Sokolov, V. V.; Kamarzin, A. A.; Trushnikova, L. N.; Savelyeva,
M. V. J. Alloys Compd 1995 225 567-570. (d) Choi, K.-S.;

lordanidis, L.; Chondroudis, K.; Kanatzidis, M. Gorg. Chem1997, (5) (a) Sheldrick, W. S.; Wachhold, MCoord. Chem. Re 1998 176,
36, 3804-3805. (e) Tritt, T. M.Sciencel999 283 804-805. (f) 211-322. (b) Li, J.; Chen, Z.; Wang, R. J.; Proserpio, D. Ghord.
Mitchell, K.; Haynes, C. L.; McFarland, A. D.; Van Duyne, R. P.; Chem. Re. 1999 190-192, 707-735. (c) Sheldrick, W. SJ. Chem.
Ibers, J. A.Inorg. Chem 2002 41, 1199-1204. (g) ljjaali, I.; Soc., Dalton Trans200Q 3041-3052.
McFarland, A. D.; Haynes, C. L.; Van Duyne, R. P.; lbers, JJA. (6) (a) Stephan, H. O.; Kanatzidis, M. Gworg. Chem 1997, 36, 6050
Solid State Chen2003 172 127-131. 6057. (b) Bensch, W.; Schur, M. Naturforsch.1997 52B, 405~

(2) (a) Choi, K. S.; Hanko, J. A.; Kanatzidis, M. G. Solid State Chem 409. (c) Vaqueiro, P.; Chippindale, A. M.; Powell, A. Morg. Chem.
1999 147, 309-319. (b) Gitzendanner, R. L.; Spencer, C. M.; DiSalvo, 2004 43, 7963-7965. (d) Bensch, W.; Naer, C.; Staler, R.Chem.
F. J.J. Solid State Chen1997, 131, 399-404. Commun 2001 477—-478. (e) Sthler, R.; Mosel, B.-D.; Eckert, H.;

(3) Gout, D.; Jobic, S.; Evain, M.; Brec, Bolid State Sck001, 2, 223— Bensch, WAngew. Chem., Int. EQ002 41, 4487-4489. (f) Kiebach,
234. R.; Studt, F.; Nther, C.; Bensch, WEur. J. Inorg. Chem2004 2553~

(4) (a) Bucher, C. K.; Hwu, S.-dnorg. Chem 1994 33, 5831-5835. 2556. (g) Staler, R.; Bensch, WZ. Anorg. Allg. Chem2002 628
(b) Gitzendanner, R. L.; DiSalvo, F. lhorg. Chem1996 35, 2623~ 1657-1662. (h) Staler, R.; Naher, C.; Bensch, WEur. J. Inorg.
2626. Chem 2001, 1835-1840.

10.1021/ic051402g CCC: $30.25 © 2005 American Chemical Society Inorganic Chemistry, Vol. 44, No. 24, 2005 8861

Published on Web 10/26/2005



amines lead to a structural diversity of thioantimonates.
Amines coordinate to the TM, forming isolated M(amige)
complex ions to balance the charge of§b anion, such

as [M(en)]S,S; (M = Co, Ni)f2[M(en)]SkS; (M = Mn,

Co, Ni)%ab [Co(en}]Shi,S19 (en = ethylenediamine)s
[Ni(dien)z] SuSs,* [Ni(dien)z]ShsSs,% [Ni(dien),]s(ShsSs)2,*
[Ni(dien);]¢Sh:S:2:0.5H0,%9 and [Fe(dien)ShsS;e-0.5H,0 5"
(dien= diethylenediamine). On the other hand, M(amifie)
complexes or TM ions can be incorporated into the anionic
ShS# network through M-S bonds) giving [Co(en}]-
CoShS,2(en) Cu,ShS],” [M(tren)]ShS, (M = Co, Ni),’®
[Co(tren)pShySs (tren = tris(2-aminoethyl) amine)! and
[Fe(dien)]Fe:ShS,,," for examples. But, there has been very
little exploration of the chemistry in the area of the syntheses
of thioantimonates integrating lanthanide metal ions*().n
via the solvothermal method. The combination of lanthanide

Jia et al.

were recorded with a Nicolet Magna-IR 550 spectrometer in dry
KBr disks in the 4008-400 cnt?! range. UV~vis spectra were
measured with a Shimadzu UV-3150 spectrometer at room tem-
perature. The absorptionufS) data were calculated from the
reflectance using the Kubelkaunk function,a/S= (1 — R)%
2R where R is the reflectance at a given energy, is the
absorption, ands is the scattering coefficient. Thermoanalytical
measurements were performed using a DCS-TGA microanalyzer
(SDT 2960), and all samples were heated at a rate @ gin!
under a nitrogen stream of 100 mL minPowder X-ray diffraction
(XRD) patterns were collected on a D/MAX-3C diffractometer
using graphite monochromatized CuKadiation ¢ = 1.5406 A).
SynthesesAll compounds were solvothermally synthesized in
ethylenediamine (en). In a typical synthetic procedure, reactants in
the stoichiometric molar ratio were dispersed in 3 mL en under
stirring; then the mixture was loaded into a Teflon-lined stainless-
steel autoclave with inner volume of 15 mL. The sealed autoclave

metal ions with the chalcogenometalates should lead to aWas heated to 14%C for 7 days. After the reaction mixture cooled

new series of chalcogenometalates.

During our systematic synthesis of chalcogenometalates
in superheated ehwe initiated exploration of the synthetic
system LrO4/Sb/S/en (Ln= lanthanide) under solvothermal
conditions with the aim of obtaining thioantimonates con-
taining lanthanide metals. Recently, we have success-
fully synthesized two novel samarium thioantimonates(V),
[Sm(en}(H20)(u2—SbS)] (Ic) and [Sm(en)SbS:0.5en
(11d),%afrom this solvothermal system. The two compounds
are the first examples of lanthanide thioantimonates synthe-
sized by the solvothermal method. During the continuing
work on the synthesis of lanthanide-containing thioanti-
monates, two types of orgarttnorganic hybrid lanthanide
thioantimonates(V), [Ln(es)H20)(us-x-SbS)] (Ln = La,

X = 0; Ln = Nd, x = 1) and [Ln(en)] SbS-0.5en (Ln=

to ambient temperature, the crystals were filtered off, washed with
ethanol and ether, and stored under vacuum.

[La(en)s(us-SbS)] (la). Colorless prism crystals ofa were
obtained from the reaction of k@s (163 mg, 0.5 mmol), Sb (122
mg, 1 mmol), and S (128 mg, 4 mmol) in en with a yield of 165
mg (29% based on L&s3). Anal. Calcd for GH4NeSsLaSh: C,
12.66; H, 4.25; N, 14.76. Found: C, 12.62; H, 4.34; N, 14.58. IR
(KBr): 3308m, 3287m, 3265m, 3240s, 3218s, 3197s, 3123s, 2931s,
2898m, 2873m, 2854m, 1586vs, 1515s, 1469m, 1457m, 1384m,
1331m, 1290w, 1277w, 1257w, 1154w, 1112w, 1082w, 1065w,
1031vs, 999s, 953vs, 864w, 810w, 601m, 574m, 482w, 451m.cm

Synthesis of [Nd(en}(HO)(u2-SbS)] (Ib). Light blue-red block
crystals oflb were obtained from the reaction of pos (168 mg,
0.5 mmol), Sb (122 mg, 1 mmol), and S (128 mg, 4 mmol) in en
in a yield of 308 mg (52% based on Mk). Anal. Calcd for
CsHoeNgOSINdSh: C, 12.16; H, 4.42; N, 14.18. Found: C, 12.10;

Eu, Dy, Yb), were obtained. The present contribution reports H: 4.44; N, 14.04. IR (KBr): 3335s, 3316s, 3248s, 3128s, 2937s,
the synthesis and crystal structures of the series of lanthanide?882s, 2857s, 2369m, 1574vs, 1505s, 1459s, 1386m, 1329s, 1214w,

thioantimonates(V) and the factors influencing the crystal
structures across the lanthanide series.

Experimental Section

General. All analytical grade chemicals were obtained com-
mercially and used without further purification. Elemental analysis
was conducted on a MOD 1106 elemental analyzer. FT-IR spectra
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N.; Bensch, W.Inorg. Chem.2004 43, 2914-2921. (k) Schaefer,
M.; Sténler, R.; Kiebach, W.-R.; Ner, C.; Bensch, WZ. Anorg.
Allg. Chem.2004 630, 1816-1822.
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Allg. Chem 2004 630, 313-318. (b) Jia, D. X.; Dai, J.; Zhu, Q. Y.;
Zhang, Y.; Gu, X. M.Polyhedron2004 23, 937-942. (c) Jia, D. X;;
Zhang, Y.; Dai, J.; Zhu Q. Y.; Gu, X. MJ. Solid State Chen2004
177, 2477-2483. (d) Jia, D. X.; Dai, J.; Zhu, Q. Y.; Cao, L. H.; Lin,
H. H. J. Solid State Chen2005 178 874-881.
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1171w, 1149w, 1109w, 1069w, 1011m, 957m, 874w, 812w, 774w,
663w, 614m, 582m, 527w, 494w, 434w tin

[Eu(en)s]SbSy-0.5en (lla). Colorless block crystals dfa were
obtained from the reaction of ED; (176 mg, 0.50 mmol), Sh (122
mg, 1 mmol), and S (128 mg, 4 mmol) in en with a yield of 216
mg (32% based on EQ3). Anal. Calcd for GH3zgNeS,EUSh: C,
16.08; H, 5.40; N, 18.75. Found: C, 16.04; H, 5.44; N, 18.72. IR
(KBr): 3299vs, 3276s, 3249s, 3127s, 2924vs, 2880s, 1570vs, 1505s,
1385m, 1331s, 1157w, 1011m, 983m, 868w, 814w, 776w, 660w,
590m cnrl,

[Dy(en)sSb&+0.5en (lIb). Colorless block crystals dfo were
obtained from the reaction of D®; (187 mg, 0.5 mmol), Sb (122
mg, 1 mmol), and S (128 mg, 4 mmol) in en with a yield of 253
mg (37% based on DPs). Anal. Calcd for GH3eNeS,DySh: C,
15.83; H, 5.31; N, 18.46. Found: C, 15.81; H, 5.36; N, 18.42. IR
(KBr): 3332vs, 3285s, 3251s, 3127s, 2926vs, 2885s, 1572vs, 1504s,
1460m, 1385m, 1330s, 1215w, 1158w, 1010m, 984m, 870w, 812w,
780w, 659w, 593m cni.

[Yb(en),]SbS-0.5en (lic). Colorless block crystals dfc were
obtained from the reaction of ¥0; (197 mg, 0.5 mmol), Sb (122
mg, 1 mmol), and S (128 mg, 4 mmol) in en with a yield of 208
mg (30% based on YADs). Anal. Calcd for GH3eNeS,YbSh: C,
15.59; H, 5.23; N, 18.18. Found: C, 15.56; H, 5.30; N, 18.12. IR

(10) Wendlandt, W. W.; Hecht, H. QReflectance Spectroscqopinter-
science Publishers: New York, 1966.



New Lanthanide Thioantimonates(V)

Table 1. Crystallographic Data for Compoundks, Ib, Ila, Ilb, andlic

la Ib lla IIb llc
formula C5H24N684La8b CaHzeNeOS;NdSb QH35N9$4EUSb QngNgSaDySb (39H36N954Yb8b
fw (g mol™1) 569.21 592.56 672.42 682.96 693.50
cryst size (mrf) 0.30x 0.14x 0.11 0.40x 0.30x 0.25 0.34x 0.18x 0.10 0.25x 0.21x 0.20 0.30x 0.18x 0.10
cryst syst monoclinic orthorhombic monoclinic monoclinic monoclinic
space group P2;/c (No. 14) Pnma (No. 62) P2:/n (No. 14) P2:/n (No. 14) P2:/n (No. 14)
a(A) 8.7230(15) 9.2634(15) 11.047(2) 11.0395(7) 11.0482(7)
b (A) 10.2043(19) 13.418(2) 12.881(2) 12.8756(8) 12.8801(8)
c(A) 20.277(4) 14.757(2) 16.080(3) 16.0131(9) 16.0753(10)
B (deg) 93.818(5) 90.00 91.931(4) 92.117(2) 91.966(2)
V (A3) 1800.9(6) 1834.2(5) 2286.6(7) 2274.6(2) 2286.2(2)
z 4 4 4 4 4
Pealed (g CM3) 2.099 2.146 1.953 1.994 2.015
w (mm1) 4.298 4.729 4.277 4.827 5.625
F(000) 1096 1148 1324 1336 1352
temp (K) 193(2) 193(2) 193(2) 193(2) 193(2)
no. reflns withF, > 20(Fo) 3900 2170 4693 4863 3891
no. params 164 94 243 235 235
R1 (Fo > 20 (Fo)) 0.0385 0.0243 0.0627 0.0306 0.0429
wR2 (all data) 0.0577 0.0837 0.0776 0.0585 0.0926

(KBr): 3336vs, 3279s, 3244m 3130s, 2922s, 2876s, 1582s, 1458m,medium, the solid material of L®; is transformed to
1385m, 1328m, 1278w, 1147m, 1008vs, 864w, 718m, 621m, 605w [Ln(en)]®" or [Ln(en)]3" species to balance charges of
cmt, ShS3 anions. In a few dozen experiments with varying
General Procedures for X-ray Crystallography. Data collec-  conditions, the elemental molar ratio of Ln/Sb/S ranging from
tions were performed on a Rigaku Mercury CCD diffractometer 1.1. 55 1:1:5 and using different volumes of en as well as
USir.'g.aw'scan method with graphite monOChro.mated Ma K 4t different temperatures (from 140 to 18Q), the same
radiation ¢ = 0.071073 nm) at 193(2) K to a maximunf 2alue compounds were obtained. The results suggest that the title

of 54.96 for la, Ib, lla, andllb and 50.70 for llc. The intensities lanthani hi . f h I
were corrected for Lorentz and polarization effects. The structures anthanide thioantimonates(V) are formed and are thermally

were solved with direct methods using the SHELXS-97 program.  Stable under a wide variety of synthetic conditions. It is
The refinement was performed agaiféusing SHELXL-97:2 All notable that, although a less stoichiometric amount of
the non-hydrogen atoms were refined anisotropically. The hydrogen €lemental S was used, no lanthanide thioantimonates(lll)
atoms were positioned with idealized geometry and refined with were obtained.
fixed isotropic displacement parameters. The third en ligard in Formation of Lanthanide Thioantimonates(V). The
is disordered with the occupancies of disordered’@@ N/N - hroducts of the solvothermal reactions from the M/Sb/S/
atoms assigned as 50 and 50%, respectively. The C(2) atoms in, ine (M= transition metal) synthetic system are mainly
lla—lic are also disordered, and the occupancies of disorderéd C/C compounds of thioantimonates(IRJ.In only rare cases, Sb
are assigned as 60 and 40%, 55 and 45%, and 58 and 42% for . - . . . .

is oxidized to SM in the very basic solution of amine, and

IIb, andllc, respectively. The H atoms of the disordered en ligand : .
were not dealt with. Relevant crystal and collection data parametersfew examples of thioantimonates(V) were reportett The

and refinement results can be found in Table 1. Additional details €XCe€ss amount of elemental S seems to be beneficial to
of crystal data in CIF format can be found in the Supporting Oxidize SH'S;*~ to SK'S,*~. For example, thioantimonate-

Information. (1) compound [Ni(en)]Sh,S, was obtained with the molar
) ) ratio N?*/Sb/S of 1:1:3, while thioantimonate(V) compound,
Results and Discussion [Ni(en)s(Hen)]ShS, was formed with the molar ratio of 1:1:6
Synthesis and Valence of the Lanthanide Thioanti-  under the same synthetic conditidisBut in the case of
monates. SynthesisThe title compoundsa, Ib, Ila, Iib, lanthanide metals, only thioantimonates(V) are obtained

andllc, were conveniently prepared from the Aa/Sb/S/ within a wide range of Ln/Sh/S molar ratios (varying frqm
en synthetic system in the stoichiometric molar ratio of the 1:1:2.5 to 1:1:5). Furthermore, the structure and composition
reactants under mild solvothermal conditions. The hetero- Of the lanthanide thioantimonates(V) are not influenced by
geneous reaction under solvothermal conditions is complexthe molar ratios of reactants, the volume of amine, or the
and little is known about the reaction mechanism. It is temperature.

believed that polysulfide .3 ions are formed during the Structure Types of the Lanthanide Thioantimonates.
reaction of S in the basic solution of en and oxidize the Crystal of Type I. The general feature of the crystal
metals’k Some reported studies have shown the presence ofstructures of type | is that the lanthanide(ttgn complex
polysulfide $*~ ions in basic solution® In the reaction  cations are interconnected by multidentate Sligands to

(11) Sheldrick, G. M.SHELXS-97, Program for Crystal StructureDeter-  (14) (a) Schur, M.; Rijnberk, H.; Nher, C.; Bensch, WPolyhedron1998

minationr University of Gdtingen: Gdtingen, Germany, 1997. 18, 101-107. (b) Schaefer, M.; Engelke, L.; Bensch, ¥.Anorg.
(12) Sheldrick, G. MSHELXL-97, Program for the Refinement of Crystal Allg. Chem 2003 629, 1912-1918.

Structures University of Gdtingen: Gdtingen, Germany, 1997. (15) (a) Schur, M.; Bensch, WActa Crystallogr 200Q C56, 1107-1108.
(13) (a) Dubois, P.; Lelieur, J. P.; Lepoutre, [Borg. Chem 1987, 26, (b) Sténler, R.; Naher, C.; Bensch, WActa Crystallogr.2001, C57,

1897-1902. (b) Gigenbach, W. Hnorg. Chem 1974 13, 1724~ 26—29. (c) Schimek, C. L.; Pennington, W. T.; Wood, P. T.; Kolis, J.

1730. W. J. Solid State Chen2001, 123 277—284.
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Figure 1. (a) Crystal structure ofa with the labeling scheme. Displace-
ment ellipsoids are drawn at the 50% level. Hydrogen atoms are omitted
for clarity. Symmetry operation: (Ax — 1, y, z (b) Coordination
environment of the L& ion.

Figure 2. (a) View of N—H---S hydrogen bonds (shown in dashed lines)
between the [La(eslu-SbS)]. chains and (b) the crystal packing diagram
of la showing the N-H---S hydrogen bonds (viewed alorggaxis). The
hydrogen atoms of €H are omitted for clarity.

form one-dimensional chains. In compoulad the Sbh$~
anion acts as as-SbS bridging ligand with S(1) and S(2)
coordinated to one [La(ef}* ion and S(3) coordinating to
another [La(en)?' ion to link the [La(enj]®' ions into a
one-dimensional coordination polymer, [La(ép}-SbS)].
(Figures la and 2a). The #aion is in a nine-coordinated
environment with six amino N atoms of three bidenate en
ligands and three S atoms of two different $bSanions.
The novel mixed-ligand-coordinated polyhedron ls&Nis

a distorted monocapped square antiprism (Figure 1b). The
La—N distances, ranging from 2.662(4) to 2.742(4) A (Table
2), are comparable with those observed in four en-ligand-
coordinated [La(en)®" cation!® The La—S distances, rang-
ing from 3.0508(11) to 3.1698(12) A, are slightly longer than
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Figure 3. Crystal structure ofb with the labeling scheme. Displacement
ellipsoids are drawn at the 50% level. Hydrogen atoms are omitted for
clarity. Symmetry operation: (A, —y + 3/2,z (B) x — 1,y, z

Table 2. Selected Bond Distances (A) and Angles (deg)léoandIb

la (Ln = La) Ib (Ln = Nd)
Sb-S 2.3181(11)2.3361(11) 2.3161(15)2.3323(10)
Ln—N 2.662(4)-2.742(4) 2.637(3Y2.677(8)
Ln—S 3.0508(11)-3.1698(12) 2.9987(13), 3.0445(15)
Ln—0O 2.648(5)
Ln—S—-Sb 91.68(3)-122.80(4) 114.38(5), 125.84(6)
S-Sb-S 101.09(4)-113.04(4) 106.22(5)111.22(3)
N—-Ln—N 64.30(11)-144.97(12) 63.87(16)147.3(2)
S—Ln—-S 71.87(3)-137.81(3) 133.99(4)
S—-Ln—N 66.02(8)-145.70(8) 64.9(2)135.99(7)
S-Ln-0 84.02(11)-141.99(11)
O—-Ln—N 71.31(8)-141.68(19)

those of lanthanum thioantimonates(AfThe Sb3*~ anion

is a distorted tetrahedron with Si$ distances varying from
2.3181(11) to 2.3361(11) A, which are comparable to those
observed in other tetrahedral SBSanions!* The distances

of Sb—S(1), Sb-S(2), and SbS(3) (av Sb-S = 2.3287-
(11) A) are expectedly longer than that of-SB(4) (2.3181-
(11) A) because of the coordination of S(1), S(2), and S(3)
to the [La(eny]®" ions. The [La(emn(us-SbS)]. chains are
parallel to thea axis, and their orientation alternates in
adjacent chains (Figure 2a). The-N---S hydrogen-bonding
interactions between the chains-(N6 = 3.385(4)-3.467-

(4) A, N—H---S = 149.7-173.8) result in a 3D network
(shown in Figure 2b).

The crystal structure db is similar to that ofla and also
consists of neutral one-dimensional [Nd(ghR)LO)(u--
ShS)]. chains except that the SIS anion acts as a
bidentate bridging ligand other than a tridentate onéain
and the nine-coordinate environment of [Nd(@#) ion is
satisfied by the coordination of one,® molecule (Figure
3). The water molecule must be from the solvent en, since
commercial en is not an absolute reagent. The 9-coordinate
polyhedron NdNS,O is a distorted monocapped square
antiprism similar to the LaB®; polyhedron inla. The third
en ligand is disordered (Figure 3) with the occupancies of
disordered C/Cand N/N atoms assigned as 50 and 50%,
respectively. The crystal structure I is isostructural to a
Sm analogue, [Sm(es{H.0)(u.—SbS)] (Ic), reported by our
group?? The average distances of Nl (2.656 A) and
Nd—S (3.0216(14) A) are comparable to those observed in
other N complexes with amine donor atomsind those

(16) (a) Smith, P. H.; Raymond, K. Nnorg. Chem.1985 24, 3469-
3477. (b) Li, J.; Chen, Z.; Chen, F.; Proserpio, D. Morg. Chim.
Acta 1998 273 255-258.
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N9A

C9A
9
N9

Figure 5. (a) Crystal structure ofla with the labeling scheme with the
displacement ellipsoids drawn at the 50% level and (b) the coordination
environment of the Eif ion.

Figure 4. (a) View of the layer (viewed along axis) formed by [Nd-
(en)x(H20)(SbS)].. chains via N-H---S hydrogen bonds (shown in dashed
lines) and (b) the crystal packing tf showing the N-H---S hydrogen
bonds (viewed along axis). The hydrogen atoms of-€H are omitted for
clarity.

of multinary neodymium sulfides with S donor atoms of Figure 6. View of intermolecular N-H--S and N-H---N hydrogen-
thiometalate anion® respectively. bonding interactions (shown in dashed lines)la. The hydrogen atoms
The [Nd(en)(Hz0)(u-SbS)]. chains are parallel to the ~ ° ©~H are omitted for clarity.
axis and their orientations alternate in adjacent chains (Figure
4a). The chain contacts neighbors throughH--S hydro-
gen bonds with N-S distances varying from 3.555(3) to
3.667(3) A and N-H---S angles varying from 152.4 to
165.7, forming a layered arrangement parallel to the (001)
plane. The layers also interact viadM---S hydrogen bonds
leading to a 3D network (Figure 4b).
Crystal Structure of Type Il. Compoundsdla, Ilb, and

contact [Eu(en]®" and the free en ligand via N\H---S
hydrogen bonds with N-S distances varying from 3.308-
(5) to 3.598(6) A and N-H-+-S angles varying from 147.2
to 173(8J, and the [Eu(en)®" cations are connected by an
en molecule via the NH---N hydrogen bond (N:N =
3.061(8) A, N-H--N = 157.7). A network structure is
assembled via the two types of interactions of hydrogen-

: bonding (Figure 6). The same hydrogen bonding interactions
lic, which have the general formula [Ln(g§bS-0.5en, are found in compound#b andlic. Meanwhile, the crystal

‘?e |s_,os(;;£rttjc_tllljlral (Tablf 1)]; anq CIO T%Ofum IS dlscug_se(il q structures ofla —lIc are isostructural to that of a analogue
ere in detaillla consists of an isolated four-en-coordinated ¢ [Sm(en)]SbS-0.5en (id ).%

[Eu(en)]®* cation, a tetrahedral SBS anion, and one half

of a free en molecule. The crystal structurdlafis depicted

in Figure 5a. The C(2) atom is disordered, and the occupan-
cies of disordered C/Gare assigned as 60% and 40%. The
EW' ion is in an eight-coordinate environment with eight
amino N atoms of four bidentate en ligands forming a
distorted bicapped trigonal prism (Figure 5b). The-u
distances (2.532(5)2.576(6) A) are comparable to those
observed in the literatufd The Sb-S distances and-SSb—S
angles are in agreement with the values of other four
compounds (Table 2 and Table 3). lia, SbS* anions

Factors Influencing the Structures of the Lanthanide
Thioantimonates. Structural Changes Across the Lan-
thanide Series.Under the same synthetic conditions, lan-
thanide(lll)-en complexes form two types and three different
structures of lanthanide thioantimonates(V) with the 8bS
anion. L&" and Nd&* form thioantimonate(V) compounds
of type I, which are reformulated [Ln(esiHO)x(us-x-SbS)]
(Ln = La, la; Nd, Ib), in which Sb$*" anions act ags-
ShS andu,-SbS bridging ligands, respectively, leading to
one-dimensional neutral polymeric structures, whilé'fu
Dy®*, and Y form thioantimonates(V) of type I, [Ln-

(17) (a) Cotton, S. A.; Franckevicius, V.; How, R. E.; Ahrens, B.; Ooi, L.

L.; Mahon, M. F.; Raithby, P. R.; Teat, S. Bolyhedron2003 22, (19) (a) Dickins, R. S.; Aime, S.; Batsanov, A. S.; Beeby, A.; Botta, M.;
1489-1497. (b) Essig, M. M.; Keogh, D. W.; Scott, B. L.; Watkin, J. Bruce, J. |.; Howard, J. A. K.; Love, C. S.; Par0.ker, D.; Peacock, R.
G. Polyhedron2001, 20, 373-377. D.; Puschmann, Hl. Am. Chem. So@002 124, 1269712705. (b)

(18) Wakeshima, M.; Hinatsu, YJ. Solid State Chen2001 159, 163~ Neculai, A. M.; Neculai, D.; Roesky, H. W.; Magull, Polyhedron
169. 2004 23, 183-187.

Inorganic Chemistry, Vol. 44, No. 24, 2005 8865



Jia et al.
Table 3. Selected Bond Distances (A) and Angles (deg)lfar, Ilb, andlic

lla (Ln = Eu) Ilb (Ln = Dy) lic (Ln =Yb)
Sb-s 2.3132(16)-2.3397(16) 2.3145(16)2.3424(10) 2.3186(18)2.3448(18)
Ln—N 2.532(5)-2.576(6) 2.482(3)2.546(4) 2.519(6)2.573(6)
S—-Sb-S 106.69(6)-113.29(6) 106.33(4)113.52(4) 106.57(A113.40(7)
N-Ln—N 65.84(17)-153.52(17) 66.67(11)152.61(11) 66.23(19)154.2(2)
Table 4. Trivalent Lanthanide Metal lonic Radius and the Stability has a suitable radius and stability constant of the en complex
Constant of [Ln(enj3" Complexes in Dimethyl Sulfoxide at 28 and forms compounds of both type | and type L.
ionic radiug® (A) stability constarit! (log Ks) Influence of the Coordination Number of Lanthanides-
La3* 1.061 [La(eny]®* 3.31(10) (1) lons. The lanthanide(lll) ions do not exhibit the
er; s {E‘z((eerg]g; ggggg restricted stereochemistry in coordination complexes typical
St 0.964 [Sm(enj®+ 43(2) of transition metals but, rather, are characterized by variable
Ewt 0.950 [Eu(eng]®* 4.43(24) coordination numbers and geometriéR.is also well-known
%f: 8:822 E?g((:r'\gi g:ggg%)z) that the coordination numbers of lanthanide(lll) ions prefer
Dy3+ 0.908 [Dy(en)3* 5.49(14) nine for lighter lanthanide ions and eight for heavier ones in
Ho 0.894 [Ho(eny]** 5.68(12) aqueous solutiof? Because en is a bidentate ligand, the
Err:]; oo {E;g??é?; ?'gigé)z) lighter lanthanide ions (LaSm) leave at least one coordina-
Vb3 0.858 [Yb(eny]** 7.70(7) tion site free at the Lt ion allowing it to bond to the Sh&
Lud* 0.848 [Lu(en)®* 7.76(6) anion or water molecule. In fact, lanthanum is bound to three

sulfur (us-SbS) and six nitrogen donor atomtaj. Neody-
(en)]SbS+0.5en (Ln= Eu, lla; Dy, lIb; Yb, lic), which mium and samarium are coordinated by two sulfur$bS)

are constructed by isolated [Ln(e}ff and Sb$*~ ions. In and six nitrogen donor atoms, and both ions combine one

particular, the S# ion forms both type | ([Sm(egH0)- H,0 ligand to maintain the coordination number of nifte (
(u~SbS)], Ic) and type Il ([Sm(en)SbS-0.5en, Iid) andlc). But the en ligands have saturated the coordination
compounds; this is related to the synthetic procedure. nNumber of heavier lanthanide ions, thus, the Sb&nion

Compoundlid is obtained by a one-step solvothermal has less opportunity to coordinate to the metal center, and

reaction, whilelc is obtained by a two-step reacti®iThe ~ C0MPounds of type llifa—lid) are formed. _

two kinds of synthetic procedures were described in detail _OPtical and Thermal Properties of the Lanthanide

in the literature® However, only one type of compound is 'I_'hloantlmonates. Optical ProperUe_s.The optical absorp-
formed for other lanthanide elements with either a one-step N spectra of compounda andb in the range of 1.7 to
or two-step solvothermal reaction, for example, [Lagen)- 6 eV show well-defined ab_rupt absorption edges from which
SbS)] (la) were obtained using both of the synthetic the band gaps can be estimated as 3.68 e\laf@nd 2.29
procedures. As a consequence of these results, the samariung for Ib (Figure 7). Both band gaps td andlb are larger

(Il1) ion just locates at the dividing point of type | and type than those of lanthanide polythioantimonates(lll) free of
Il structures. organic components, such agl&ShSs (2.20 eV)? La,-

SbSBr (2.08 eV)? and CeLaSh&Br (2.07 eV)? The band
gaps are similar for both water-coordinated type | and type
Il compounds, for example, the band gapsoandlld are
2.73 and 2.75 eV, respectively However, the difference
in the energy folda andlb is very large AE = 1.39 eV),
which might be the result of their different structures.
Thermal Properties. Upon heating in the nitrogen stream,
compounda loses en ligands in one step with a mass loss
of 31.5% (theoretical values: 31.7%) accompanied by one
endothermic signal in the DSC curve with peak temperature,
Tp, of 230 °C. It releases one molar elemental sulfur with
mass loss of 5.0% between 250 and 430 The decomposi-
tion of Ib is similar to that ofla except that compountb
loses its coordinated 4@ atT, = 112 °C with mass loss of
3.1%. Compoundla decomposes in three steps with mass
losses of 4.0, 35.5, and 5% for free en molecule, coordinated
en ligands, and one molar elemental sulfur, respectively. The
decomposition of compound# andllc is similar to that
of lla. It is not uncommon that thioantimonate(V) com-
pounds release elemental sulfur upon heatiitf The self-

Influence of the Stability of Lanthanide(lll) —en Com-
plexes.The formation and structures of the two types of
thioantimonates(V) are obviously related to the lanthanide-
(1) ionic radii and the stability of Ln(lll}-en complexes.
The stability of Ln(lll)—en complexes can be elucidated by
their stability constants (in a dimethyl sulfoxide solution),
which are listed in Table 21|t can be seen from Table 4
that the stability constants of [Ln(efj™ complexes rise
monotonically with the decrease in the ionic radius of the
trivalent lanthanide ions. This trend reveals that the capacity
of coordination of the Sh3 anion to lanthanides(lll) in
competition with that of the en ligand decreases across the
lanthanide series. Thus, the SbSanion can bond to lighter
lanthanide ions (LaNd) as a tridentate or bidentate ligand,
resulting in compounds of type |, whereas it is incapable of
coordinating to the heavier ones (Euu) resulting in the
formation of compounds of type Il. The competition of the
two coordinating reactions balances at samarium(lll), which

(20) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistryith ed.;
Wiley: New York, 1980; p 1011.

(21) Cassol, A.; Di Bernardo, P.; Portanova, R.; Tolazzi, M.; Tomat, G.; (22) Cossy, C.; Barnes, A. C.; Enderby, J. E.; Merbach, AJ.EChem.
Zanonato, PJ. Chem. Soc., Dalton Tran£992 469-474. Phys.1989 90, 3254-3259, and references therein.
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_ decorated by organic components. Unlike transition-metal
F ions, which mainly produce thioantimonate(lll) compounds
H in an Sb/S/amine solvothermal system, lanthanides(lll)
always lead to thioantimonate(V) compounds in a similar
synthetic system. Furthermore, the products are not mutable
! and can be obtained under a wide variety of synthetic
conditions.

The lanthanide thioantimonates(V) can be classified as two
types, according to the crystal structures, which are related
to the entities of lanthanide(lll) ions. The lighter lanthanides-
(1) form compounds of type | and the heavier ones form
type Il. The types of lanthanide thioantimonates(V) are
related to the stability of the lanthanide(Hen complexes
redox reaction of StS23~ species can produce thioantimonate- and the coordination number and ionic radii of lanthanides-
(11 compound and elemental S. This assumption is supported (111). The SbS3~ anion has proven to be able to coordinate
by the decomposition product, §&, found in residue of  to lighter lanthanide(lll) ions with ais-SbS or u,-ShS
[Ni(en)s(Hen)|Sb3.8¢ The phases of the decomposition coordination mode. The result demonstrates that the hard acid
residues of compoundi, Ib, andllb at 450°C were lanthanide(lll) ions can be coordinated by a “soft” base-donor
checked by X-ray diffraction. In the X-ray powder pattern atom of sulfur in amine solution, in addition the hard ones
of the decomposition products ¢, lanthanum antimony  of oxygen and nitrogen. The synthesis and structural
sulfide, LaSkS;; (JCPDS No. 37-583), and lanthanum characterization of the title compounds would be helpful for
sulfide, LaS; (JCPDS No. 22-645), were identified (see a more complete understanding of the coordination chemistry
Supporting Information). But the decomposition products of of lanthanides(lll).

Ib andllb are amorphous to X-ray powder diffraction.

o/S (arb. units)

Energy (ev)

Figure 7. Solid-state optical absorption spectralaf(dashed line) and
Ib (solid line). The band gap valugg, is shown.
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