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Abstract

The structures of two ferroic chloroantimonates(I11): [(CH3),NH,];5[Sb,Clg] (DMACA) and [(CH3);NH]5[Sb,Clg] (TMACA) were
determined in their low-temperature phases. The structure of DMACA was investigated at 100 and 15K, and TMACA at 15K. The
structures consist of two-dimensional inorganic layers and organic cations bound together by the N(C)-H:--Cl hydrogen bonds. All
of the organic cations in both compounds at all studied temperatures are ordered. There is no indication of the structural phase
transition in the structure of DMACA below 242 K. The geometry and distortions of the [SbClg]* octahedra in both compounds is
discussed. The monoclinic Pc space group was found for both compounds: DMACA a = 9.3590(5), b = 9.0097(4), ¢ = 14.1308(7) A,
B =95229(4)°, Ry =0.0240, wR; = 0.0491 and a = 9.3132(4), b = 9.0008(3), ¢ = 14.1088(5) A, f = 95.010(3)°, R; = 0.0230, wR> =
0.0482 at 100 and 15K, respectively; TMACA a = 9.8652(5), b = 9.1129(4), ¢ = 15.0964(7) A, p = 89.988(4)°, R; = 0.0239, wR, =

0.0611 at 15K.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The structures of halogenoantimonates(III) and
halogenobismuthates(IIT) with organic cations, a new
group of ferroic crystals, are best described as mole-
cular-ionic, organic-inorganic hybrid materials. They
consist of organic cations within anionic inorganic
frameworks. Differences in the size, symmetry and
ability to form hydrogen bonds of the various possible
organic cations, together with the many different
possible metal-halogen atom configurations provide a
rich family of compounds. The anionic structures which
have been reported so far range from simple isolated
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[MX¢]> octahedra and [MXs]> square pyramids (M—
s Bi': x—(l, Br, I) through isolated units contain-
ing octahedra/square pyramids, connected by corners,
edges or faces, to infinite one- or two-dimensional
polyanionic structures [1-5].

The phase transition behavior and resulting physical
properties of halogenoantimonates(III) and halogen-
obismuthates(III) with organic cations can be adjusted
by the choice of organic cation and by the form of
anionic structure. There appear to be two primary
structural mechanisms involved in the phase transitions
in these materials. At higher temperatures the molecular
cations typically exhibit large reorientation motions in
the solid state, which become frozen on decreasing
temperature. This freezing is usually associated with
changes in the hydrogen bonding scheme between the
organic cation and the anionic groups which results in
significant distortions of the latter [6—8]. This feedback
between the two structural elements is responsible for
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Fig. 1. A diagrammatic representation of the phase transition
sequence and structural changes of DMACA and TMACA crystals
as a function of temperature based upon published data and the
current work. See text for details.

the complex transition situation in this family of com-
pounds, and provides the opportunity to tailor the
transition behavior and physical properties through
synthesis: in different compounds transitions to ferro-
electric, ferroelastic or pyroelectric phases have already
been demonstrated [3,7,8 and references therein].

The most interesting from the view of technical
applications are compounds with relatively small
alkylammonium cations. Among them is a group contai-
ning the two-dimensional [{M>Xo},]”" layered poly-
anions. To this group of crystals belongs, among others,
(CH3NH3)3[Sb2BI‘9] (MABA) and (CH3NH3)3[Bi2BI'9]
(MABB) [9,10] which transform at low temperatures to
ferroelastic and then to ferroelectric phases [11-13]. The
dimethylammonium crystal structures [(CH3),NH>];
[Sb,Clg] (DMACA) and [(CHj3),NH,];3[Sb,Brg] (DMA-
BA) [14,15] undergo transitions at low temperatures to
ferroelectric phases [16,17]. The ferroelectric trimethy-
lammonium analogue [(CH3);NH];5[Sb,Cly] (TMACA)
[18] shows a similar sequence of phase transitions [19,20]
(Fig. 1). At higher temperatures the cations undergo
rapid re-orientational motions which become ordered
upon cooling, although in both DMACA and TMACA
structures this is a two-step process with two cations
becoming ordered at the para-ferroelectric phase transi-
tion and the third becoming ordered at lower tempera-
ture without any further change in symmetry. In
addition, there is also spectroscopic evidence [20-23]
that at higher temperatures the methyl groups also
undergo 120° flipping motions that swap the positions of
the hydrogen atoms. This reorientation process only
becomes frozen at temperatures below that at which all
of the reorientation motions of the cations are frozen

(Fig. 1) [20,22,23]. There have also been claims on the
basis of infra-red and Raman spectroscopic measure-
ments that further reductions in symmetry of both
DMACA and TMACA also occur at temperatures
below 150K [24].

In order to obtain further and detailed information
about structures and mechanisms of the phase transi-
tions in these classes of compounds, and in order to
determine whether further symmetry changes occur
below 150K, as suggested by Varma et al. [24], we have
determined single crystal structures of DMACA and
TMACA down to 15K.

2. Experimental
2.1. Preparation of single crystals

Antimony(IIT) oxide (99.9%, Sigma-Aldrich), di-
methylamine (40wt% solution in water), trimethyla-
mine (50 wt% solution in water, both Acros Organics)
and concentrated hydrochloric acid (36.5-38%, EM
Science) were the starting materials used for the
synthesis of both compounds in similar synthetic
procedures. 2.915g (10 mmol) Sb,O5 dissolved in ca.
I5SmL of hot concentrated HCl were treated with
3.80mL (30mmol) of dimethylamine and 4.10mL
(30 mmol) of trimethylamine dissolved in 2.0 mL of ca.
6 M HCI in the case of synthesis of DMACA and
TMACA crystals, respectively. The solutions were
heated and stirred and ca. 6 M HCI was added (synthesis
of the TMACA crystals) until the precipitated products
of the reactions were completely dissolved. The acid
solutions were allowed to slowly evaporate at room
temperature until the transparent, colorless crystals were
grown.

2.2. X-ray measurements and structure determinations

Intensity data were collected on an Oxford Diffrac-
tion Xcalibur 2 diffractometer equipped with an
Enhance X-ray source and a Sapphire 3 CCD detector.
The Oxford Diffraction Cryojet XL and Helijet coolers
were used for the measurements at 100 and 15K,
respectively. All accessible reflections were measured
using the ¢- and w-scan techniques with Aw = 1.0° and
At = 5 and 15s. The unit cell parameters were obtained
from a least squares refinement of 12114, 15690 and
20389 reflections at 100, 15K for DMACA and at 15K
for TMACA, respectively. The data were subjected to
Lorentz, polarization and numerical absorption correc-
tions [25]. The Oxford Diffraction software CrysAlis
CCD and CrysAlis RED programs were used during the
data collection, cell refinement and data reduction
processes [25]. SHELXTL NT was used for the structure
solution and refinement. All structures were solved by
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Table 1
The crystal data, X-ray measurements and structure determination summary for DMACA at 100 and 15K, and for TMACA at 15K
DMACA TMACA
100K 15K 15K
Empirical formula C(,H24C19N3Sb2 C9H30C19N3Sb2
Formula weight 700.83 74291
Crystal color; habit Colorless; hexagonal-shaped plates
Crystal size (mm?®) 0.14 x 0.12 x 0.08 0.22x0.22 x0.12 0.24 x 0.22 x 0.20
Crystal system Monoclinic
Space group Pc
Unit cell dimensions (A, deg) a = 9.3590(5) a=9.3132(4) a = 9.8652(5)
b =9.0097(4) b =9.0008(3) b =9.1129(4)
¢ = 14.1308(7) c = 14.1088(5) c = 15.0964(7)
p =95.229(4) f =95.010(3) p =89.988(4)
Volume (A?) 1186.58(10) 1178.17(8) 1357.18(11)
VA 2
Density (calculated) (gem ™) 1.962 1.976 1.818
Wavelength (A) MoK, / = 0.71073
Absorption coefficient (mm~')  3.284 3.308 2.877
F(000) 672 720
0 Range (deg) 4.14-24.99 4.15-25.00 4.07-25.00

Index ranges

Reflections collected/unique
Observed reflections [I>2a(1)]
Data/parameters

Goodness of fit on F>

Final R indices [ >2a(D)]*

R indices (all data)®

Absolute structure parameter
Largest diff. peak/hole (e A’3)

CH<h<11; —10<k<10;—16<I<16

16084/4122 (Rip, = 0.0275)
3972

4122/253

1.120

Ry = 0.0230, wR, = 0.0487
Ry = 0.0240, wR, = 0.0491
0.00

0.977/-0.668

15849/4085 (Rin = 0.0240)
4008

4085/253

1.169

Ry = 0.0226, wR, = 0.0480
Ry = 0.0230, wR, = 0.0482
0.00

1.283/-0.755

—11<h<1]; -10<k<10; —-17<I<17

18064/4690 (Rin, = 0.0268)
4630

4690/300

1.285

Ry = 0.0232, wR, = 0.0599
Ry = 0.0239, wR, = 0.0611
—0.047(18)

0.903/-0.778

ARy = Z|IFol — |F|I/Z|Fol; wRy = {Z[W(F3 — F2)!)/Z[w(F3)* ]}/

the Patterson method. All hydrogen atoms were located
in subsequent maps, refined and constrained to the
same distance (SADI command of SHELXTL NC) for
CH;, NH; and NH™ groups. Their displacement
parameters were taken with coefficients 1.5 and 1.2
times larger than the respective parameters of the methyl
carbon and nitrogen atoms. The structure drawings
were prepared using the XP program within SHELXTL
NT [26].

The crystal data and the structure determination
details for DMACA at 100 and 15K, and for TMACA
at 15K are listed in Table 1. The final atomic
coordinates and equivalent isotropic displacement
parameters for non-hydrogen atoms are shown in
Table 2. The bond lengths, angles and the hydrogen
bond geometries are presented in Tables 3 and 4.
Crystallographic data (excluding structure factors) for
tris(dimethylammonium) nonachlorodiantimonate(III),
DMACA, at 100 and 15K and for tris(trimethylammo-
nium) nonachlorodiantimonate(IIl), TMACA, at 15K
have been deposited at the Cambridge Crystallographic
Data Centre as supplementary publication nos. CCDC
265842, 265843 and 265844. Copies of the data can
be obtained, free of charge, on application to the
Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,

UK (Fax: 44 1223 336-033; e-mail: deposit@ccdc.cam.
ac.uk).

3. Results and discussion

3.1. Low-temperature structures of DMACA and
TMACA

Both of the compounds, DMACA and TMACA,
contain two-dimensional [{Sb,Clo},]*"" polyanionic
layers between and within which are located several
symmetrically distinct di- and trimethylammonium
cations (Fig. 2). At higher temperatures these cations
are dynamically disordered. Upon cooling the cations
become ordered, giving rise to a sequence of structural
changes as well as a para-ferroelectric phase transition
from the centrosymmetric P2;/c space group to the
polar Pc space group. Further phase transitions that do
not give rise to symmetry changes have also been
reported on the basis of physical property measurements
and a further reduction in symmetry of the structure was
suggested by Varma et al. [24]. The results of this work
now show that both compounds show analogous
behavior down to 15K, with the temperatures of the
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Table 2

Atomic coordinates ( x 10%) and equivalent isotropic displacement
parameters (A2 x 10%) for non-hydrogen atoms of DMACA at 100 and
15K, and of TMACA at 15K

Atom X y z U
DMACA, 100K

Sbl 3(1) 2072(1) 10(1) 15(1)
Sb2 3243(1) 7033(1) 1661(1) 15(1)
i —1500(1) 152(2) —742(1) 25(1)
cnR —1275(2) 1639(2) 1542(1) 24(1)
cB —1866(2) 3902(2) —505(1) 2(1)
Cl4 1566(2) 4820(2) 1073(1) 25(1)
CIS 1097(1) 2313(2) —1670(1) 28(1)
Cl6 1985(2) ~337(2) 454(1) 25(1)
il 5239(2) 8974(2) 2166(1) 21(1)
Cl12 4590(2) 6534(2) 322(1) 23(1)
Cl13 4548(2) 5329(2) 2732(1) 24(1)
NIA —1893(5) 3059(5) ~2933(3) 24(1)
ClA —2005(6) 4698(6) —3010(4) 24(1)
C2A —1521(7) 2345(7) —3826(5) 352)
N2A 5372(5) 1246(5) 471(3) 25(1)
C3A 4984(7) 1250(9) —553(4) 38(2)
C4A 4952(7) 2591(8) 963(6) 40(2)
N3B 1187(5) 1793(5) 3400(3) 25(1)
CsB 2525(8) 1648(9) 2942(5) 28(2)
C6B 867(10) 3329(10) 3675(6) 4002)
DMACA, I5K

Sbl 3(1) 2053(1) 13(1) 8(1)
Sb2 3242(1) 7012(1) 1658(1) 8(1)
cll —1503(1) 112(1) —728(1) 13(1)
cn —1285(2) 1620(2) 1549(1) 13(1)
C13 —1872(2) 3884(2) —508(1) 10(1)
Cl4 1558(1) 4787(2) 1066(1) 12(1)
Cls 1099(1) 2290(1) —1675(1) 14(1)
Clé 2018(1) —349(1) 452(1) 13(1)
Clll 5245(2) 8948(2) 2163(1) 11(1)
cl12 4600(2) 6506(2) 316(1) 121)
Cl3 4546(1) 5303(1) 2732(1) 13(1)
NIA —1883(5) 3098(5) —2925(3) 14(1)
CIA —2000(5) 4733(6) ~3000(4) 14(1)
C2A —1512(6) 2381(6) —3828(4) 18(1)
N2A 5366(4) 1206(5) 460(3) 13(1)
C3A 4983(6) 1265(7) —578(4) 17(1)
C4A 4953(6) 2574(7) 962(4) 18(1)
N3B 1203(4) 1794(5) 3398(3) 15(1)
C5B 2553(7) 1652(8) 2932(4) 15(1)
C6B 890(7) 3332(8) 3676(5) 20(1)
TMACA, 15K

Sbl 8(1) 2031(1) 21) 701)
Sb2 3023(1) 7086(1) 1715(1) 7(1)
cll —1140(1) 115(1) ~795(1) 10(1)
cnR —1226(1) 1430(1) 1335(1) 11(1)
Cl3 —1831(1) 3785(1) —388(1) 11(1)
Cl4 1489(1) 4392(1) 1216(1) 12(1)
Cl5 1109(1) 2821(1) —1877(1) 11(1)
Cl6 1853(1) —194(1) 534(1) 12(1)
Clil 4249(1) 9123(1) 2391(1) 12(1)
Cl12 4818(1) 6718(1) 592(1) 12(1)
Cli3 4221(1) 5401(1) 2662(1) 11(1)
NIA —1478(4) 3191(4) —3124(3) 11(1)
CIA —2152(5) 4669(5) _3111(3) 11(1)
C2A —2363(6) 2058(5) —2681(3) 15(1)
C3A —1124(5) 2739(5) —4042(3) 13(1)
N2A 4510(4) 1702(5) 367(3) 11(1)

Table 2 (continued)

Atom X y z U
C4A 5471(6) 574(5) 16(4) 16(1)
C5A 5087(5) 2493(6) 1144(3) 13(1)
Co6A 4113(5) 2751(6) —342(3) 13(1)
N3B 1481(4) 3240(5) 3271(3) 11(1)
C7B =21(5) 3322(6) 3340(3) 15(1)
C8B 1956(5) 1780(6) 2947(4) 15(1)
C9B 2117(6) 3629(5) 4132(3) 16(1)

#Ueq is defined as one-third of the trace of the orthogonalized Uy
tensor.

corresponding phase transitions and cation ordering
being higher in TMACA than in DMACA (Fig. 1). The
structures at 15K have space group Pc with completely
ordered cations and appear to be the ground-state of
these compounds.

3.2. Organic cations

In the high-temperature P2,/c phases of both
compounds there are two symmetrically distinct cation
sites and in both compounds both of these cations are
orientationally disordered. In addition, each methyl
group also undergoes dynamic flipping around the
three-fold axis [20-23]. The flipping of the hydrogen
atoms cannot be detected by X-ray diffraction measure-
ments, but the orientational disorder of the cation as a
whole can be represented in refined X-ray structures as
sets of two or three (as appropriate) partially occupied
sites for C and N atoms. Upon cooling through the
para-ferroelectric phase transition the symmetry is
reduced from P2;/c to Pc and there are three symme-
trically distinct cation sites in the unit-cell of each
compound denoted NI1A, N2A and N3B (Table 2,
Fig. 2). The notation “A” indicates cations located
between the inorganic layers, and “B”’ those within the
corrugations of the layers. Within the ferroelectric phase
of DMACA at 200K (42 K below the para-ferroelectric
phase transition) the cation located within the inorganic
layer and one of two symmetrically independent cations
located between the layers can be described as single
molecules in structure refinements [27] and are therefore
considered to be orientationally ordered. A similar
situation was found for TMACA at room temperature,
68 K below its para-ferroelectric phase transition [28]. In
this structure the N3B trimethylammonium cations
located within the anionic layers possesses relatively
large displacement parameters and have to be modeled
as a pair of split molecules, indicating that they remain
orientationally disordered while the NIA and N2A
cations are ordered.

A previous structure determination [5] has shown that
at 165K the N3B cation in TMACA is ordered and it
remains so at 95 K. Our data at 15 K further confirm this
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Table 3
Selected bond lengths (A) and angles (°) for DMACA at 100 and 15K,
and for TMACA at 15K

Table 4
The hydrogen bond geometries (A, deg) for DMACA at 100 and 15K,
and for TMACA at 15K

Atoms DMACA TMACA
100K 15K 15K
Sb1-Cl1 2.4149(13) 2.4200(12) 2.4036(11)
Sb1-CI2 2.5961(14) 2.5961(13) 2.4139(11)
Sb1-CI3 2.4650(15) 2.4665(14) 2.4888(11)
Sb1-Cl4 3.1813(15) 3.1595(13) 3.1826(11)
Sb1-CI5 2.6778(12) 2.6802(11) 3.1210(11)
Sb1-Cl6 2.8870(15) 2.8934(13) 2.8416(12)
Sb2-Cl11 2.6096(15) 2.6057(14) 2.4388(11)
Sb2-Cl12 2.4097(14) 2.4105(13) 2.4751(11)
Sb2-Cl13 2.4083(14) 2.4118(13) 2.4082(11)
Sb2-Cl4 2.6259(14) 2.6344(13) 2.9810(11)
Sb2-Cl15" 3.2878(12) 3.2765(11) 2.8438(11)
Sb2-Cle" 3.0896(15) 3.0820(13) 3.2640(12)
Cl1-Sb1-CI2 87.98(5) 87.71(4) 90.87(4)
Cl1-Sb1-CI3 88.84(5) 89.14(4) 90.27(4)
Cl1-Sb1-Cl4 171.76(5) 171.87(4) 174.76(3)
Cl1-Sb1-CI5 85.55(4) 85.68(4) 82.92(3)
Cl1-Sb1-Cl6 83.90(4) 83.90(4) 85.71(4)
CI2-Sb1-CI3 88.75(5) 88.99(4) 88.59(4)
CI2-Sb1-Cl4 87.16(4) 87.20(4) 84.52(3)
CI2-Sb1-CI5 173.46(5) 173.29(4) 170.08(4)
CI2-Sb1-Cl6 92.38(5) 92.74(4) 85.72(4)
CI3-Sb1-Cl4 84.40(4) 84.43(4) 92.11(3)
CI3-Sb1-Cl5 90.14(4) 89.80(4) 83.72(3)
CI13-Sb1-Cl6 172.61(5) 172.76(4) 172.98(4)
Cl4-Sb1-CI5 99.15(4) 99.25(3) 101.98(3)
Cl4-Sb1-Cl6 102.94(5) 102.67(4) 91.44(3)
Cl15-Sb1-Cl6 87.90(4) 87.67(4) 101.45(3)
Cl11-Sb2-Cl12 85.81(5) 85.95(4) 92.00(4)
Cl11-Sb2-Cl13 86.92(5) 86.88(4) 89.66(4)
Cl11-Sb2-Cl4 171.00(5) 170.80(4) 169.84(4)
Cl11-Sb2-CI5" 98.79(4) 98.15(4) 89.66(4)
Cl11-Sb2—Cl6"" 82.19(4) 81.79(4) 79.97(3)
Cl12-Sb2-Cl13 95.88(5) 95.93(5) 88.22(4)
Cl12-Sb2-Cl4 87.14(5) 86.88(4) 94.50(4)
Cl12-Sb2-CI5" 173.91(4) 174.07(4) 172.37(3)
Cl12-Sb2—Cl6" 84.82(5) 84.63(4) 88.94(3)
Cl13-Sb2-Cl4 88.24(5) 88.13(4) 82.76(4)
Cl13-Sb2-CI15" 88.38(4) 88.60(4) 84.34(4)
Cl13-Sb2-Cl6"  169.01(5) 168.60(4) 169.14(4)
Cl4-Sb2-ClI5" 88.65(4) 89.45(3) 82.90(3)
Cl4-Sb2-Cl6" 102.75(5) 103.27(4) 107.92(3)
Cl15'-Sb2-Cl6" 91.83(4) 91.69(3) 98.69(3)
Sb1-Cl4-Sb2 167.48(5) 167.68(5) 159.33(4)
Sb1-C15-Sb2™  163.39(5) 163.05(4) 156.49(4)
Sb1-Cl6-Sb2'Y  154.36(5) 153.58(5) 157.37(4)

Symmetry codes: () x, —y+1, z+1/2; (Y x, y+ 1, zz (M) x, —p+1,
=1/2 (V) x, p-1, 2

result, with the N3B cation being adequately modeled
by a single well-resolved [(CH3);NH]" ion whose
displacement parameters are similar to those of the
NI1A and N2A cations that are ordered. Similarly, our
new results at 100 and 15K for DMACA show for the
first time that the N2A dimethylammonium cation (in a
previous paper [27] this cation was labeled N3) is well-

D H-A DH H-A D-A DH-A
DMACA, 100K

NIA-H2A---CI5 0.88(3) 2.38(3) 3.250(5) 167(5)
NIA-HIA---CI11" 0.89(3) 2.43(4) 3.263(5) 156(5)
N2A-HOA ---CI2" 0.89(3) 2.57(4) 3.377(4)  150(5)
N2A-H10A ---CI6 0.89(3) 291(5) 3.474(5 123(4)

N2A-HI10A---CII1"™  0.89(3)  2.40(4)
N3B-H2B---CI1'Y 0.89(3)  2.94(5)

3.162(4)  144(5)
3.379(5)  112(4)

N3B-HIB---CI2 0.88(3) 2.50(3) 3.334(5) 157(5)
N3B-H2B---Cl6"Y 0.89(3) 2.35(3) 3.210(5)  163(5)
CIA-H5A---Cl4Y 0.953) 2.82(3) 3.718(5)  159(5)
C2A-H6A---C2V! 0.95(3) 2.693) 3.631(7) 171(5)
DMACA, 15K

N1A-H2A---Cl5 0.88(3) 2.38(3) 3.241(5) 167(5)

NIA-HIA---CIl1! 0.87(3) 2.47(4)
N2A-H9A ---CI2! 0.88(3) 2.57(4)
N2A-H10A ---Cl6 0.88(3)  2.89(5)
N2A-HI10A---CIIT'"™  0.88(3)  2.39(4)
N3B-H2B---Cl1"Y 0.88(3)  2.96(5)

3.259(5)  150(5)
3.375(4)  152(5)
3417(4)  121(4)
3.157(4)  146(5)
3.369(4)  110(4)

N3B-HIB---CI2 0.88(3) 2.52(3) 3.338(4) 155(5)
N3B-H2B---Cl6"Y 0.88(3) 2.35(3) 3.206(4)  165(5)
ClA-H5A---Cl4Y 0.96(3) 2.81(3) 3.697(5) 153(4)
C2A-H6A ---CI2V! 0.96(3) 2.70(3) 3.643(6)  169(5)
TMACA, 15K

N1A-H1A---CI5 0.85(4) 2.35(4) 3.191(4)  175(6)
N2A-H11A---Cl6 0.85(4) 231(4) 3.1494) 167(5)
N3B-H1B---Cl4 0.86(4) 2.57(5) 3.274(4)  140(5)
N3B-HIB---Cl13 0.86(4) 2.82(5) 3.469(4) 134(4)
C2A-H6A---Cl11" 0.953) 2.80(5) 3.514(6) 133(5)
C7B-H3B---Cl1"Y 0.95(3) 2.66(3) 3.569(5) 161(5)
C7B-H4B---CI2 0.943) 2.76(3) 3.681(5)  166(5)

Symmetry codes: () x—1, —y+1,z-1/2; M x+1, ¥,z MY x, y—1,z
Myx, =poz 128 ) x =y 1L 212 M) x, =y, 2-1)2

ordered at both temperatures, again with similar
displacement parameters to the cations in the NIA
and N3B positions in this structure. In all three
structures all of the bond lengths and angles of the di-
and trimethylammonium cations are similar to those
found in other low-temperature structures [29-32]. This
last step in the ordering of the di-/trimethylammonium
cations does not, however, lead to any further change of
the symmetry because they occupy general positions in
space group Pc.

Thus, in each of the two structures there are at least
two separate ordering processes for the cations whose
critical temperatures are related both to the type of
cation and to the strength of H-bonding between the
cations and the anionic framework. It is apparent from
the structures, especially in the case of TMACA, that
the N1A and N2A cations are more strongly bonded
than the corresponding N3B cations (Table 4). Addi-
tionally, the ordering of the orientations of the organic
cations is associated with formation of stronger and new
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Fig. 2. A polyhedral representation of the polyanionic corrugated
[{Sb>Clo},]*" layers built of characteristic six-membered [SbeCls7]’
rings in the structure of DMACA, at 15K along the a (a) and b (b)
axes. The positions of the dimethylammonium cations are shown by
circles.

hydrogen bonds between the organic cations and
inorganic layers.

3.3. Inorganic anionic framework

There are two crystallographically non-equivalent
antimony(III) atoms in both compounds, each of which
is octahedrally coordinated. The [SbCl¢]*  octahedra
share corners to form characteristic six-membered
[SbeCl,7]”" rings, which are in turn connected to each
other to form polyanionic corrugated [{Sb,Cly},]>"
layers parallel to the (100) planes of the crystals (Fig. 2).
The overall pattern of distortions and geometry of
the Sb—CI bond lengths and CI-Sb—Cl angles within
these anionic layers at 100 and 15K are similar to those
found at higher temperatures as well as other chlor-
oantimonates(III) containing the same anionic layers
[5,14,18,27,28,33,34]. The only difference is that one out
of the three bridging chlorine atoms was found to
be disordered in the structure of TMACA at 373K.
Its position is split between two sites with half
occupancy [28].

In both compounds the [SbCl¢]* octahedra occupy
general positions in the structures of both the para-

electric and ferroelectric phases. Their geometry is
therefore not constrained by symmetry and all six Sb—Cl
bonds within an octahedron can be of different lengths.
A measure of the distortion of each octahedron from
regularity is provided by the distortion parameters for
bond-length A = 1/65% [(R; — R)/R[, (R is the aver-
age Sb—Cl bond length within the octahedron and the R;
are the individual Sb—Cl bond lengths of the octahe-
dron) and bond-angle 6> = 1/1 12}3,(05,-—900)2 (o; is the
individual cis CI-Sb—Cl bond angle of the octahedron)
[35,36]. The distortion parameters for the structures
of DMACA and TMACA at different temperatures
(Table 5) show that the [SbCl¢]* octahedra in the
structure of TMACA are more distorted than in
DMACA. Further, the bond length distortion para-
meters of the octahedra for DM ACA structures increase
during cooling through the para-ferroelectric phase
transition, and then subsequently decrease on further
cooling in the ferroelectric phase. The ¢> parameters for
these structures clearly increase with decreasing tem-
perature. The A parameters calculated for the polyhedra
in TMACA structures, in general, decrease with
decreasing temperature, whereas ¢ parameters increase.

The distortions of the [SbCl¢]>” octahedra in the
structures of DMACA and TMACA are due to two
major influences. First, comparison of the observed
Sb—Cl bond lengths and CI-Sb—Cl angles with an
isolated [SbCl¢]* octahedron found in the structure of
[Co(INH5)6][SbCl¢] [37], clearly shows that the deforma-
tions of the inorganic layers in both compounds are
mainly related to the condensation of the octahedra and
the sharing of CI atoms between them. Thus, while the
Sb—Cl bond lengths of the isolated [SbCl¢]*~ octahedron
of [Co(NH;)s][SbCl¢] are 2.643(6) A (2.652(6) A when
corrected assuming a riding model), the average Sb—Cl
bond lengths in DMACA at 100K for the Sbl and the
Sb2 octahedra are, respectively, 2.7037 and 2.7385A
(Table 3). At 15K the deviations from 2.652(6)A are
somewhat smaller: the average Sb—Cl distances are
2.7026 (Sbl) and 2.7368 A (Sb2 octahedron). In
TMACA at 15K the average Sb—Cl bond lengths in
both octahedra are considerably longer at 2.7419 and
2.7352A. This average expansion of the [SbCl¢]*
octahedra is a result of the Sb—Cl bonds to the bridging
Cl atoms being up to 0.6A longer than those in
[Co(NH3)6][SbClg], while the bonds to the non-bridging
Cl are only ~0.1-0.2 A shorter. The resulting differences
between the shortest and the longest Sb-Cl bonds are
0.7664 and 0.8795 A at 100K, and 0.7395 and 0.8660 A
at 15K for the Sbl and Sb2 octahedra in DMACA. The
anionic structure of TMACA crystal at 15K is some-
what more distorted than that of the dimethylammo-
nium analogue (Table 3, Fig. 3). The terminal Sb—Cl
distances for both octahedra are between 2.4036(11) and
2.4888(11)A, whereas the bridging ones vary from
2.8416(11) to 3.2640(12)A. The largest difference in
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Table 5

The calculated octahedral distortion parameters 4 and ¢ for independent Sbl and Sb2 octahedra in the DMACA and TMACA crystals at different

temperatures

DMACA

Temperature (K) 298 200 100 15
Bond-length distortion parameter 4 x 10°

Sbl Octahedron 9.52 10.35 9.45 8.96

Sb2 14.22 14.92 14.47
Bond-angle distortion parameter ¢°

Sbl Octahedron 22.7 30.8 332 32.8

Sb2 32.0 37.1 38.0

TMACA

Temperature (K) 373 295 165 95 15
Bond-length distortion parameter 4 x 10°

Sbl Octahedron 13.89/16.80% 14.99 14.78 14.46 14.05

Sb2 15.19 14.33 13.96 13.69
Bond-angle distortion parameter ¢°

Sbl Octahedron 20.9/51.5% 33.7 36.6 38.1 40.0

Sb2 40.3 54.1 57.0 60.1

#The two values for TMACA at 373K are calculated for the two sites occupied by the disordered CI5 atom [28].

Fig. 3. The superimposed anionic layers of DMACA (gray) and TMACA (black) crystals with organic cations embedded inside the [SbsCl,7]°” rings
at 15K along their a-axes. The dashed and dotted lines indicate N-H---Cl and C-H---Cl hydrogen bonds, respectively. Displacement ellipsoids are
plotted at the 50% probability level. Symmetry codes: () x, —v+1, z+1/2; () x, y+ 1, z; (") x, =y, z+1/2.

Sb—Cl distances (0.8558 A) within the same octahedron
was found for the Sb2 polyhedron. The three bridging
Sb—ClI bonds are mutually cis to each other for both Sbl
and Sb2 octahedra in both DMACA and TMACA.
These Cl(br)-Sb—Cl(br) angles are mostly increased
from the 90° they would have in an undistorted

octahedron, while the Cl(z)-Sb—Cl(¢) (t—terminal)
angles remain in the range 86-96°, similar to the average
Cl-Sb—Cl angle of 90.9(2)° in the isolated octahedron of
[Co(NH;3)6][SbCle] [37].

The secondary cause of deformation of the [SbClg]*
octahedra in these compounds is weaker than the
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Fig. 4. The N2B"-H2B"!...Cl6 hydrogen bond (indicated by the dashed line) partly causing the deformation of Sb1-Cl6-Sb2! angle in the structure
of DMACA, at 15K. Displacement ellipsoids are plotted at the 50% probability level. Symmetry codes: (*) x, y-1, z; (*") x, =y, z+1/2, (") x, -y, z-1/2.

primary one, and is caused by the differences in
geometry and strength of interactions between the
anionic layers and the organic cations. In the purely
inorganic compound a-Cs;[Sb,Clg] chloroantimona-
te(I1D), in which there are no hydrogen bonds, the two
independent Sb—Cl bond lengths are 2.42 and 2.82A
(average 2.62 A), cis C1-Sb—Cl bond angles vary from
85.9 to 95.0° (average 89.9°) and the inter-octahedral
Sb—CIl-Sb angle is 170.8° [38,39]. The formation of
hydrogen bonds between the cations and all of the
chlorine atoms except the non-bridging CI3, CI12 and
ClI13 in DMACA results in the displacement of the
chlorine atoms towards the organic cations [40], and
especially the reduction of Sb—CIl-Sb bond angles (Table
3). At 200 K the N2A dimethylammonium cation (N3 in
a previous paper [27]) is disordered so there is no
hydrogen bond between the cation and Cl6 and the
Sb1-C16-Sb2"Y angle (Sb1-Cl4-Sb2", (") x, y-1, z in
reference [27]) is 157.0°. At 15K the cation is ordered
and the formation of the N2A-.--Cl6 hydrogen bond,
along with the shortening of the N3B-H2B.--Cl6"Y
interaction (N1-HI1B---Cl4 in Ref. [27]) from 3.25(1) to
3.206(4)A results in a decrease in the Sb1-Cl6-Sb2'Y
angle of 3.42° ([27], Tables 3 and 4). The geometries of
the hydrogen bonds in DMACA are similar at 100 and
15K because there is no change in the ordering of the
cations. The D---A distances are between 3.157(4)
and 3.718(5) A, whereas the D-H---A angles vary
from 110(4) to 171(5)° (Table 4). Among the N-H---Cl
interactions, the largest change on lowering tempera-
ture in N---Cl distances, 0.0571&, occurs for N2A-
H10A---Cl6 hydrogen bond. It results in the change in
the Sb1-Cl6-Sb2"V angle, which decreases from
154.36(5)° at 100K to 153.58(5)° at 15K (Tables 3
and 4, Fig. 4).

A comparison of the geometries of the anionic layers
of TMACA and DMACA at 15K also indicates the
strength of the influence of the hydrogen bonding,
especially on the bridging Cl-Sb—Cl and Sb-CI-Sb
inter-octahedral angles (Tables 3 and 4, Fig. 3). The
largest difference in Sb—CI-Sb angles (8.35°) is for
Sb1-Cl4-Sb2. It results from the presence of the
stronger N3B-H1B---Cl4 hydrogen bond in the struc-
ture of TMACA than the CIA-HS5A ---Cl4" interaction
found in the DMACA crystal.

4. Summary and concluding remarks

The structures of [(CH3)>NH,]3[Sb,Clg] (DMACA)
and [(CH;);NH]5[Sb,Clg] (TMACA) crystals were de-
termined by single crystal X-ray diffraction down to
15K. Both compounds exhibit the Pc¢ space group at
both 100 and 15K. The new data for DMACA show
that at 100 K one of the crystallographically indepen-
dent dimethylammonium cations, previously found to
be disordered in the structure at 200 K [27], was ordered.
On the basis of this result we can now suggest that the
changes in the infra-red and NMR spectra of this
compound observed in the temperature range of
105-140 K [23,24] are probably related to the ordering
of the orientation of this third cation. The analogous
ordering process occurs in TMACA above 165K
(Fig. 1). As a result of the ordering, new and somewhat
stronger hydrogen bonds are formed, as previously
reported for TMACA [5]. These hydrogen bonds, as
well as the inter-ionic interactions, cause a deformation
of the inorganic [SbClg]*" octahedra. On decreasing
temperature, in general for both compounds, the bond-
length distortion parameters of [SbCl¢]> octahedra



M. Bujak, R.J. Angel | Journal of Solid State Chemistry 178 (2005) 2237-2246 2245

decrease whereas the bond-angle parameters clearly
increase. NMR measurements indicate that the dynamic
flipping of the individual methyl groups around the N-C
bonds present from high temperatures [21] becomes
suppressed at around 125K in TMACA [20,22] and
possibly around 80 K in DMACA [23]. The fact that we
do not detect any significant structural response of the
framework to this freezing is consistent with the
interactions between the methyl hydrogen atoms and
the anionic framework being weak or absent. Our data
at 15K, in agreement with the results of pyroelectric
studies [41], do, however, rule out the suggestion by
Varma et al. [24] that the changes they report in infra-
red and Raman spectra at temperatures below 150K in
both compounds are due to a further reduction in
symmetry. Our suggestion is that the changes in the
spectra are, instead, a splitting of bands as a conse-
quence of increasing differences between the environ-
ments of chemically equivalent but symmetrically
distinct cations.

At the present stage of knowledge about DMACA
and TMACA crystals the relative role of the inter-ionic
interactions and the dynamics of the organic cations in
determining the structural evolution is not yet fully
determined. Clearly, one of the distinguishing features
of these structures is the presence on the Sb'™ atom of an
electron lone-pair, which presumably contributes to a
flexibility of the anionic architecture and its resulting
ability to adapt to the size and symmetry of various
organic cations. The dynamics of the cations are clearly
influenced by the formation of hydrogen bonds to the
anionic framework, but the role of the feedback from
the framework in determining the strength of the H-
bonding and the barrier to the reorientation of the
organic cations has yet to be determined. One possibility
to obtain separation of these effects is to extend the
previous high-pressure [42,43], low-temperature studies
[5,27] by single-crystal high-pressure diffraction studies
of compounds such as DMACA that possess disordered
cations at room temperature. Such studies will be used
to probe the balance between the inter- and intra-
molecular forces that appear to control the polar
properties as well as the phase transition behavior of
those compounds.
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