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ABSTRACT: A series of new lanthanide thiostannates(IV), [Y,(dien),(u-
OH),]Sn,S; (1, dien = diethyl-enetriamine), (tetaH),[Ln,(teta),(tren),(u-
Sn,S4)]1Sn,Ss [Ln = Eu (2), Sm (3); teta = triethylenetetramine; tren =
tris(2-aminoethyl)amine] and [Eu,(tepa),(u#-OH),(u-Sn,Ss)]-
(tepa)osH,O (4, tepa = tetraethylene-pentamine) were solvothermally
synthesized and structurally characterized. 1 consists of a binuclear
[Y,(dien),(u,-OH),]*" cation and a discrete dimeric [Sn,S;]* anion. Both
2 and 3 are isostructural and composed of [Ln,(teta),(tren),(u-Sn,S¢)]*
cations, protonated triethylenetetramines (tetaH), and discrete dimeric
[Sn,S¢]*™ anions. A Sn,S¢*~ anion bridges two [Ln(teta)(tren)]*" cations
via the trans-S, (t = terminal) atoms to form the first examples of
inorganic—organic hybrid thiostannate cations [Ln,(teta),(tren),(u-
Sn,S¢)]**. 4 consists of one-dimensional (1-D) neutral chains
[Eu,(tepa),(u-OH),(4-Sn,S¢)], built up from the linkage of dinuclear complex cations [Eu,(tepa),(u,-OH),]** and bridging
anions [Sn,S¢]*”, free tepa molecules, and lattice water molecules. The present compounds exhibit wide-band gap
semiconducting properties with absorption band edges between 2.40 and 2.91 eV.

]4+

B INTRODUCTION limited examples include [TM(tren)],(p,-Sn,Ss) (TM = Co,
The incorporation of metal complexes (MCs) into the main- Ni),” [Mn(tren)],(4,-SnySeq),” [ TM(tepa)],(4,-Sn,Q5) (TM

= Mn, Fe, Co; Q = S, Se),* {[Mn(teta)],SnS,}-4H,0,
[Mn(tepa)-Sn,Se,],,* and [Mn(teta)(en)]-[Mn(teta)]-[Mn-
(SnTe4)2-Mn(teta)].ld Applying Mn, Zn, Cu, Ag, or Hg, it is
not necessary to use such multidentate amines, evidenced by
(1,4-dabH),MnSnS,,° (dienH,)Cu,Sn,Ss,” (1,4-dabH,)-
Cu,SnS,,* (1,4-dabH,)Ag,SnS,,” (enH,)HgSnS,,'® [{Mn-

group metal chalcogenide framework has been extensively
studied because it may generate a variety of previously unseen
architectures with potential applications in semiconductors,
photoluminescence, magnetic materials, ferroelectricity, non-
linear optics, and so forth." The very important aspect is that
the integration of the electronic, optical, and magnetic

properties of MCs with the host inorganic chalcogenidometa- (en);}>(sp-en) (kp-SnS) 1, I[Z{Mn(terPY)}2(,”2‘5112536)]";11
late framework can be expected to provide complementary [{Mn(cyclam) },(4,-Sn,Seg 1), (1@1 e),Zn,Sn,Se; (ape = N-
properties and synergistic effects. In the case of chalcogeni- (2—aminoethy1)piplerazine), and [Zn(H,0),]-
dostannate, the vast majority of solvothermal reactions carried [Zn,Sn;Seg(MeNH,)],"* However, compared with chalcogeni-
out in the presence of transition-metal (TM) ions lead to the dostannates combined with TMCs, the chalcogenidostannates
formation of anionic chalcogenidostannate frameworks charge- with lanthanide(III) conllglexes are less explored under mild
balanced by isolated transition-metal complex cations (TMCs), solvothermal conditions.”” Moreover, all of these compounds
where the coordination sphere of TM ions is completed by contain either chalcogenidostannate anions or neutral organic
three bidentate or two tridentate chelating amines.” But there hybrid chalcogenidostannates with negative charged cores, but
have been relatively few reports of the incorporation of TMCs cationic organic hybrid chalcogenidostannates have not been
into the chalcogenidostannate frameworks. Substantial success reported until now.

Multinary lanthanide chalcogenides are of great interest in

has recently been achieved with chalcogenidostannate by using
solid-state chemistry because of their promising applications in

a tetradentate (teta and tren) or pentadentate (tepa) chelating
amine, which coordinates to the TM ion with at least one
coordination site of the TM atom in favor of further bonding Received: October 25, 2011
with the Q atoms of the Sn,Q,"” (Q = S, Se, Te) units, the Published: January 26, 2012
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Table 1. Crystallographic Data for 1—4

1 2 3 4
formula C16Hs54N1,0,545n,Y, Ci6H110Eu;N5,81,5n, Ci6H110N24S1,5mySny CyoHgy sEuN 5 5038650,
Fw 1054.37 2042.83 2039.63 1258.98
crystal system monoclinic triclinic triclinic monoclinic
space group P2,/n PT PT C2/c
a, A 11.854(8) 9.886(2) 9.920(2) 19.803(4)
b, A 11.449(7) 10.371(2) 10.382(2) 14.998(3)
¢ A 13.803(9) 17.442(4) 17.520(4) 17.800(4)
a, deg 90 89.78(3) 89.91(3) 90
B, deg 97.978(9) 88.00(3) 88.07(3) 126.57(3)
7, deg 90 85.14(3) 85.23(3) 90
v, A3 1855(2) 1780.8(6) 1797.1(7) 4246(2)
VA 2 1 1 4
T, K 296(2) 296(2) 296(2) 296(2)
caled density, Mg m™> 1.888 1.898 1.877 1.970
abs coeff, mm* 4.800 3.514 3.371 4411
F(000) 1048 1004 1002 2460
20(max), deg 50.18 50.20 50.20 52.20
total reflns collected 9636 9519 9771 12024
unique reflns 3306 6206 6292 4192
no. of param 181 362 362 239
R1[I > 20(I)] 0.0441 0.0999 0.0290 0.0540
wR2(all data) 0.1133 0.2867 0.0878 0.1782
GOF on P 1.011 1.006 1.076 1.048

optical fibers, doped semiconductors, and nanocluster
fluorescence labels."* These materials are usually made by
flux methods at high temperature, such as EusSn,S;,"
EuCu,SnS,,'® and Ln,Mn,Sb,S;, (Ln = Pr, Nd, Sm, Gd)."”
However, the synthesis of lanthanide chalcogenides modified
with organic components remains a big challenge because they
are comparatively unstable with respect to heat, water, oxygen,
and light.18 Moreover, these soft Lewis basic Q*~ ligands (Q =
S, Se, Te) coordinate with difficulty to the hard Lewis acidic
lanthanide(IIT) ions (Ln**) via Ln—Q bonds in the solvents.
More recently, we have attempted the preparation of lanthanide
chalcogenides in chelating amine solutions by the solvothermal
methods, and prepared two organic hybrid lanthanide
thioantimonates, [Eu(dien),SbS;] and {[Eu(dien),],(u,-
Sb,S¢)}Cl,," which are rare examples of the [Sb™S;] unit as
an unusual chelating ligand to a lanthanide complex. To obtain
the analogous lanthanoide thiostannates, we started to explore
the Sn/Ln,O,/S/amine system (amine = organic chelating
amine) under solvothermal conditions, and successfully
synthesized a series of lanthanide thiostannates(IV),
[Y>(dien),(4-OH),]Sn,S¢ (1), (tetaH),[Ln,(teta),(tren),(u-
Sn,86)]Sn,S¢ [Ln = Eu (2), Sm (3)], and [Eu,(tepa),(u-
OH),(#-Sn,S4)](tepa)osH,O (4). Although a few lanthanide
thiostannates under solvothermal conditions have been
reported,’>*® thiostannates mainly occurs as an isolated
[Sn,S¢]*™ anion with a saturated lanthanide complex as
counterion. The [Sn,S¢]*” anion as a bridging ligand in
compounds 2—4 connects the lanthanide complex cations to
form the first inorganic—organic hybrid thiostannate cations
{[Ln,(teta),(tren),(4-Sn,S¢)]**} and a rare one-dimensional
(1-D) organic hybrid Eu—S—Sn chain {[Eu,(tepa),(u-OH),(u-
SnyS6) 13-

B EXPERIMENTAL SECTION

General Remarks. All analytical grade chemicals were obtained
commercially and used without further purification. Elemental analyses
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(C, H, and N) were performed using a PE2400 II elemental analyzer.
The UV/vis spectra were recorded at room temperature using a
computer-controlled PE Lambda 900 UV/vis spectrometer equipped
with an integrating sphere in the wavelength range of 250—800 nm.
FT-IR spectra were recorded with a Nicolet Magna-IR 550
spectrometer in dry KBr disks in the 4000—400 cm™' range.
Fluorescence spectral analyses were performed using a Cary Eclips
fluorescence spectrometer. Thermogravimetric analyses (TGA) were
performed using a Mettler TGA/SDTAS851 thermal analyzer under a
N, atmosphere with a heating rate of 10 °C min™" in the temperature
region of 25—500 °C. Compounds 1—4 are unstable to the moisture
and air.

Synthesis of Lanthanide Thiostannates(IV). Synthesis of
[Y,(dien) ,(u-OH),ISn,Ss (1). The reagents of Sn (0.0098 g, 0.08
mmol), S (0.0198 g, 0.62 mmol), Y,0; (0.0098 g, 0.04 mmol), and
dien (2 mL) were placed in a thick Pyrex tube (ca. 20 cm long). The
sealed tube was heated at 160 °C for 8 days to yield light yellow block-
shaped crystals. The crystals were washed with ethanol, dried, and
stored under vacuum (61% yield based on Sn). Elemental analysis.
Found: C 18.19%, H 5.23%, N 15.88%; caled C 18.23%, H 5.16%, N
15.94%. IR (cm™): 3362(s), 3178(s), 2929(s), 2857(s), 1576(s),
1498(s), 1392(m), 1326(m), 1071(m), 998(m), 954(m), 887(w),
809(w), 765(vw), 676(w), 616(m), 493(w), 460(m), 399(w).

Synthesis of (tetaH),[Eu,(teta),(tren),(u-Sn,S5)]Sn,S4(2). The
reagents of Sn (0.0124 g, 0.10 mmol), S (0.0198 g, 0.62 mmol),
Eu,0; (0.0118 g, 0.03 mmol), and teta (2 mL) were placed in a thick
Pyrex tube (ca. 20 cm long). The sealed tube was heated at 160 °C for
10 days to yield light yellow block-shaped crystals. The crystals were
washed with ethanol, dried, and stored under vacuum (53% yield
based on Sn). Elemental analysis. Found: C 21.11%, H 5.50%, N
16.41%; caled C 21.17%, H 5.43%, N 16.46%. IR (cm'): 3180(s),
3085(s), 2913(s), 2863(s), 1576(m), 1503(m), 1459(m), 1375(w),
1320(m), 1076(s), 1020(w), 959(s), 887(w), 809(w), 737(vw),
666(w), 599(w), 471(m).

Synthesis of (tetaH),[Sm(teta),(tren),(u-Sn,S¢)1Sn,Ss (3). The
light yellow crystals of (tetaH),[Smy(teta),(tren),(4-Sn,S4)1Sn,S; (3)
were prepared by a similar method used in the synthesis of the crystals
of 2 except that Eu,0; was replaced by Sm,0; (45% yield based on
Sn). Elemental analysis. Found: C 21.13%, H 5.51%, N 16.42%; calcd
C 21.20%, H 5.44%, N 16.48%. IR (cm™): 3179(s), 3079(s), 2913(s),
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Table 2. Ranges of Some Important Bond Lengths (A) and Angles (deg) for 1—4“

1
Sn1-S, 2.3338(19)—2.3497(18) Sn1-S, 2.4540(18)—2.4871(18)
Y1-N 2.498(5)—2.593(5) Y1-0O 2.221(4)-2.270(4)
S—$n1—S§ 91.61(6)—118.61(6) 0-Y1-0 67.55(16)
O-Y1-N 74.71(15)—151.45(16) N-Y1-N 66.87(16)—148.14(17)
2
Sn1-S, 2.310(5) Sn1-S, 2.432(5)—2.447(5)
Sn1-S(—Ln) 2.360(5S) Sn2-S, 2.329(6)—2.330(S)
Sn2-S, 2.435(6)—2.455(6) Eul-S 2.939(4)
Eul-N 2.544(18)—2.741(19) N-Eul-S$ 72.1(4)—143.8(5)
N—Eul-N 65.5(6)—145.0(6) S—Sn2-S$ 92.08(19)—113.98(19)
S—Sn1-S$ 92.08(19)—124.2(4)
3
Sn1-S, 2.3265(14) Snl-S§, 2.4404(15)—2.4540(14)
Snl1—S(—Ln) 2.3479(14) Sn2—S§, 2.3345(16)—2.3428(14)
Sn2-S, 2.4517(15)—2.4729(16) Sm1-$ 2.9637(15)
Sm1-N 2.567(4)—2.755(5) N—Sm1-$ 72.19(11)—144.01(15)
N2—-Sm1-N 65.13(15)—145.29(14) S—Sn2-S§ 92.47(5)—114.11(6)
S—Sn1—$ 93.77(5)—116.90(3)
4
Sn1-S, 2.347(4) Sn1-S, 2.442(4)—2.449(4)
Sn1—S(—Ln) 2.343(3) Eul-0O1 2.292(8)—2.340(8)
Eul-S2 2.878(3) Eul—-N$ 2.585(11)—2.617(13)
O-Eul-0 70.8(3) O-Eul-N 76.5(3)—151.3(3)
N—Eul-N1 65.7(4)—141.0(4) O—Eul-$ 80.7(2)—100.1(2)
N—Eul-S$ 74.8(3)—154.3(3) S—Sn1-$ 93.34(11)—117.57(13)
“t = terminal, b = bridging.
2863(s), 1570(s), 1509(m), 1448(s), 1381(w), 1326(m), 1076(s), B RESULTS AND DISCUSSION
égiéér;)’s;?ig;);wziiffl )y 876(w), 809(w), 738(vw), 654(vw), Description of the Structures. Dimeric [Sn 2S¢t
Synthesis of [Eu,(tepa),(u-OH)(u-Sn,S9l(tepa),s(H,0) (4). The Anions. The dimeric [Sn,S¢]*™ anions in compounds 1—4 are
colorless crystals of [Eu,(tepa),(u-OH),(-Sn,S¢)](tepa),s (H,O) formed by two SnS, tetrahedra sharing a common edge. In 1,
(4) were prepared by a similar method used in the synthesis of the the [Sn,S]*” anion is discrete, while in 2—4, the [Sn,S4]*"
crystals of 2 except that teta was replaced by tepa (72% yield based on anions act as bidentate bridging ligands linking coordinatively
Sn). Elemental analysis. Found: C 19.01%, H 5.05%, N 13.88%; calcd unsaturated lanthanide complex cations, where the interatomic
C 19.08%, H 4.92%, N 13.91%. IR (em™): 3329(s), 3140(s), 2901(s), distances and angles are in the typical range of those for the
2863(s), 1586(m), 1465(m), 1392(w), 1309(w), 1282(vw), 1092(m), well-known discrete [Sn,Ss]*~ or bridging [#-Sn,Se]* anions
1059(m), 1020(m), 948(s), 904(w), 865(w), 827(w), 765(w), reported in the literature.> "' The discrete [Sn,S]*~ anions
S71(w), 482(w), 422(m). exhibit crystallographic C; symmetry, but bridging [4#-Sn,Se]*~
Crystal Structure Determination. Single-crystal X-ray diffraction anions display very approximately C.. symmetry. Because of S-
data for 1—4 were recorded on a Rigaku Mercury CCD diffractometer L d'p Y r)}ll P g dC Y 2 Ym_ll bI'Y duced owi
using an w-scan method with graphite monochromated Mo Ka n C.OOI‘ 1nat10'n, the 1deal &y, symmetry will be re uce. owing
radiation (A = 071073 A) at 296(2) K to a maximum 20 value to differences in the Sn—S(t) and Sn—S(—Ln) bond distances
(52.20°). Absorption corrections were applied using the multiscan (Tab'le 2),‘ 4 . . .
technique. The structures of 1—4 were solved by Direct Methods Dimeric [jsn256] Anion with Saturated Binuclear
(SHELXS-97)*° and refined by full-matrix least-squares techniques Complex Cation. Single crystals of [Y,(dien),(4-OH),]Sn,S
using the SHELXL-97 program.** Non-hydrogen atoms were refined (1) are obtained by the reaction of Sn, S, Y,0;, and dien under
with anisotropic displacement parameters. The H atoms bonded to C mild solvothermal conditions. 1 crystallizes in the monoclinic
and N atoms were positioned with idealized geometry and refined with space group P2,/n with two formula units in the unit cell. 1 is
fixed isotropic displacement parameters, while the H atoms of C13 and composed of a discrete dimeric [Sn256]4_ anion and a Charge
N9 atoms were not dealt with because of the disorder of N9 atoms for compensating binuclear complex cation [Y,(dien),(u,-OH) N
2 and 3. For 4, SIMU restraint prevents all adjacent C/N atoms to (Figure 1a). Each Y3 ion is in a bicapped trigonal prism by
aflopt different or.ientations. 'The N9 atoms for 2 and 3 were Coordinating to six N atoms of two dien Iigands and two —OH
dlsorde.red over s.lte occupe.ltlon factors 0.53/0.47 and 0.50/0.50, groups. Two [Y(dien)2]3+ moieties are joined by two ,-OH
respectively. The site occupation factors of N6, N7—N8, C9—C12, and bridging groups to give a centrosymmetric dinuclear complex
02 atoms for 4 were 0.50/0.50. The wR2 values for 2 and 4 are slightly . R i
large, which could be due to some disorder in the organic amines, but cation, .whe.re a Y;0, rhﬂombolldal. cor.e is formed. The Yl-"Y.l
this could not be resolved. Relevant crystal and collection data separation is 3.733(2) A, Wthho is slightly ’lo?g"e r thanA that 122
parameters and refinement results can be found in Table 1. Additional Y(tpy) (OH),Bry-6H,0 (3.673 A, tpy = 2,2:6/2"terpyridine)
details of crystal data in CIF format can be found in the Supporting and [Y(OH)(H,0),(phen),],Cl,2(phen)-MeOH (3.651 A,
Information. Ranges of some important bond lengths and angles for phen = 1,10-phenanthroline).23 The Y-O (2‘221(4)_2-270(4 )
1—4 are listed in Table 2. The CCDC reference numbers for 1—4 are A) and Y—N (2.498(5)—2.593(5) A) bond lengths are slightly
848791—848794, respectively. shorter than those reported for [Ln,(en)s(#-OH),]Sn,Sq (Ln =
2285 dx.doi.org/10.1021/ic2023083 | Inorg. Chem. 2012, 51, 2283—2290



Inorganic Chemistry

Figure 1. (a) Crystal structure of 1 [The H atoms bonded to C and N
atoms are omitted for clarity]. (b) Part of the crystal structure of 1,
showing the formation of a (010) sheet constructed from N—H---S
and O—H---S H-bonds [Blue tetrahedral: [Sn,S¢]*~ anion].

Nd, Gd)"*® and [Ln,(en)s(u-OH),]Sn,Ses (Ln = Pr, Nd,
Gd),"* which is in agreement with the smaller radius of Y**
compared to other Ln*". All S atoms of [Sn,S¢]*" are involved
in intermolecular N—H---S and N—H---O H-bonding inter-
actions with [Y,(dien),(u,-OH),]*" cations leading to a layered
arrangement parallel to the (010) plane (Figure 1b). The layers
interact also via similar H-bonds resulting in a three-
dimensional (3-D) H-bonding network structure (Supporting
Information, Figure S1). The N--S distances vary from
3.431(5) to 3.713(S) A and the N—H--S angles vary from
141.6 to 169.7°. The O---S distance is 3.237(4) A and the O—
H---S angle is 127.9°. These values are consistent with those
reported in the literature.'3%*

Covalently Linked Complex Cations and Dimeric [Sn,S¢l*~
Anions Showing Variable Structures. Tetra- or pentadentate
chelating amines have been used to form complex cations with
unsaturated coordination spheres, which are able to be further
coordinated by the chalcogenidometalate anion and act as
structure modifying moieties/bridging nodes.”**~> Guided by
this idea, we have successfully obtained two new types of
thiostannates (IV) incorporated with lanthanide complexes,
(tetaH),[Ln,(teta), (tren),(u-Sn,S¢) ][Sn,S¢] (Ln = Eu (2), Sm
(3)) and [Eu,(tepa),(u-OH),(u-Sn,Se)](tepa)o s H,O (4) by
replacing dien with teta or tepa under mild solvothermal
conditions. Both 2 and 3 are isostructural and crystallize in the
triclinic centrosymmetric space group PI. Hence, only 2 is
discussed here in detail. 2 consists of [Eu,(teta),(tren),(u-
Sn,S¢)]** cations, protonated triethylenetetramines (tetaH),
and discrete dimeric [Sn,S¢]*” anions (Figure 2a). In the
[Eu,(teta),(tren),(u-Sn,Ss)]** cation, Sn,S¢*~ anion bridges
two [Eu(teta)(tren)]* cations via the trans-S, (t = terminal)
atoms to form a [Eu,(teta),(tren),(u-Sn,S¢)]** cation with the
Eu--Eu distance being 12.119 A. The tren molecules in 2 and 3
must be from the solvent teta, since commercial teta is not an
absolute reagent. Each Eu’* ion is in a 9-fold coordination of
eight N atoms from one teta and one tren molecule, and one S
atom from a dimeric [Sn,S4]*" anion, yielding a distorted
monocapped square antiprism. The Eu—N bond lengths are
within the normal range. The Eu—S (2.939(4) A) bond length
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Figure 2. (a) Crystal structure of 2, the H atoms bonded to C and N
atoms are omitted for clarity. (b) 3-D H-bonding network structure in
2, showing 1-D centrosymmetric elliptical channels [Blue tetrahedral:
[Sn,Se]*™ anion]. (c) dimeric (tetaH), units with R%(16) ring
arranged along the [100] direction.

is slightly longer than that reported for [Eu(dien),SbS;]
(2.782(2)—2.838(2) A) and {[Eu(dien),],(u,-Sb,Ss)}Cl,
(2.785(3)—2.859(3) A)," which may be caused by the higher
coordination number of 9 (8N + 1S) of the Eu atom.

The [Eu,(teta),(tren),(u-Sn,S¢)]** cations in 2 are arranged
in a dumbbell-like manner along the a4 and ¢ axis, forming a
pseudolayer within the (010) plane. The orientation of adjacent
pseudolayers is identical, and the stacking sequence can be
described as —AAA— fashion. The discrete dimeric [Sn,S¢]*”
anions are sandwiched between the pseudolayers and form
extensive N—H--S H-bonds with the N atoms of the
pseudolayer. The interconnection of the pseudolayers with
discrete [Sn,S4]*” anions via H-bonds gives a 3-D H-bonding
network structure with 1-D centrosymmetric elliptical channels
along the [100] direction (Figure 2b). Two teta molecules
interact via N—H--N H-bonds generating a dimeric (tetaH),
unit as new structure-directing agents (Figure 2c), exhibiting a
centrosymmetric elliptical R%,(16) ring** being located in the 1-
D channel. These rings are arranged along the 1-D channel to
form a 1-D centrosymmetric elliptical pseudochannel. The
configuration of the pseudochannel shows a good match with
that of the channel, suggesting that the guest (tetaH),
structure-directing agents can impose its individual config-
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uration constraint on the host framework via N—H--S H-
bonding interactions.>®

Interestingly, the reported chalcogenidostannates(IV) cova-
lently linked with metal complex cations are usually anions,
[Cr(en),(SnSe,)] % and [Ln(dien),(u-SnSe,)]™ (Ln = Sm,
Eu),"* neutral molecules, [TM(tren)],(4,-Sn,Ss) (TM = Co,
Ni)rza [Mn(tren)]z(yz—SnZSe6),3 and [TM(tepa)],(#,-S1,Qs)
(TM = Mn, Fe, Co; Q = S, Se),* 1-D neutrally polymeric
chains, [{Mn(en),},(u-en)(u-Sn,84)],"" {[Mn-
(teta)],SnS,}-4H,0,° [{Mn(terpy)},(Sn,Ses)],'* [Mn-
(tepa) ~Sn3Se7],4a [Mn(teta)(en)]-[Mn(teta)][Mn-
(SnTe4)2~Mn(teta):|,lﬁl or two-dimensional (2-D) neutral
layer, (ape)zZnZSnZSe7,lh but no cationic organic hybrid
chalcogenidostannates (IV) have been reported until now.
Hence, [Ln,(teta),(tren),(1-Sn,S4)]** (Ln = Eu, Sm) cations
in 2 and 3 represent a new structural motif. Moreover, other
cationic chalcogenidometalates are very scarce, and appear to
be limited to those of [In(en),Q],2I (Q = Se, Te)?’
[In(teta)Q],2I (Q = Se, Te),”” [{In(dien)},(InTe,)]-CL>"
{[In(C6H14N2)2]28b4SS}C12)28 and {[Eu(dien)z]z(m-szSs)}-
Cl," where the counterions are halogen ions CI” and T
However, no coexistence of an organic hybrid chalcogenido-
metalate cation and discrete chalcogenidometalate anion was
observed prior to this work. Therefore, both 2 and 3 possessing
[Ln,(teta),(tren),(4-Sn,S¢)]** (Ln = Eu, Sm) cations and
discrete dimeric [Sn,S¢]*" anions as counterions provide a new
type.

The crystal structure of 4 is significantly different from that
of 2 and 3, which could result from different organic amines
(teta for 2 and 3, and tepa for 4) directing the formation of the
different structures. 4 crystallizes in the monoclinic centrosym-
metric space group C2/c and consists of 1-D [Eu,(tepa),(u-
OH),(u4-Sn,S4)], neutral chains, free tepa molecules, and lattice
water molecules (Figure 3a). There is one unique Eu** ion in
the asymmetric unit. The Eu®* ion is in a distorted bicapped
trigonal prism, which is formed by five N atoms of one tepa
ligand, two O atoms of —OH groups, and one S atom of one
[Sn,Ss]*™ anion. Two [Eu(tepa)] moieties are joined by two
H,-OH bridging groups to give a coordinatively unsaturated
centrosymmetric dinuclear cation [Eu,(tepa),(u,-OH),]*" with
the Eu--Eu separation of 3.7761(17) A. The Eu—N bond
lengths vary from 2.585(11) to 2.617(13) A and the Eu—O
bond lengths are in the range from 2.292(8) to 2.340(8) A,
which are in the normal range. The Eu—S bond length of
2.878(3) A is slightly shorter than that for 2, whose longer
distance can mainly be ascribed to the higher coordination
number of 9 (8N + 1S) of the Eu atom in 2 as opposed to 8
(SN + 20 + 1S) in 4.

Notably, the coordinatively unsaturated dinuclear lanthanide
complex as bridging nodes within the chalcogenidometalates of
the group 13—1S5 elements is uncommon, and normally they
occur mononuclear.'**®?° For instance, the 1-D La—Sb—S
chain, [La(en);(u3-SbS,)],,>" is formed by the interconnection
of [La(en);]** complexes and multidentate [SbS,] bridging
units. The 1-D La—Sn—Se chain in [{La(dien),},(s4-Sn,Ses)-
(1-Sn,Seq)],,">* is constructed by the linkage of {La(dien),}*
complex, [Sn,Se,] and [Sn,Ses] units. The 1-D La—As—Se
chain in [La(en);(H,0)(AsSe,)],>>® is built up from [Ln-
(en);(H,0)]*" complexes and bidentate [AsSe,] bridging units.
Moreover, the reported dinuclear lanthanide complexes are
generally saturated, which act as structure-directing and charge-
balancing agents, as exemplified by {Ln(en);},(u-OH),]*" (Ln
= Pr, Nd, Gd)"***¢ and [Ln,(dien),(u-OH),]* [Ln = Eu,">* Y
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Figure 3. (a) Crystal structure of 4. (b) 1-D [Eu,(tepa),(u-OH),(u-
Sn,S)], neutral chain. (c) 3-D supramolecular network in 4. The H
atoms bonded to C and N atoms are omitted for clarity.

(this work)]. Therefore, the unsaturated [Eu,(tepa),(u,-
OH),]* complex of 4 is first observed in the lanthanide
chalcogenidometalate chemistry.

The [Sn,S¢]*" anion acting as a bidentate bridging ligand
connects neighboring [Eu,(tepa),(u,-OH),]*" cations by trans
terminal S atoms to form a 1-D polymeric chain of
[Eu,(tepa),(#-OH),(1-Sn,S¢)], (Figure 3b). There are two
different directional chains in the crystal structure: one (chain
“A”) propagates along [110], the other (chain “B”) runs along
[101]. Chains “A” and “B” are arranged in a parallel manner
with the same orientation to form a type of layers “A” and “B”,
respectively. They alternately stacked in a crossing manner to
form a 3-D network with 1-D rectangular channels, which are
filled by free tepa and water molecules (Figure 3c).

So far, a large number of 1-D group 13—15 chalcogenido-
metalate chains have been reported; their stacking modes
mainly display two types (Scheme 1), namely, type I is arranged
in a parallel manner, as exemplified by KZMnSnZSeé,30
[(C,HgNO)(C,HgN)(CHN)][SbgS,5],*! [appH]os[MS,] (M
= In, Ga, app = 1,4-bis(3-aminopropyl)piperazine),**
[M(en);](en)[In,Te,] (M = Ni, Co),”® where 1-D chains
are separated from each other by either metal cations,
protonated amine, or complex cations, while type II is aligned
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Scheme 1. Stacking Modes of 1-D Chalcogenidometalate
Chains

396 nm, Fy—D; at 416 nm, and "F;—°D, at 463 nm are
identified. Among these excitation bands, only the prominent
excitation peak at 396 nm has been selected for the

l v l 4 l ¥ measurement of emission spectra of Eu®" ions (Figure $).
[ s L= ] [ ]
N = TR
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in an antiparallel fashion, such as [{Mn(en),},(u-en)(u- c 75, F1 |T27F3 ",
Sn,8)]," [Ln(en)y(H,0), (3, 8bS,)] (Ln = Lay x = 0; Ln = tl it |
Nd, Sm, x = 1),”*" [{Ln(dien),},(4s-Sn,Seq) (4-SnySeq) ] (Ln 5%.0“ . “Do Dy 4
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and [Ce(dien),(u3-SbS,)],**¢ where inorganic—organic hybrid
chain is propitious to the H-bonding interactions that play an
important role in stabilizing crystal structure. Some pure
inorganic chalcogenidometalate chains also adopt the anti-
parallel fashion, such as [(CgHgN,)(CeH,N,)][SbeS;0],>"
[C¢H,,N,][Sb,S;],*" [Ni(tren),],[Ni(tren)-
(en)],(Sb,S),-0.25H,0,> and [Mg(en),] [Sb,S,].** However,
the crossing manner (type III) is very scarce; the limited
examples are selenidoarsenates [M(phen);][As,Se,(u-Se;)(u-
Ses)] (M = Co, Ni),* where two different directional inorganic
chains, [As,Se,(u-Se;)(u-Ses)],, alternately stack in a crossing
manner creating pseudoparallelogram channels to accommo-
date the [M(phen),]** cations, but organic—inorganic hybrid
chalcogenidometalate chains adopting type III is only observed
in 4.

UV/vis, Fluorescence Spectra, and Thermogravimetric
Analyses. Optical diffuse reflection spectra of 1—4 were
measured at room temperature (Figure 4). The absorption data

0.16
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0.024
0.00

25
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Energy (eV)
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Figure 4. Diffuse reflection spectra of 1—4.

were calculated from the reflectance using the Kubelka—Munk
function.*® The absorption band edges at 2.40 eV for 1, 2.48 eV
for 2, 2.76 eV for 3, and 2.91 eV for 4 are compared with those
of [Ln,(en)s(u,-OH),]Sn,S¢ [Ln = Nd (2.42 eV), Gd (3.17
eV)]Bd and [Naj(H,0)3,][ZnsSn(u3-S)4(SnS,),]-2H,0 (3.30
eV),”” which exhibit the properties of a wide-band gap
semiconductor. In addition, the weak absorptions at 2.58 and
2.66 €V in 3 presumably arise from f—f electronic transition of
lanthanide complexes.

The excitation spectra of 2 and 4 are shown in Supporting
Information, Figure S2, monitoring emission at 617 nm. Four
excitation bands, which could be assigned to the electronic
transitions of the Eu’* ions, 7F0—>5L7 at 386 nm, "F;—°Lg at
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Wavelength (nm)

Figure S. Emission spectra of 2 and 4 at room temperature.

The several emission bands in the range of 578—705 nm are
observed by the Dy—"F; (J = 0—4) transitions. Of them, the
transition Dy—’F, (617 nm for 2 and 610 nm for 4) has
shown a strong red emission, which is close related to Eu®t
center surrounded by N (or O) and S atoms in distorted
monocapped square antiprism (EuNgS) or distorted bicapped
trigonal prism (EuNO,S) with lower symmetries.*® Because of
the shielding effect of 4° electrons by Ss and Sp electrons in the
outer shells in the Eu®* ion, narrow emission bands are
produced. When excited at 415 nm [*H;,—(°Ps,,, *P;5,5)], 3
displays four typical emission transitions of Sm®* ion
(Supporting Information, Figure S3), which are assigned to
*Gs/,—Hy), (564 nm), *Gs,—°H;/, (601 nm),*Gs/,—°Hy)
(644 nm), and *Gg/,—°H,,/, (679 nm).*” Furthermore, 2 and
4 exhibit weak emission bands at 433 and 430 nm, respectively,
while 3 displays several strong emissions from 454 to 495 nm
for 3, which are probably originated from the amine ligands
because similar emissions are also observed for the amine
hydrochlorides.*

B CONCLUSIONS

A series of new lanthanide thiostannates(IV) containing
different multidentate chelating amines have been synthesized
via solvothermal methods and structurally characterized. The
multidentate chelating amines display a significantly structural
directing effect onto the structure of lanthanide thiostannates-
(IV). The en'** or dien (this work) amines with smaller steric
hindrance can be effectively distributed around the coordina-
tion sphere of the Ln** ion and leave limited space for other
smaller 4-OH ligands to give a saturated lanthanide complex,
which prevents the [Sn,S4]*” anion from further bonding to the
Ln®* ion. But the teta, tren, or tepa amines with larger steric
hindrance can leave enough space around the coordination
sphere of the Ln*" ion for the [Sn,S4]*™ anion to further bond
to the Ln** ion. Because of the different dentate number of teta
(or tren) and tepa amines, two types of unsaturated lanthanide
complexes, [Lu(teta)(tren)]** (Ln Eu, Sm) and
[Eu,(tepa),(u,-OH),]*, are formed, which result in the
formation of two new types of lanthanide thiostannates(IV).
Therefore, the successful synthesis of the title compounds
provides possibilities of making other novel lanthanide
thiostannates(IV) with structural diversity and interesting
physicochemical properties by different multidentate chelating
amines as the structure directing agents.
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