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The DSC diagram of tris(allylammonium) hexachlorobismuthate(l11), (C3HsNH3)3[BiClg], re-
vealed three anomalies at 152, 191 and 299 K. The structure of the salt was determined at 200 and
315 K, below and above the high-temperature phase transition at 299 K. In both phases the crystals
are monoclinic. At 200 K the space group is C2/c whereas at 315 K it is C2/m. The structures, at
both temperatures, are composed of [BiClg]®~ octahedra and allylammonium cations. The organic
and inorganic moieties are attracted to each other by a network of the N-H...Cl hydrogen bonds. The
relationship between corresponding parameters of the unit cells has been found. The phase transition
at 299 K, of the order-disorder type, is attributed to the ordering of one non-equivalent allylammo-

nium cation in the low-temperature phase.
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1. Introduction

Chlorobismuthates(ll) with organic cations have
been the subject of intense investigations for the last
few years [1-3]. These organic-inorganic salts may
be obtained in a reaction of the chosen organic com-
pound and basic bismuth(lll) carbonate in an aque-
ous solution of hydrochloric acid. Anionic substruc-
tures of chlorobismuthates(l11) are formed of distorted
[BiClg]®~ octahedra, which are either isolated or con-
nected with each other by bridging chlorine atoms
forming more complicated arrays, like polyanionic
one-, two- or three-dimensional nets. The inorganic
octahedra may share corners, edges or faces. The or-
ganic cations, located between the anions, are usu-
ally connected to the chlorine ligands by N-H...Cl
and C-H...Cl hydrogen bonds [4]. The characteris-
tic feature of these compounds is the molecular dy-
namics of the cations. On decreasing the temperature
molecular motions of cations usually are frozen. This
may lead to one or more phase transitions. Among
chlorobismuthates(111) those with isolated bioctahedral
[Bi>Cl11]°~ units are the most interesting owing to
their polar character [5, 6].

In this paper we report the preparation, structure and
phase transitions in tris(allylammonium) hexachloro-
bismuthate(l11).
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Fig. 1. DSC diagram of (C3HsNH3)3[BiClg].

2. Results and Discussion
2.1. Thermoanalytical studies

The phase transitions in tris(allylammonium) hex-
achlorobismuthate(lll) were determined from the
shape of a DSC plot. The calorimetric analysis was fol-
lowed by the TGA measurement, which has shown that
the crystals of the title compound start to decompose
above ca. 410 K. The DSC studies revealed three dis-
tinct thermal anomalies at 152, 191 and 299 K (Fig. 1),
which are well reproducible and reversible. The rela-
tively sharp peaks and the values of the thermal hys-
teresis (9 and 3 K for the transitions at 152 and 191 K,
respectively) of the anomalies below room temperature
suggest that both low-temperature phase transitions
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Table 1. Transitions temperature, enthalpy, entropy and char-
acter of the phase transitions in tris(allylammonium) hexa-
chlorobismuthate(l11) crystals.

T AH AS Order of
K] [kJ-mol—1] [3-mol-1.K-1] phase transition
152 1.48 9.71 first
191 0.96 5.01 first
299 0.18 0.60 first or second

Table 2. Crystal data and structure determination for
[C3HgN]3[BiClg] at 315 and 200 K.

315K 200 K
Empirical formula CoH24N3BIClg
Formula weight 595.99
Colour yellowish
Crystal size [mm?] 0.1x0.15 % 0.15
Crystal system monoclinic
Space group . C2/m C2/c
Unit cell dimensions [A, °]
a 22.758(1) 27.605(2)
b 7.882(1) 7.835(1)
c 12.290(1) 22.465(2)
B . 108.64(1) 122.47(1)
Volume [A%] 2088.9(4) 4099.3(8)
z 4 8
Temperature [K] 315(1) 200(1)
Density (calculated) [g-cm™3]  1.847 1.899
Absorption coefficient [mm~1] 9.198 9.375
Wavelength [A] 0.71073
Scan type w-scan
Number of reflections used for
cell determination 4843 12386
6 Range for data collection '] 3.40-24.99 3.18-25.00
Index ranges —27<h<27 -32<h<32
—-9<k<9 —-8<k<9
-14<1<14 -26<1<26
Reflections collected/unique 4843/1911 12386/3600
Refinement method Full-matrix least squares on F2
Data/parameters 1911/140 3600/237
Goodness of fit 1.002 0.857
Final Rindices (I > 20 (1)) Ry = 0.0275 R; = 0.0265
WRy =0.0573  wR, =0.0434
R Indices (all data) R, =0.0334 Ry, =0.0415
WR; =0.0592 wR, =0.0458
Largest diff. peak —0.65 —0.90
and hole [e-:A—3] and 0.76 and 0.94

are of the first order. In contrast, the high-temperature
transformation could be considered as the second order
one. The transition temperatures, enthalpies, entropies
and character of the detected phase transitions are de-
picted in Table 1.

2.2. X-ray studies

X-ray single-crystal studies have been undertaken to
obtain further information about the structural changes

Table 3. Final atomic coordinates and equivalent isotropic
displacement parameters (AZ - 10%) for non-H atoms for the
(C3Hs5NH3)3[BiClg] structure at 315 K (C2/m).

Atom X y z Ueq
Bil 0.6731(1) 12 0.7040(1) 0.0506(1)
Cl1 0.5825(1) 0.2598(2) 0.6307(2) 0.0861(5)
CI2 0.7569(1) 0.7451(2) 0.7648(2) 0.0993(6)
CI3 0.6791(1) 0.5458(4) 0.4853(2) 0.069(1)
Cla 0.6621(2) 12 0.9113(2) 0.122(1)
N1 0.798(1) 12 1.070(2) 0.14(1)
N1A 0.831(1) 1/2 1.134(2) 0.13(2)
C1 0.841(1) 0.558(2) 1.053(2) 0.15(1)
C2 0.897(1) 1/2 1.035(2) 0.19(2)
C3 0.925(1) 0.409(3) 1.007(3) 0.21(1)
N2 0.532(1) 1/2 0.362(1) 0.08(2)
C4 0.521(1) 0.562(2) 0.242(1) 0.10(1)
C5 0.546(1) 0.450(2) 0.178(2) 0.14(1)
Cc6 0.590(1) 0.555(4) 0.142(2) 0.16(1)
N3 0.823(1) 12 0.466(1) 0.11(1)
Cc7 0.838(1) 0.541(3) 0.581(1) 0.10(2)
Cc8 0.901(1) 0.467(2) 0.655(1) 0.11(1)
Cc9 0.950(1) 1/2 0.653(2) 0.17(2)

Table 4. Final atomic coordinates and equivalent isotropic
displacement parameters (AZ - 10%) for non-H atoms for the
(C3HsNH3)3[BiClg] structure at 200 K (C2/c).

Atom X y z Ueq
Bil 0.8977(1) 0.7334(1) 0.3210(1) 0.0326(1)
Cl1 0.9433(1) 0.4964(2) 0.2742(1) 0.0444(4)
CI1A 0.9269(1) 0.9766(2) 0.2586(1) 0.0533(4)
CI2A 0.8759(1) 0.4822(2) 0.3840(1) 0.0481(4)
CI2 0.8545(1) 0.9737(2) 0.3622(1) 0.0555(4)
CI3 1.0063(1) 0.7955(2) 0.4386(1) 0.0444(3)
Cla 0.7963(1) 0.6867(2) 0.2037(1) 0.0619(4)
N1 1.218(1) 0.287(1) 0.264(1) 0.06(1)
C1 1.201(1) 0.217(3) 0.311(1) 0.11(1)
Cc2 1.237(1) 0.225(2) 0.382(1) 0.09(1)
C3 1.262(1) 0.119(2) 0.433(1) 0.12(1)
N1A 1.184(1) 0.248(2) 0.266(1) 0.07(1)
Cl1A 1.237(1) 0.161(2) 0.319(1) 0.07(2)
C2A 1.236(2) 0.138(3) 0.379(1) 0.10(1)
C3A 1.232(2) 0.254(4) 0.415(2) 0.17(2)
N2 1.0657(2) 0.735(1) 0.3524(2) 0.045(1)
C4 1.1213(3) 0.663(1) 0.4064(4) 0.073(2)
C5 1.1635(3) 0.776(1) 0.4520(5) 0.095(3)
C6 1.1827(4) 0.807(1) 0.5151(4) 0.112(3)
N3 0.979(1) 0.214(2) 0.407(1) 0.048(1)
C7 1.032(1) 0.306(3) 0.440(1) 0.06(1)
Cc8 1.082(1) 0.212(2) 0.437(1) 0.06(1)
Cc9 1.077(2) 0.208(2) 0.377(1) 0.07(2)
C7A 1.044(1) 0.258(3) 0.455(2) 0.06(1)
C8A 1.064(1) 0.233(3) 0.400(1) 0.05(1)
C9A 1.114(1) 0.166(2) 0.430(1) 0.08(1)

in the phase transition at 299 K. Therefore the X-ray
investigations have been performed at 200 and 315 K.

In both phases the crystals are monoclinic. At 200 K
the space group is C2/c whereas at 315 K it is C2/m.
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Table 5. Comparison of selected bond Iengths/A and angles/®
for (C3HsN3)3[BiClg] at 315 and 200 K.

315K 200 K
Bil-CIT 2.731(1) 2.748(1)
Bi1-Cl1' (Cl1A) 2.731(1) 2.731(1)
Bi1-CI2 2.649(1) 2.648(1)
Bi1-CI2' (CI2A) 2.649(1) 2.675(1)
Bi1-CI3 2.759(2) 2.773(1)
Bi1-Cl4 2.638(2) 2.646(2)
Cl1-Bi1-ClI1' (CI1A) 87.79(7) 87.33(4)
Cl1-Bi1-CI2 176.47(5) 177.08(5)
Cl1'(CI1A)-Bi1-CI2' (CI2A) 176.47(5) 175.80(5)
Cl1-Bi1-CI2' (CI2A) 89.24(5) 89.09(4)
Cl1-Bi1-CI3' 81.55(8)

Cl1- Bil-CI3 92.02(8) 90.08(4)
cl1'(cl1A)-Bi1-CI3! 92.06(7)
CI1'(CILA)-Bi1CI3 81.63(7) 84.36(4)
Cl1-Bi1-Cl4 91.40(6) 89.01(5)
C2'(CI2A)-Bi1-Cl4 90.57(6) 90.33(5)
CI2-Bi1-ClI1' (CI1A) 89.24(5) 89.79(5)
Cl2-Bi1-CI2'(C2A) 93.67(7) 93.80(5)
CI2' (CI2A)-Bi1-CI3! 85.62(7)

CI2' (CI2A)-Bi1-CI3 96.59(7) 93.44(4)
Cl2-Bi1-CI3' 96.59(7)

CI2-Bi1-CI3 85.62(7) 90.12(4)
Cl2-Bi1-Cl4 90.57(6) 90.60(5)
CI3'-Bi1-Cl4 172.09(5)

CI3-Bi1-Cl4 172.09(5) 176.10(4)
Cl4-Bi1-ClI1' (CI1A) 91.40(6) 91.81(5)

Symmetry code: () x, —y+1, z

Table 6. The strongest H-bonds/A,° for (C3Hs5N3)3[BiClg] at
315 and 200 K.

D-H..A D-H H.A D.A D-H..A
315K
N1-H1A...Cl4 0.89 265 3.07(2) 110
N1A-H1B...CI2'"* 089  2.61 3.33(2) 139
N2-H2A...Cl1!* 0.89 2.45 3.248(5) 149
N2-H2B...CI3* 089 234 3.223(7) 171
200 K
N1-H1A...CI2A"  0.89 2.58 3.291(9) 137
N1-H1B...Cl4V 0.89 2.49 3.210(9) 138
N1-HicC...cl4" 0.89 2.48 3.281(9) 150
N2-H2B...CI1A!" 0.89 233 3.220(4) 174
N2-H2C...CI3 0.89 238 3.176(4) 148
N3-H3B...CI3V 089 254 3.355(4) 152
N3-H3C...CI1AY 0.89 262 3.390(4) 146

* One of the two symmetry related conections is given. Symmetry
codes: () 3/2—x3/2-y,2—zM1-xy,1-z "M 2-xy,
12—z, (M 1/2+x -1/2+y,z (V) x, —14y,z

At both temperatures the structures are composed of
[BiClg]®~ octahedra and allylammonium cations at-
tracted to each other by N-H...Cl hydrogen bonds.
Turel et al. indicated that such isolated [BiClg]*~ an-
ions are not very common [1]. In the Cambridge Struc-
tural Database [7], among all the fifty-nine chloro-
bismuthate(l1l) entries there are nineteen compounds

a)

b)

Fig. 2. Comparison of the environment of the [BiClg]3~ oc-
tahedra in the structure of (C3H5iNH3)?[BiCI6] at 315 K (a)
and 200 K (b). For atoms N2, N1"', N2!"" one of the two sym-
metry related atoms are given. Only the strongest hydrogen
bonds are shown. Displacement ellipsoids are plotted at the
50% probability level. Symmetry codes: (a) () x, —y+1, z
("M —x+1.5,—y+15, —z+2; "y —x+1,y, —z+1; (b) (")
—x+2,y,—z+05; (N x y—1,2

in which anionic substructures are built of isolated
[BiClg]®~ octahedra.

2.2.1. Sructureat 315K

The geometry of the hexachlorobismuthate(l11) ion
is distorted, the CI-Bi-Cl bond angles are in the
ranges: 81.55(8)—96.59(7)° for cis and 172.09(6)—
176.47(5)° for trans. The Bi-Cl distances, ranging
from 2.639(3) to 2.760(3) A, are as expected and they
are in a good agreement with the values found for other
hexachlorobismuthates(l11) (Table 5) [2, 3].

One out of six ClI ligands in the coordination sphere
of the central Bi''' atom is disordered, with the CI3
atom on two sites with equal occupancy. The distor-
tion of [BiClg]®~ octahedra is due to the extended and
complex network of hydrogen bonds between the N
atoms of the organic cations and the halogens of the
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Fig. 3. Packing diagrams of the (C3HsNHj3)3[BiClg]
molecule at 315 K (a) and 200 K (b). Displacement ellip-
soids are plotted at the 25% probability level.

inorganic substructure. These hydrogen bonds dimin-
ish the charge density at the halide atoms and min-
imize ligand-ligand repulsions [1]. The geometry of
[BiClg]®~ and the hydrogen bonding pattern indicate
that the distortion of the [BiClg]®~ octahedra depends
more on the hydrogen bonds rather than on the lone
electron pair repulsion. These effects were also dis-
cussed in earlier papers by Lazarini [8, 10].

The hydrogen bonds change the geometry of
[BiClg]®~ octahedra, the Bi—Cl bond lengths as well
as CI-Bi-Cl angles. Thus the Bil-Cl1 (Bi1-Cl1/,
2.731(2) A) and Bil-CI3 (2.759(2) A) bonds are
elongated while the remaining Bil-CI2 QBll—CIZ'
2.649(1) A) and Bi-Cl4 bonds (2.638(2) A) located
trans are shortened (Table 5). The N1"'-H1B!"...CI2
hydrogen bond causes an increase of the CI2-Bi1-CI2!
angle (93.67(7)°), whereas N2'"'-H2A!"". . CI1 causes
the decrease of the CI1-Bil-ClI1' angle (87.79(7)°)
(Fig. 2, Table 6). Furthermore the N1-H1A...Cl4 in-
teraction leads to changes in the CI1-Bil-Cl4 and
Cl1'-Bi1-Cl4 angles.

There are three crystallographically independent al-
lylammonium cations in the structure. All of them are

disordered. The atoms C1, C3, C4, C5, C6, C7 and C8
are split between two positions with occupancy fac-
tors of 0.5. The bond lengths and angles within the
(C3HsNH3)™ cations were determinated with low ac-
curacy.

2.2.2. Sructure at 200 K

At 200 K the title salt crystallizes in the mon-
clinic space group C2/c. All chlorine atoms are in
the general positions. The central Bi'"' atom is sur-
rounded by six crystallographically independent chlo-
rine ligands, which form a distorted [BiClg]®~ octa-
hedron. The atom CI3 is ordered. The arrangement
of the chloro ligands around the central Bi'"' atom at
200 K deviates less from the ideal octahedron than in
the 315 K phase. Three trans CI-Bi—-ClI angles are be-
tween 175.80(5) and 177.08(5) ° and twelve cis angles
range from 84.36(4) to 93.80(5) °. There are three trans
pairs of Bi-Cl distances in the distorted [BiClg]®~ oc-
tahedron: Bil-Cll1 vs. Bil-Cl2, Bil-CI1A vs. Bil-
CI2A, Bil-CI3 vs. Bil-Cl4. The main difference be-
tween distortions of the [BiClg]®*~ octahedra at both
temperatures lies in the fact, that the atom CI3 is disor-
dered at 315 K. Its mean position at 315 K corresponds
well to its position at 200 K. The largest deviation
between the Bi—Cl bond lengths, 0.026(2) A, at both
temperatures was found for the Bil-CI2' (CI2A) dis-
tance (Table 5). This deviation corresponds to the pres-
ence of the slightly different NIA-H1B...CI2' (N1-
H1A...CI2A!) interactions (Table 6).

The elongation of any particular Bi-Cl bond and
the shortening of the distance opposite is a results of
two effects. The first one, the so-called trans-influence,
suggests that any elongation of a Bi—Cl bond leads to
a shortening of the opposite bond length. The second
stems from N...Cl interactions between the oppositely
charged organic and inorganic sublattices. In all cases
one of the Bi—ClI bond length is increased and another
one located opposite, at the same time, is decreased.
Additionally, all Cl atoms (CI1, CI1A and CI3) in-
volved in the elongation of Bi—Cl distances are linked
by hydrogen bonds to the organic sublattice. This
strong influence of a hydrogen bonding network on the
inorganic polyhedra was also observed in other stud-
ies devoted to halogenobismuthates(l1l) [9, 10, 12, 13].
The most significant differences between the opposite
bond lengths are 0.121(2) A at 315 K and 0. 127(2) A
at 200 K for Bi1-CI3 and Bil1-Cl4, respectively. They
are a consequence of the particularly strong N-H. ..CI3
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interactions (Table 6). Concurrently, the atom Cl4 is in-
volved in rather weak hydrogen bonds. This effect was
also described by Benetollo et al. [14].

2.3. Phasetransition

The phase transition at 299 K is attributed to the
ordering of one crystallographically independent ally-
lammonium cation (Fig. 4), which lies on the special
position of the plane m (at 315 K). Above the phase
transition temperature the allylammonium cation is re-
oriented along its long axis, while below 299 K the
motions are frozen. As a result of the phase transi-
tion the mirror plane m is replaced by a glide plane
¢. The C2/m space group changes therefore into the
C2/c at the temperature of the phase transition. This
corresponds to a klassengleiche symmetry reduction of
index 2 from C2/mto C2/c upon doubling of one sub-
cell axes.

The changes in the molecular dynamics of allylam-
monium cations are also reflected in the geometrical
changes of the N-H...CI hydrogen-bonding system. It
seems that the remaining two organic cations are disor-
dered in almost the same manner at both temperatures.
At higher temperature the carbon atoms C2 and C9 are
ordered while in the low-temperature phase they are
disordered. The disorder of the cations N1 and N3 is re-
alized by the presence of two positions for all C atoms
and N1 atom with occupancy factors of 0.6 and 0.4.

Fig. 4. Comparison of the corresponding allylammonium
cations in the structure of (C3HsNH3)3[BiClg] at 200 K (a)
and 315 K (b). Displacement ellipsoids are plotted at the 25%
probability level. Symmetry code: (') x, —y+1, z

3. Conclusions

Tris(allylammonium)  hexachlorobismuthate(l11)
undergoes three phase transitions at 152, 191 and
299 K. All of them are most probably of the order-
disorder type. The structure of the (C3HsNH3)3[BiClg]
salt was studied at 200 and 315 K, by single-crystal
X-ray diffraction. At both temperatures the compound
crystallizes in monoclinic centrosymmetric space
groups. The same anionic substructures, built of the
distorted [BiClg]®*~ octahedra, were found in both
phases. The distortions of the anionic substructures
are mainly related to the difference in strength of the
N-H...Cl interactions between the oppositely charged
anionic and cationic substructures. The mechanism of
the phase transition at 299 K is related to the ordering
of one of the three non-equivalent allylammonium
cation located at a special position in the lower
temperature phase. The consequence of the cation
ordering process is a change in the lattice symmetry —
the mirror plane mtransforms into the glide plane c.

4. Experimental Section

Tris(allylammonium) hexachlorobismuthate(l11) was ob-
tained in the reaction of allylamine and basic bismuth(lI11)
carbonate in an aqueous solution of hydrochloric acid. Sin-
gle crystals suitable for X-ray diffraction studies were grown
by slow evaporation of solvent at room temperature. At
both temperatures measurements were performed on a Xcal-
ibur single crystal diffractometer equipped with the Oxford
Cryosystems cooler. The w-scan technique was used. For all
data Lorentz, polarisation and empirical absorption correc-
tions based on the symmetry equivalent reflections [15] were
performed (Tmin = 0.100, Tmax = 0.211 for the structure at
315 K and Tpin = 0.150, Tnax = 0.283 for the structure at
200 K).

Both structures were solved by the Patterson method. The
positions of the hydrogen atoms in the structures were refined
using a riding model. The hydrogen atoms were added to all
C and N atoms of the ordered cation (structure at 200 K)
and to the N atoms only in the case of the disordered ones
(structures at 200 and 315 K). The details of data collection
and refinement are listed in Table 2. For all non-hydrogen
atoms anisotropic displacement parameters were refined.

The quantity minimised was Zw(|F,| — |Fc|)? with the
weighting scheme w = 1/[c%(F2) + (0.0139P)?] and w =
1/[6%F2) + (0.0325P)?](P = (FZ + 2F2)/3) at 200 and
315 K, respectively.

CrysAlis programs [16] were used in the cell refinement,
data collection and data reduction processes. The SHELXS-
97, SHELXL-97 [17] and SHELXTL [15] programs were
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used for structure solutions, refinements and structure draw-
ings.

The TGA measurements were carried out with a heating
rate of 10 K-min—1 in the temperature range 270—770 K on
a TGA 2050 TA Instruments apparatus.

The DSC analyses were performed using a DSC 2010
TA Instruments calorimeter with cooling/heating rates of
10 K-min—L. The measurements were performed in the tem-
perature range 130-310 K.

Crystallographic data (excluding structure factors) for
tris(allylammonium) hexachlorobismuthate(l11) at 200 and
315 K have been deposited at the Cambridge Crystal-
lographic Data Centre as supplementary publication nos.
CCDC 237508 and CCDC 237509, respectively. Copies
of the data ca. be obtained, free of charge, on applica-
tion to the Director, CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (Fax: int. code+(1223) 336033 or e-mail:
data_request@ccdc.cam.ac.uk).
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