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Three new lanthanide thioantimonates(V) [Ln(en)(teta)(SbS4)] {Ln=Sm (1), Eu (2), Gd (3);
en = ethylenediamine; teta = triethylenetetramine} have been solvothermally synthesized and struc-
turally characterized. Compounds 1-3 are isostructural. The [SbS4]3~ anion acting as bichelating
ligand is bound to the [Ln(en)(teta)]3+ ion, resulting in a neutral complex [Ln(en)(teta)(SbSy)]. The
central Ln>* ion lies within an eight-coordinate environment forming a distorted bicapped trigonal
prism LnNgS,. Although a few lanthanide thioantimonates have been reported to date, they only
contain one type of ethylene polyamine. Compounds 1-3 are rare examples of lanthanide thioanti-
monates with mixed ethylene polyamine ligands. The absorption edges of 1.75 eV for 1 and 2.27 eV
for 3 have been derived from optical absorption spectra.
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Introduction

The incorporation of transition metal (TM) or lan-
thanide (Ln) ions into group 13 — 15 chalcogenidomet-
alate frameworks under solvothermal conditions has
received much attention, because it may generate var-
ious exciting structural architectures with interesting
properties [1—9]. Since Kanatzidis et al. reported the
first thioantimonate [Co(en);]CoSbsSg [10], where
parallel [SbS,]™ chains are linked by tetrahedrally
coordinated Co(II) atoms into [CoSbsSg]*~ layers,
a large number of the anionic [Sb,S,]*~ frameworks
incorporating TM ions through TM-S bonds have
been obtained by solvothermal methods, as exem-
plified by [Cr(en),SbS3] [11], [Cr(teta)(SbS3)] [12],
[Fe(tren)]FeSbS4 [13], [Fe(dien),]Fe;SbsSio [13],
[TM(tren)]SbyS7 (TM =Mn, Fe, Co, Zn) [14],
[Mn(tren)],Sb,Ss [15], [Mn(tren)]xMnaSbsS1o [15],
[Mn(tren)]4Mn28b4512 [16], (szien)0.5Cu25bS3
[17], (Hdien)Cu3SbySs [17], (Hateta)gsCuzSb,Ss
[17], [Hen][AgoSbS3] [18], and [Hen]2[Ags
Sb3Sg] [18], where segmental or whole TM ions
are encapsulated within the thioantimonate anions.
However, the thioantimonates incorporating Ln>* ions
prepared under solvothermal conditions are still a less

explored area [18-—24], because they are compara-
tively unstable with respect to heat, water, oxygen,
and light. Moreover, the soft Lewis-basic $>~ ligand
coordinates with difficulty to the hard Lewis-acidic
Ln37 ions via Ln—S bonds in solvents. More recently,
we have attempted the preparation of lanthanide
thioantimonates in chelating amine solutions by the
solvothermal method and prepared the organic hybrid
lanthanide thioantimonates [Eu(dien);SbS3] [25],
{[Eu(dien);]>(114-Sb>Ss)} Cly [25], {[Eu(tepa)la[pi2-
SbS3](U2-H>0)} [Eu(tepa)lngS¢]-0.25tepa [3],
[Smy(tepa)s (U-1,1-Sb3S7)2 (U-Sb2S4)] [26],
[Euz(tepa)s (11-SbS3) (1-OH)12(SbS4)(OH) H0 [26],
{[Ln(tepa)]o[t2-Sb™S31(112-OH)}  »{[Ln(tepa)l>(Lia-
OH)y(Sb¥S4)2} Cl (Lm=Y, Eu, Er) [27], and
[Gda(tepa), (Up-OH), (U2-SbS4)]C1-0.25H,0 [27],
where the typical soft base-donor ligands [SbS3]3~,
[SbS413~, [SbaSs]*~, [Sb3S7]°~, and [SbyS4]*>~ are
bound to the hard Lewis-acidic Ln3t ions. Notably,
the reported transition metal or lanthanide thioanti-
monates generally contain only one type of ethylene
polyamine, but mixed ethylene polyamines acting as
ligands or structure-directing agents are relatively rare,
the only example being the 1-D lanthanide thioanti-
monate La(teta)(en)(u-n',n2-SbS4) [28], which is
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constructed from [pu-n',n%-SbYS4]3~ tetrahedra and
the complex cations [La(teta)(en)]>*. In this paper,
we report the solvothermal syntheses and crystal
structures of three lanthanide thioantimonates(V) with
mixed ethylene polyamines as ligands.

Results and Discussion

The lanthanide thioantimonates(V) [Ln(en)(teta)
(SbS4)] {Ln=Sm (1), Eu (2), Gd (3); en=
ethylenediamine; teta = triethylenetetramine} are iso-
structural and crystallize in the monoclinic space
group P2/c with four formula units in the unit cell.
Therefore, only 1 is discussed here in detail. The
molecular structure of 1 is depicted in Fig. la. The
[SbS4]°~ anion acts as bichelating ligand bound to
the [Sm(en)(teta)]*t ion leading to a neutral complex
[Sm(en)(teta)(SbS4)]. The Sm>* ion is in an eight-
coordinate environment with four N atoms of one teta
ligand, two N atoms of one en ligand and two S
atoms of one [SbS4]°~ ion to give a distorted bicapped
trigonal prism (Fig. 1b). The Sm—N bond lengths are
2.536(12)—2.590(2) A, and the Sm—S bond lengths are
2.866(4)—2.9016(8) A, comparable to those in other
reported lanthanum thioantimonates with amino lig-
ands [26, 27]. Each Sb(V) ion is surrounded by four
S2- jons to form a distorted [SbS4] tetrahedron, which
is manifested by the S—Sb-S angles deviating from the
ideal value of 109.5°. The coordination of the [SbS4]>~
anion to the Sm** ion is much influenced by the mixed
ethylene polyamines used in the syntheses. The reac-
tion of Sb and S with Ln,Cl3 in teta yielded ionic com-
plexes [Ln(teta);]SbS4 [Ln =Eu, Gd, Er] [27], where
[SbS4]?~ exists as a discrete ion not coordinated to the
metals. The Ln3* ions are coordinated by two teta lig-
ands to form coordinatively saturated eight-coordinate
complexes [Ln(teta),]*t, which have no opportunity
to be further connected to the [SbS4]>~ ions, while in
1, 2 and 3 the coordinatively unsaturated complexes
[Ln(en)(teta)]’* (Ln = Sm, Eu, Gd) containing two ad-
ditional coordination sites at the Ln>" ions are able to
form two bonds to the S atoms of an [SbS4]°~ ion.
Notably, the La** ionic radius is larger than that of
the Ln3Tions (Ln=Sm, Eu, Gd), leading to an even
larger coordination sphere of the central metal. For in-
stance, the La>" cation in [La(en)(teta)(SbS4)] [28] is
nine-coordinated forming bonds to three S atoms of
[SbS4]?~ anions in addition to the amine N atoms. As
a consequence, this complex is not isostructural with

the complexes 1, 2 and 3 despite an analogous compo-
sition.

Even more interestingly, the ionic radius of trivalent
Gd3* (0.938 A) is slightly smaller than that of the Eu’+
ion (0.950 A) [29], which might result in a more com-
pact [Gd(en)(teta)]3* cation leaving less space for the
coordination of the [SbS4]°~ anions. This difference
might account for the observation that the Gd- - -Sb dis-
tance [3.753(1) A] is slightly longer than the Eu---Sb
distance [3.746(1) A], which also leads to a slightly
larger cell volume of 3 of 1910.5(7) A3 as compared to
1901.9(7) A3 of 2. In any case these differences are at
the margin of significance and probably not too much
importance should be given to them.

In 1, the uncoordinated S atoms of [Sm(en)
(teta)(SbS4)] are involved in intermolecular N-H- - -S
hydrogen bonds with adjacent molecules, leading
to a chain-like arrangement of [Sm(en)(teta)(SbS4)]
molecules parallel to the @ axis. These chains are
aligned in an antiparallel fashion and connected via

(a) (b)

Fig. 1 (color online). a) Molecular structure of 1 in the crys-
tal with the labelling scheme adopted (H atoms are omitted
for clarity); b) the coordination environment of the Sm3*
ion in 1; c) the layer built up from the [Sm(en)(teta)(SbS4)]
units via N-H- - -S hydrogen bonding interactions (shown by
dashed lines, H atoms bonded to C atoms are omitted for
clarity).
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Fig.2 (color online). 3-D hydrogen-bonded network struc-
ture of 1 (H atoms bonded to C atoms are omitted for clarity).

N-H- - -S hydrogen bonds forming a layer parallel to
the (001) plane (Fig. Ic). The layers interact also via
N-H- - -S hydrogen bonds resulting in a 3-D hydrogen-
bonded network (Fig. 2). The N---S distances are in
the range of 3.371(2) to 3.622(3) A and the N-H---S
angles vary from 140 to 167°, which are consistent
with the values reported in the literature [18 —26]. Sim-
ilar intermolecular hydrogen bonds are found in both 2
and 3.

The solid-state UV/Vis absorption spectra of com-
pounds 1 and 3 were measured at room temperature

Intensity (a.u.)

15 20 25 30 35 40 45 50 55 60
Energy (eV)

Fig.3 (color online). Optical absorption spectra of com-
pounds 1 and 3.

(Fig. 3). The absorption edges are 1.75¢eV for 1 and
2.27 eV for 3, which lie in the energy range suitable
for visible-light photocatalytic applications [30].
These absorption edges are comparable with values of
the lanthanide thioantimonates [Eu(dien);SbS3]
(1.77eV)  [25], {[Eu(dien);]»(ta-Sb,Ss)} Clp
(1.71eV) [25], [Pr(en)s(H,0)(u2-SbS4)] (2.35¢€V)
[23], and {[Bu(tepa)la[p2-Sb™S3](12-OH)}>{[Ln
(tepa)]2(U2-OH)2(SbYS4)2} Cl, (2.00 eV) [27], which
exhibit the properties of a semiconductor.

Experimental Section

General: All analytically pure starting materials were pur-
chased and used without additional purification. FT-IR spec-
tra were recorded with a Nicolet Magna-IR 550 spectrometer
in dry KBr pellets. Elemental analysis was carried out on an
EA-1110 elemental analyzer. The UV spectra were recorded
at room temperature using a computer-controlled PE Lambda
900 UV spectrometer equipped with an integrating sphere in
the wavelength range of 200 - 800 nm.

Synthesis of [Sm(en)(teta)(SbS4)] (1)

A mixture of Sb (0.05 mmol, 0.0057 g), S (0.70 mmol,
0.0220 g), SmCl3 (0.10 mmol, 0.0257 g), en (0.5 mL), and
teta (0.5 mL) was placed in a thick Pyrex tube. The sealed
tube was heated at 160 °C for 6d to yield yellow block-
shaped crystals. The crystals were washed with ethanol, dried
and stored under vacuum (67 % yield based on Sb). — Anal.
for CgHpgNgS4SbSm: caled. C 15.84, H 4.32, N 13.85;
found C 15.77, H 4.42, N 13.78. — IR (cm~'): v =3411(s),
3232(s), 2952(m), 1560(s), 1512(s), 1380(m), 1338(m),
1111(vs), 984(s), 810(vw), 758(vw), 668(s), 515(m).

Synthesis of [Eu(en)(teta)(SbSy4)] (2)

A mixture of Sb (0.05 mmol, 0.0057 g), S (0.60 mmol,
0.0188 g), Euy 03 (0.05 mmol, 0.0176 g), en (0.5 mL), and
teta (0.5 mL) was placed in a thick Pyrex tube. The sealed
tube was heated at 160 °C for 7d to yield yellow block-
shaped crystals. The crystals were washed with ethanol, dried
and stored under vacuum (57 % yield based on Sb). — Anal.
for CgHrgEuNgS4Sb: caled. C 15.80, H4.31, N 13.82; found
C15.77,H4.39,N 13.76. IR (cm™!): v = 3433(s), 3353(s),
2979(m), 2873(m), 1634(m), 1559(w), 1406(s), 1348(m),
1042(s), 953(m), 800(m), 695(m), 584(w), 477(m).

Synthesis of [Gd(en)(teta)(SbS4)] (3)

A mixture of Sb (0.05 mmol, 0.0057 g), S (0.70 mmol,
0.0220 g), GdCl3 (0.10 mmol, 0.0264 g), en (0.5 mL), and
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1 2 3 Table 1. Crystal structure

Formula CyHygNgS4SbSm  CyHygEuNgS4Sb CyH,GdNgS4Sb data for 1-3.
M, 606.75 608.36 613.64
Crystal system monoclinic monoclinic monoclinic
Space group P2y/c P2y/c P2;/c
a, A 9.898(2) 9.871(2) 9.880(2)
b, A 13.329(3) 13.2773) 13.333(3)
e A 14.655(3) 14.651(3) 14.646(3)
B. deg 98.02(3) 97.90(3) 98.00(3)
v, A3 1914.5(7) 1901.9(7) 1910.5(7)
z 4 4 4
Dealed, g cm ™3 2.11 2.13 2.13
U(MoKy,), cm™! 4.9 5.1 5.3
F(000), e 1172 1176 1180
Refl. measured 10683 9622 10591
Refl. unique / Rin 3400 / 0.0165 3344 / 0.0753 3400 / 0.0164
Param. refined 181 181 182
R(F) / wR(F?) (allrefl.)  0.0154 /0.0348 0.0837 / 0.2177 0.0145 / 0.0329
GoF (F?) 1.099 1.027 1.109
Apgn (max / min), e A3 0.28 / —0.43 2.08 / —4.39 0.48 / —0.44

1 (Ln=Sm) 2 (Ln = Eu) 3 (Ln=Gd) Table2. Selected bond
LnN 2.562(2)-2.590(2) 2.536(12)-2.581(11) 2.538(2)-2.564(2) lengths (A), and angles
Ln-S 2.8777(9)-2.9016(8) 2.866(4)—2.892(4) 2.8628(9)— 2.8972(8) (deg) for 1,2 and 3.
Sb-S 2.2926(10)—2.3487(8) 2.294(4)—2.346(4) 2.2907(10)—2.3520(8)
N-Ln-N/S  65.59(7)—160.37(8) 64.7(4)— 159.8(4) 65.82(7)— 158.95(7)
S-Ln-S 76.66(2) 76.72(10) 76.78(2)
S-Sb-S 99.60(3)— 113.65(3) 99.36(13)— 113.81(15) 99.12(3)— 113.84(3)

teta (0.5 mL) was placed in a thick Pyrex tube. The sealed
tube was heated at 160 °C for 7d to yield orange sheet-
shaped crystals. The crystals were washed with ethanol, dried
and stored under vacuum (71 % yield based on Sb). — Anal.
for CgH»rcGdNgS4Sb: caled. C 15.66, H4.27, N 13.70; found
C15.67,H4.25,N 13.63. - IR (cm™!): v =3380(s), 3222(s),
2937(m), 2865(m), 1572(vs), 1507(s), 1375(m), 1098(s),
1058(m), 986(s), 808(w), 669(m), 590(m), 478(m).

Crystal structure determination

Data collections were performed on a Rigaku Mercury
CCD diftractometer with graphite-monochromatized MoK,
radiation (A =0.71073 A) at 296(2) K with a maximum 26
value of 50.20°. The intensities were corrected for Lorentz
and polarization effects. The structures were solved with Di-
rect Methods using the program SHELXS-97 [31, 32], and
the refinement was performed against F2 using SHELXL-
97 [33, 34]. All non-hydrogen atoms were refined anisotropi-
cally. The H atoms of the en and teta ligands were positioned

with idealized geometry and refined with fixed isotropic dis-
placement parameters. Relevant crystal data and refinement
results can be found in Table 1. Selected bond lengths and
angles for 1 are listed in Table 2.

CCDC 898419 (1), 898420 (2) and 898421 (3) con-
tain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.

Acknowledgement

This work was supported by the NNSF of China (no.
20961011 and 21163022), the NSF of Guangxi Province
(no. 2010GXNSFB013017), the NSF of the Education Com-
mittee of Guangxi Province (no. 201012MS182), the Key
Project of Chinese Ministry of Education (no. 212132), and
the Program for Excellent Talents in Guangxi Higher Educa-
tion Institutions. The authors are also grateful to Chongqing
Normal University for financial support (no. 12XL.B022).

[1] P. Vaqueiro, Inorg. Chem. 2006, 45, 4150 —4156.
[2] J.Zhou, G. Bian, Y. Zhang, Q. Zhu, C. Li, J. Dai, Inorg.
Chem. 2007, 46, 6347 —6352.

[3] J. Zhou, L. An, X. Liu, H. Zou, F. Hu, C. Liu, Chem.
Commun. 2012, 48, 2537 -2539.

[4] J. Zhou, G. Bian, J. Dai, Y. Zhang, A. Tang, Q. Zhu, In-
org. Chem. 2007, 46, 1541 — 1543.


www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
http://dx.doi.org/10.1021/ic052043s
http://dx.doi.org/10.1021/ic070334q
http://dx.doi.org/10.1021/ic070334q
http://dx.doi.org/10.1021/ic070334q
http://dx.doi.org/10.1039/c2cc17899k
http://dx.doi.org/10.1039/c2cc17899k
http://dx.doi.org/10.1021/ic062403r
http://dx.doi.org/10.1021/ic062403r

J. Zhou et al. - Lanthanide Thioantimonates(V) with Mixed Ethylene Polyamines

137

(5]
(6]
(7]
(8]
(9]
[10]
[11]
[12]
[13]

[14]

[15]
[16]
[17]
(18]

[19]

N. Zheng, X.Bu, P.Feng, Chem. Commun. 2005,
2805-2807.

M. Fu, G. Guo, L.Cai, Z.Zhang, J. Huang, Inorg.
Chem. 2005, 44, 184 —186.

J. Zhou, J. Dai, G. Bian, C. Li, Coord. Chem. Rev. 2009,
253, 1221-1247.

B. Seidlhofer, N. Pienack, W. Bensch, Z. Naturforsch.
2010, 65b, 937-975.

A. Kromm, T. Almsick, W.S. Sheldrick, Z. Natur-
forsch. 2010, 65b, 918 —936.

H. O. Stephan, M. G. Kanatzidis, J. Am. Chem. Soc.
1996, 118, 12226—-12227.

M. Schur, H. Rijnberk, C. Nither, W. Bensch, Polyhe-
dron 1998, 18, 101 -107.

P. Vaqueiro, A. M. Chippindale, A. V. Powell, Polyhe-
dron 2003, 22, 2839 -2845.

R. Kiebach, W. Bensch, R. D. Hoffmann, R. Pottgen, Z.
Anorg. Allg. Chem. 2003, 629, 532 —-538.

M. Schaefer, R. Stdhler, W. Kiebach, C. Nither, W.
Bensch, Z. Anorg. Allg. Chem. 2004, 630, 1816—
1822.

M. Schaefer, C. Nither, N. Lehnert, W. Bensch, Inorg.
Chem. 2004, 43,2914 -2921.

M. Schaefer, C. Nither, W. Bensch, Solid State Sci.
2003, 5, 1135-1139.

V. Spetzler, C. Nither, W. Bensch, Inorg. Chem. 2005,
44, 5805-5812.

P. Vaqueiro, A. M. Chippindale, A.R. Cowley, A. V.
Powell, Inorg. Chem. 2003, 42, 7846 —7851.

D.Jia, Q. Zhu, J. Dai, W. Lu, W. Guo, Inorg. Chem.
2005, 44, 819 -821.

[20]
(21]
[22]
[23]
[24]
[25]
[26]
[27]
(28]
[29]
(30]

[31]

(32]

(33]

[34]

D. Jia, Q. Zhao, Y. Zhang, J. Dai, J. Zuo, Inorg. Chem.
2005, 44, 8861 —8867.

Y. Pan, J. Chen, J. Wang, Y. Zhang, D. Jia, Inorg. Chem.
Commun. 2010, 13, 1569 —-1571.

J. Lichte, C. Nither, W. Bensch, Z. Anorg. Allg. Chem.
2010, 636, 108 —113.

D.Jia, J. Deng, Q. Zhao, Y. Zhang, J. Mol. Struct. 2007,
833, 114-120.

W. Tang, R. Chen, J. Zhao, W. Jiang, Y. Zhang, D. Jia,
CrystEngComm 2012, 14, 5021 —5026.

J. Zhou, X.Yin, F. Zhang, CrystEngComm 2011, 13,
4806-4809.

J. Zhou, F. Hu, L. An, X. Liu, C. Meng, Dalton Trans.
2012, 41, 11760—-11764.

J. Zhou, L. An, F. Hu, X. Liu, R. Zhao, J. Lin, Cryst-
EngComm 2012, 14, 5544 —5551.

D. Ye, M.-L. Feng, K.-Z. Du, X.-Y. Huang, Chinese J.
Struct. Chem. 2012, 31, 783 -790.

D. Jia, Q. Zhao, Y. Zhang, J. Dai, J. Zuo, Inorg. Chem.
2005, 44, 8861 —8867.

N. Zheng, X. Bu, H. Vu, P. Feng, Angew. Chem. Int. Ed.
2005, 44, 5299 —5303.

G. M. Sheldrick, SHELXS-97, Program for the Solution
of Crystal Structures, University of Gottingen, Gottin-
gen (Germany) 1997.
G. M. Sheldrick, Acta
467-473.

G. M. Sheldrick, SHELXL-97, Program for the Refine-
ment of Crystal Structures, University of Gottingen,
Gottingen (Germany) 1997.

G. M. Sheldrick, Acta Crystallogr. 2008, A64, 112—
122.

Crystallogr. 1990, A46,


http://dx.doi.org/10.1021/ic048579f
http://dx.doi.org/10.1021/ic048579f
http://dx.doi.org/10.1016/j.ccr.2008.08.015
http://dx.doi.org/10.1016/j.ccr.2008.08.015
http://dx.doi.org/10.1021/ja9628664
http://dx.doi.org/10.1021/ja9628664
http://dx.doi.org/10.1016/S0277-5387(98)00272-1
http://dx.doi.org/10.1016/S0277-5387(98)00272-1
http://dx.doi.org/10.1016/S0277-5387(03)00403-0
http://dx.doi.org/10.1016/S0277-5387(03)00403-0
http://dx.doi.org/10.1002/zaac.200390086
http://dx.doi.org/10.1002/zaac.200390086
http://dx.doi.org/10.1002/zaac.200400124
http://dx.doi.org/10.1002/zaac.200400124
http://dx.doi.org/10.1002/zaac.200400124
http://dx.doi.org/10.1021/ic034970+
http://dx.doi.org/10.1021/ic034970+
http://dx.doi.org/10.1016/S1293-2558(03)00125-0
http://dx.doi.org/10.1016/S1293-2558(03)00125-0
http://dx.doi.org/10.1021/ic050196+
http://dx.doi.org/10.1021/ic050196+
http://dx.doi.org/10.1021/ic034926u
http://dx.doi.org/10.1021/ic034926u
http://dx.doi.org/10.1021/ic0484957
http://dx.doi.org/10.1021/ic0484957
http://dx.doi.org/10.1021/ic051402g
http://dx.doi.org/10.1021/ic051402g
http://dx.doi.org/10.1016/j.inoche.2010.09.014
http://dx.doi.org/10.1016/j.inoche.2010.09.014
http://dx.doi.org/10.1002/zaac.200900461
http://dx.doi.org/10.1002/zaac.200900461
http://dx.doi.org/10.1016/j.molstruc.2006.09.015
http://dx.doi.org/10.1016/j.molstruc.2006.09.015
http://dx.doi.org/10.1039/c2ce25135c
http://dx.doi.org/10.1039/c2ce25135c
http://dx.doi.org/10.1039/c1ce05314k
http://dx.doi.org/10.1039/c1ce05314k
http://dx.doi.org/10.1039/c2dt31005h
http://dx.doi.org/10.1039/c2dt31005h
http://dx.doi.org/10.1039/c2ce25680k
http://dx.doi.org/10.1039/c2ce25680k
http://dx.doi.org/10.1021/ic051402g
http://dx.doi.org/10.1021/ic051402g
http://dx.doi.org/10.1002/anie.200500346
http://dx.doi.org/10.1002/anie.200500346
http://dx.doi.org/10.1107/S0108767390000277
http://dx.doi.org/10.1107/S0108767390000277
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930

