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Abstract

A new dabcodiium-templated nickel sulphate, (CsH 4N5)[Ni(H,0)6])(SO4),, has been synthesised and characterised by single-crystal
X-ray diffraction at 20 and —173 °C, differential scanning calorimetry (DSC), thermogravimetry (TG) and temperature-dependent X-ray
powder diffraction (TDXD). The high temperature phase crystallises in the monoclinic space group P2;/n with the unit-cell parameters:
a="17.0000(1), b =12.3342(2), ¢ =9.9940(2) A; £ =90.661(1)°, VV'=2862.82(3) A% and Z=2. The low temperature phase crystallises in
the monoclinic space group P2,/a with the unit-cell parameters: a = 12.0216(1), b = 12.3559(1), ¢ =12.2193(1) A; f =109.989(1)°,
V'=1705.69(2) A’and Z=4. The crystal structure of the HT-phase consists of Ni** cations octahedrally coordinated by six water mol-
ecules, sulphate tetrahedra and disordered dabcodiium cations linked together by hydrogen bonds. It undergoes a reversible phase tran-
sition (PT) of the second order at —53.7/—54.6 °C on heating—cooling runs. Below the PT temperature, the structure is fully ordered. The

thermal decomposition of the precursor proceeds through three stages giving rise to the nickel oxide.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The chemistry of organically templated metal sulphate
has received increasing attention over the last few years.
A great interest has been shown in some double sulphates
of trivalent metal with monovalent aliphatic ammonium
cations because of their ferroelastic and ferroelectric prop-
erties [1-5]. So far, there are few data on double sulphates
of divalent metal cation with mono or divalent organic cat-
ions [6-21]. In order to expand the emergent chemistry of
double sulphates of transition metal with diamine and to
obtain crystals exhibiting ferroelectric or ferroelastic prop-
erties, a new compound using 1,4-diazabicyclo[2.2.2]octane
(hereafter referred to as dabcodiium) as a template and
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nickel as transition metal has been synthesised. In this
paper, we report the chemical preparation, the crystal
structure determination, the phase transition and the ther-
mal behaviour of the two phases of the title compound
(further referred to as the HT- and LT-phases).

2. Experimental
2.1. Synthesis

Transparent green crystals of dabcodiium hexaaqua-
nickel(IT) bis(sulphate), (CsH4N,)[Ni(H,0)6])(SOy4),, were
grown by slow evaporation at room temperature from an
aqueous solution containing NiSO, - 6H,O, C¢H>N, and
H,SO, in equimolar ratio. The single crystals were recrys-
tallised and the product was filtered off and washed with
a small amount of distilled water.
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2.2. Single-crystal data collection and structure
determination

Suitable crystals of the title compound were glued to a
glass fibre mounted on a four-circle Nonius KappaCCD
area-detector diffractometer. Intensity data sets were col-
lected using Mo Ko (4 =0.71073 A) with the program coL-
LECT [22]. Correction for Lorentz-polarisation effect, peak
integration and background determination was carried
out with the program penzo [23]. Frame scaling and unit
cell parameters refinement were performed with the pro-
gram SCALEPACK [23]. Numerical absorption correction
was performed by modelling the crystal faces [24]. Crystal-
lographic data at 20 and —173 °C are listed in Table 1.

Both phases were found to crystallise in monoclinic sym-
metry in the same space group. However, in order to avoid
an unusually large monoclinic angle, we assigned the space
group settings P2;/n for the compound at 20 °C and P2,/a
for the compound at —173 °C, called hereafter HT and LT
phases, respectively. Nickel and sulphur atoms were
located using direct methods with the program SHELXS-97
[25]. The oxygen atoms and the organic moieties were
found from successive difference Fourier calculations using
SHELXL-97 [26]. For the room temperature phase, all H
atoms were located by difference Fourier syntheses after
several cycles of least-squares refinements. H-O and H-H
distances, within water molecules, were restrained to
0.85(2) and 1.39(2) A, respectively. C-H and H-H dis-

Table 1
Crystallographic data for (C¢H4N,)[Ni(H,0)6](SO4)>

tances within the disordered organic moiety were also
restrained to 0.97(2) and 1.58(4) A, respectively, so that
the H-C—H angles fitted the ideal values of the tetrahedral
angle. In the LT-phase, the H atoms bonded to N and O
were located in a difference Fourier map and their positions
and isotropic displacement parameters were refined. H-O
and H-H distances, within water molecules, were
restrained to 0.85(2) and 1.35(2) A, respectively. H atoms
bonded to C atoms were positioned geometrically (the C—
H bonds were fixed at 0.97 A) and allowed to “ride” on
their parent atoms. The atomic coordinates and isotropic
displacement parameters are given in Table 2. Bond dis-
tances and angles calculated from the final atomic coordi-
nates, as well as probable hydrogen bonds, are given in
Tables 3 and 4.

Further details of the crystal structure investigations at
—173 °C and 20 °C can be obtained from the Cambridge
Crystallographic Data Centre. The deposition numbers
are CCDC 604491 and CCDC 604492.

2.3. Thermal behaviour

Differential scanning calorimetry at low temperature
was performed with a SETARAM DSCI31 instrument
for temperatures ranging from —150 to 37 °C at a rate of
5°Cmin~'. A polycrystalline sample of 27.85mg was
placed in a hermetic aluminium cell in the nitrogen
atmosphere.

Empirical formula CgH»6N>NiO4S,

CgH6N2NiO14S,

Formula weight 473.12 473.12
Temperature (°C) 20(2) —-173(2)
Crystal system Monoclinic Monoclinic
Space group P2y/n P2\/a

a(A) 7.0000(1) 12.0216(1)
b (A) 12.3342(2) 12.3559(1)
¢ (A) 9.9940(2) 12.2193(1)
B (°) 90.661(1) 109.989(1)
v (A% 862.82(3) 1705.69(2)
V4 2 4

pear (gem™h 1.821 1.842
Crystal size (mm?®) 0.400 x 0.308 x 0.277 0.354 % 0.300 x 0.279
Habit-colour Prism-green Prism-green
4 (Mo Ka) (A) 0.71073 0.71073

p (mm~") 1.440 1.457

0 Range (°) 2.62-32.06 3.30-42.21

Index ranges

Unique data

Observed data [1> 2a(1)]
F(000)

Extinction coefficient
Refinement method

R,

WR,

Goodness-of-fit (GOF)
Number of parameters
Transmission factors

Largest difference map hole and peak (e A’3)

—10<h<9, —18<k<18, —-14<I< 14
3005

—22<h<22, -23< k<22, -23<1<23
12021

2643 9965

496 992

0.216(8) 0.0178(8)

Full matrix least-squares on |F| Full matrix least-squares on |F|
0.0368 0.0327

0.1007 0.0868

1.072 1.052

219 283

0.61234 and 0.75326
—0.827 and 0.875

0.61645 and 0.73536
—1.139 and 1.010
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Table 2
Fractional atomic coordinates and equivalent isotropic temperature factor
(A?%) with esd’s in parentheses

Atom X y z Ueg®

(CsH1aN2)[Ni(H20)6)(SO4), (20 °C)
Ni 0.0000 0.0000 0.0000 0.0219(1)
S —0.01406(5) 0.25662(3) 0.36826(4)  0.0276(1)
oW1 0.2104(2) —0.0844(1) —0.0932(1) 0.0312(2)
ow2 0.2106(2) 0.0817(1) 0.1009(1) 0.0312(2)
OW3  0.00052)  —0.0038(1) 0.1582(1)  0.0364(3)
o1 —0.0408(2) 0.1724(1) 0.46942)  0.0596(5)
02 —0.0079(2) 0.3640(1) 0.4323(1) 0.0356(3)
03 0.1670(2) 0.2393(1) 0.2978(2)  0.0373(3)
04  —0.177202) 0.2539(1) 027352)  0.0469(4)
N ~0.3596(2) 0.05613(1) 0.47142)  0.0370(3)
cl —03084(6)  —0.0388(4) 0.5277(7)  0.058(1)
2 —0.5208(6) 0.1134(3) 0.4498(6)  0.047(1)
C3 —0.3434(5) —0.0499(3) 0.3920(3) 0.0343(7)
C4  —0.5009(7) 0.1247(3) 0.5579(4)  0.0439(9)
Cs —0.3299(5) 0.0184(3) 0.6211(4)  0.0321(6)
6 —0.4869(6) 0.0393(4) 0.3396(4)  0.0442(9)

(CsH14NL)[Ni(H20)6](SO4), (=173 °C)
Ni 0.741088(8) 0.495436(7) 0.248052(8) 0.00828(3)
SI 0.43237(2) 0.75153(1) 0.05975(2)  0.00847(3)
2 0.07834(2) 0.26909(1) 0.43907(2)  0.00907(3)
OWI  0.68625(5) 0.57741(5) 0.09476(5)  0.01211(9)
OW2 0.80234(5) 0.41051(5) 0.39995(5) 0.01177(9)
OW3  0.58266(5) 0.41510(5) 0.19392(5)  0.01220(9)
OwW4 0.89822(5) 0.57796(5) 0.30392(5) 0.01203(9)
OW5  0.82091(5) 0.38112(5) 0.16970(5)  0.01273(9)
OW6 0.66027(6) 0.60884(5) 0.32760(6) 0.0144(1)
o1 0.47681(6) 0.83483(5)  —0.00158(5)  0.0162(1)
02 0.46224(5) 0.64201(5) 0.02929(5) 0.0133(1)
03 0.48689(5) 0.76692(5) 0.18727(5)  0.01204(9)
04 0.30155(5) 0.76057(5) 0.02337(5) 0.0128(1)
05 0.04981(6) 0.18244(5) 0.50827(6)  0.0170(1)
06 0.01786(6) 0.24849(5) 0.31330(5) 0.0137(1)
07 0.03804(5) 0.37478(5) 0.46909(5)  0.01193(9)
08 0.20857(5) 0.27320(5) 0.46567(6) 0.0150(1)
NI 0.29427(6) 0.56495(5) 0.33284(6)  0.0113(1)
N2 0.18458(6) 0.45129(5) 0.16183(6)  0.0111(1)
cl 0.17591(7) 0.53776(7) 0.34013(7)  0.0143(1)
C2 0.36317(8) 0.46390(7) 0.33420(8) 0.0185(2)
C3 0.27778(8) 0.62718(6) 0.22319(7)  0.0148(1)
c4 0.28567(7) 0.38728(6) 0.23993(8)  0.0162(1)
Cs 0.23049(7) 0.54980(6) 0.11952(7)  0.0133(1)
C6 0.10273(7) 0.48404(6) 0.22515(7) 0.0126(1)

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

A thermogravimetric (TG) measurement was performed
with a Rigaku Thermoflex instrument under flowing air,
with a heating rate of 15°C h™' from ambient temperature
to 900 °C. The powdered sample, 11.47 mg, was spread
evenly in a large platinium crucible to avoid mass effects.

Temperature-dependent X-ray powder diffraction
(TDXD) was performed with a powder diffractometer com-
bining the curved-position-sensitive detector (CPS120)
from INEL and a high temperature attachment from Rig-
aku. The detector was used in a semi-focusing arrangement
by reflection (Cu Ko radiation, 4 = 1.5406 A) as described
elsewhere [27]. The thermal decomposition of the title com-
pound was carried out in flowing air with a heating rate of
7°Ch~" from 24 °C until 610 °C.

3. Results
3.1. Thermal behaviour

A DSC experiment including heating and cooling pro-
cesses between —150 and 37 °C is shown in Fig. 1. The
calorimetric measurements show that, up to 37 °C, one
reversible phase transition of the second order is observed

—53.7/—54.6 °C on heating—cooling runs. The character-
istic thermodynamic values have been determined as
follows:

Increasing temperature

T, (onset) = —53.7+ 0.3 °C
T, (peak) = —53.1 £ 0.3 °C
AH =371.5J mol ™!

AS =1.689 I mol ! K™

Decreasing temperature

T, (onset) = —54.6 + 0.3 °C
T, (peak) = —55.2 £ 0.3 °C
AH = —360.8 J mol ™!

AS =1.656 J mol ! K™!

The shape of the heat anomaly and relatively small ther-
mal hysteresis of about 1 °C clearly indicate the continuous
nature of the phase transition.

The TG analysis (Fig. 2) shows that the dehydration
occurs in the temperature range 92-137 °C and corresponds
to the departure of the six water molecules (observed and
theoretical weight losses, 22.2% and 22.8%). Fig. 3 shows
the three-dimensional representation of the powder diffrac-
tion patterns obtained during the decomposition of
(C¢H14N,)[Ni(H,0)6](SO4)> under flowing air in the tem-
perature range 24-610 °C. This plot reveals that the precur-
sor is stable until 92 °C and then transforms into the
anhydrous phase, (C¢H4N>)Ni(SOy4),, amorphous to X-
rays. The anhydrous compound, pointed out with the first
plateau observed on the TG curve, is stable between 137
and 255 °C. The second transformation starts at 255 °C
and corresponds to the decomposition of the amine entity
and the partial decomposition of the sulphate groups. Con-
sequently, the given product is a mixture of crystallised
NiSO4 and NiO phases, as also confirmed by the TDXD
plot at 460 °C. The end of the decomposition is marked
by a plateau at 685 °C corresponding to the total decompo-
sition of NiSOy into NiO according to the observed weight
loss of 83.3% (calculated weight loss, 84.2%).

3.2. Description of the structures

3.2.1. Structure of the HT-phase (determined at 20 °C)
The structure of the title compound consists of Ni** cat-
ions octahedrally coordinated by six water molecules, sul-
phate tetrahedra and disordered dabcodiium cations
linked together by hydrogen bonds only (Fig. 4a). The
Ni(IT) atoms are located in special positions (000) and
(1/21/21/2) on inversion centres. Each of them is sixfold
coordinated by six water-molecule oxygen atoms from
which three are crystallographically independent. These
[Ni(H,0)s*" octahedra are slightly distorted. In fact, the
Ni-OW distances range from 2.038(1) to 2.114(1) A and
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Table 3 .
Selected bond distances (A) and angles (°)

Octahedron around Ni

Tetrahedron around S

Within the organic moiety

(CsH 4N)[Ni(H,0)6](SO4), (20 °C)

Ni-OW1 2.038(1) S1-01 1.463(2) N-C1 1.346(5)
Ni-OW2 2.042(1) S1-02 1.472(1) N-C2 1.347(4)
Ni-OW3 2.114(1) S1-03 1.472(1) N-C3 1.534(4)
OWI-Ni-OW2 87.49(5) S1-04 1.476(1) N-C4 1.569(4)
OWI1-Ni-OW2! 92.51(5) 01-S1-02 110.0(1) N-C5 1.579(4)
OWI-Ni-OW3 90.45(5) 01-S1-03 110.18(9) N-C6 1.595(4)
OWI1-Ni-OW3! 89.55(5) 01-S1-04 108.9(1) c1-c2! 1.528(6)
OW2-Ni-OW3 87.91(5) 02-S1-03 108.50(7) C4-C3! 1.517(5)
OW2-Ni-OW3! 92.09(5) 02-S1-04 108.55(8) C6-C5! 1.521(5)
03-S1-04 110.72(9) C2-N-C3 115.6(3)
C2-N-C5 114.0(3)
C3-N-C5 103.2(2)
C1-N-C4 113.9(3)
C1-N-C6 112.1(3)
C4-N-C6 100.1(3)
N-C1-C2! 112.4(3)
N-C4-C3! 108.3(3)
N-C6-C5' 108.2(3)
Symmetry codes: '—x — 1,—y,—z + 1
Octahedron around Ni Tetrahedron around S(1) Within the organic moiety
(C6H14N2)[Ni(H20)6](SO4)> (=173 °C)
Ni-OW1 2.0310(6) S1-01 1.4765(6) NI-C1 1.494(1)
Ni-OW2 2.0381(6) S1-02 1.4798(6) NI1-C2 1.495(1)
Ni-OW3 2.0467(6) S1-03 1.4817(6) NI-C3 1.498(1)
Ni-OW4 2.0475(6) S1-04 1.4851(6) N2-C4 1.490(1)
Ni-OW5 2.1120(6) 01-S1-02 110.41(4) N2-C5 1.500(1)
Ni-OW6 2.1208(6) 01-S1-03 109.73(4) N2-C6 1.500(1)
OWI-Ni-OW2 177.41(2) 01-S1-04 109.00(4) C1-Co6 1.531(1)
OWI1-Ni-OW3 88.34(2) 02-S1-03 108.89(3) C2-C4 1.535(1)
OWI-Ni-OW4 91.76(2) 02-S1-04 108.46(3) C3-C5 1.533(1)
OWI1-Ni-OWS5 88.28(2) 03-S1-04 110.34(4) CI-NI1-C2 110.29(7)
OWI-Ni-OW6 92.19(3) Tetrahedron around S(2) CI1-N1-C3 109.34(6)
OW2-Ni-OW3 92.93(2) S2-05 1.4755(6) C2-N1-C3 109.99(7)
OW2-Ni-OW4 87.01(2) S2-06 1.4803(6) C4-N2-C5 109.63(6)
OW2-Ni-OWS5 89.41(2) S2-07 1.4819(6) C4-N2-C6 110.36(6)
OW2-Ni-OW6 90.13(2) S2-08 1.4871(6) C5-N2-C6 110.02(6)
OW3-Ni-OW4 178.86(2) 05-S2-06 110.02(4) N1-C1-C6 107.64(6)
OW3-Ni-OWS5 92.63(2) 05-S2-07 109.75(4) NI1-C2-C4 108.34(6)
OW3-Ni-OW6 86.96(2) 05-S2-08 109.46(4) NI1-C3-C5 108.50(6)
OW4-Ni-OWS5 88.50(2) 06-S2-07 108.81(3) N2-C4-C2 107.83(6)
OW4-Ni-OW6 91.90(2) 06-S2-08 109.85(4) N2-C5-C3 107.32(6)
OW3-Ni-OW6 179.38(2) 07-S2-08 108.94(3) N2-C6-C1 108.53(6)

the cis-OW-Ni—-OW angles vary from §87.49(5) to 92.51(5)°
(Table 3). The Ni atoms are isolated from any others with a
shortest Ni-Ni distance 7.00 A. The octahedra run along
the a and ¢ axes, forming inorganic cationic stacks along
[100] and [001]. Each octahedron is H-bonded to six sul-
phate anions in a bidentate fashion.

The dabcodiium groups are located around inversion
centres at (1/201/2) and (01/20), while all their atoms
are located in general positions. Their internal symmetry,
D3y, does not contain any inversion centre. Consequently,
the molecule adopts two possible orientations. The C
atoms are distributed between two positions related by
the symmetry centre, with a refined site occupancy factor
equal to 0.5. Two possible models can be attributed to this
disorder: static disordering in two positions or dynamical
disordering of all the dabcodiium ions turning through

180° around any axis that passes through the inversion cen-
tre and perpendicular to the N-N axis. It is well known
that the X-ray diffraction experiment does not allow to
determine which of the indicated models is true. In order
to find out the correct model, dielectric studies are
required. Fig. 5a shows the two possible orientations of
the dabcodiium group. Within the dabcodiium cations,
the N-C distances and the C-N-C angles range from
1.346(5) to 1.595(4) A and from 100.1(3) to 115.6(3)°,
respectively (Table 3). Also, the values in the present struc-
ture deviate most strongly from those in the literature [28],
especially the C—N-distances. These deviations are proba-
bly due to the disorder of the carbon atoms. The organic
cations occupy the same positions as the metallic octahedra
translated by half the b axis, so that they are placed in the
middle of the edge parallel to the b axis and the centres of
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Hydrogen-bonding geometry (A, °)
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D-H---A d(D-H) (A) dH--A) (A) dD---A) (A) /D-H:---A (°)
(CeH14N2)[Ni(H20)6)(SO4), (20 °C)
N-HN.- .0l 0.96(3) 1.72(3) 2.653(2) 162(2)
OWI-H11---04! 0.86(2) 1.92(2) 2.768(2) 169(3)
OWI- HI12...02" 0.88(2) 1.81(2) 2.692(2) 176(3)
OW2-H21---03 0.86(2) 1.94(2) 2.786(2) 168(3)
OW2-H22...02™ 0.87(2) 1.83(2) 2.692(2) 173(3)
OW3-H31---04"Y 0.85(2) 2.03(2) 2.878(2) 174(2)
OW3-H32..-03! 0.85(2) 2.13(2) 2.979(2) 179(2)
Symmetry codes: '—x,—y,—z; "—x + 1/2,y — 1/2,—z+ 1/2; Wx + 1/2,—y + 1/2,z = 1/2; V—x — 1/2,y — 1/2,—z + 1/2.
(CeH14NR)[Ni(H,0)61(SO4), (—173 °C)
N1-HNI.--05¥! 0.89(1) 1.75(1) 2.6273(9) 169(1)
N2-HN2.-.01V! 0.88(1) 1.80(1) 2.6592(9) 167(1)
OWI-H11---04Y 0.83(1) 1.91(1) 2.7416(8) 173(2)
OWI- HI2---02 0.86(1) 1.80(1) 2.6564(8) 178(2)
OW2-H21---07" 0.84(1) 1.87(1) 2.7020(8) 176(2)
OW2-H22...08™ 0.85(1) 1.92(1) 2.7726(8) 174(2)
OW3-H31---06'! 0.83(1) 1.93(1) 2.7562(8) 172(2)
OW3-H32.--02"Y 0.83(1) 1.86(1) 2.6874(8) 175(2)
OW4-H41.--07" 0.84(1) 1.84(1) 2.6774(8) 175(2)
OW4-H42. --03Y 0.85(1) 1.98(1) 2.8072(8) 168(2)
OWS5-H51---04"Y 0.84(1) 2.07(1) 2.9023(8) 178(2)
OW5-H52. - -06™ 0.85(1) 2.07(1) 2.9207(8) 178(1)
OW6-H61- --O8" 0.83(1) 2.05(1) 2.8755(9) 179(2)
OW6-H62- --O3 0.84(1) 2.10(1) 2.9421(8) 178(1)

Symmetry codes: "—x+ 1,—y+ 1,—z+ 1; "x+ Ly, z; Mx+1/2,—y + 1/2,; V—x+ 1,—y + 1,—z; Vx + 1/2,—y + 3/2,z; V'—x + 1/2,y — 1/2, -z,

VI +1/2,p+1/2,—z+ 1.

-160 -130

-110

90

-70

50
T¢C)

50

Fig. 1. DSC curves obtained upon heating and cooling for (C¢H;4N»)[Ni(H,0)6](SO4)> (5 °C min ™).

the faces defined in the (ac) plane. Then, they run along the
a and ¢ axes to form organic cationic stacks along [100]
and [001]. The disordered cations are isolated from one
another and they alternate with the [Ni(H,O)¢]*" octahedra
along [101] and [010] to form mixed cationic stacks. The
combination of the organic and inorganic cationic stacks
leads to cationic layers parallel to the (ac) plane.

There is only one crystallography independent S atom
with tetrahedral coordination geometry located in general
position. The sulphate groups are slightly distorted with
mean tetrahedral angles of 109.475° and mean S-O dis-
tance of 1.471 A (Table 3). The oxygen atoms of each sul-
phate anion participate as acceptors in hydrogen bonds, for
H-atoms from dabcodiium groups and water molecules.
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Fig. 2. TG curve for the decomposition of (CgH;4N5)[Ni(H,0)s](SO4), in air (15°Ch™1).
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Fig. 3. TDXD plot for the decomposition of (CgH;4N,)[Ni(H,0)s](SOs), in air (7 °C h™! from 18 to 610 °C; counting time of 3600 s per pattern).

The 02, O3 and O4 oxygen atoms are involved in two
hydrogen bonds, each of them accepting two water hydro-
gen atoms, while the O1 accepts only one hydrogen bond
from the organic moiety. As it can be seen in Fig. Sa, the
sulphate anions play an important role in the structure con-
nectivity. Indeed, the organic and inorganic cations are
connected via hydrogen bonds, N-H---O and OW-
H---O, through sulphate groups. The H---O bond length
involved in the N-H---O bond has as a value 1.72(3) A,
while they fall into the range 1.81(2)72.13(2)A for the
OW-H- - -O bonds, thus leading to a mean H---O value
of 1.911 A. The N- - -O distance is equal to 2.653(2) A while
OW---O distances vary from 2.692(2) to 2.979(2) A (mean
D---O value of 2.778 A). Consequently, the hydrogen
bonds established between the dabcodiium and the sul-
phate groups are stronger than those observed between

water molecules and anions. The D-H-:--O angles range
from 162(2)° to 179(2)° (mean value of 172°) (Table 4).

3.2.2. Structure of the LT-phase (determined at —173 °C)

At —173 °C, the title compound crystallises in mono-
clinic symmetry (space group P2;/a) and exhibits a fully
ordered crystal structure consisting of isolated [Ni(H,0)¢ "
octahedra, SO; tetrahedra and dabcodiium ions linked
together by a hydrogen-bonding network (Fig. 4b).

In this structure, the nickel atom occupies a general posi-
tion. Its coordination polyhedron, formed by six water mol-
ecules in the form of an octahedron, is slightly irregular as
seen in other templated metal sulphate [6,9,29]. Indeed,
the Ni-OW distances range from 2.0310(6) to 2.1208(6) A
with a mean distance 2.066 A (Table 3). The Ni(OW)q octa-
hedra are isolated from each other with a shortest distance
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Fig. 4. Projection of the three-dimensional networks of (a) the HT-phase along the a axis, (b) the LT-phase along [101]. H bonds are shown as dashed

lines (as in the following figures). Light grey octahedra: [Ni(H,O)¢*", dark grey tetrahedra: SOi

for clarity.

Fig. 5. Sulphate environment for (a) the HT-phase, showing the dabcod-
itum disorder (the two possible orientations are represented by either white
C or grey C atoms), (b) the LT-phase. Note that the octahedra are not
oriented in the same manner in the two phases.

Ni—Ni equal to 6.807(5) A, which is shorter than that found
in the room temperature phase (Ni-Ni = 7.0000(1) A). The
dabcodiium ordering leads to the decrease of the mean vol-
ume of the amino group. Since a dabcodiium group is
located between two Ni octahedra, it is the reason of the
Ni—Ni shortening. As it is observed for the HT-phase, each
octahedron is H-bonded to six sulphate anions in a biden-
tate fashion.

Contrary to that observed for the HT-phase, the C-C
and N-C distances and the C-N-C angles within the
diprotonated amine (Table 3) are in agreement with these
reported for [HN(CH,){NHISO, - 0.5H,O [28], for exam-
ple. The [HN(CH,)¢NHJ*" are stacked along the [101]
direction and they are separated from one another by only
one Ni(H,O)4 octahedron along a, b and ¢ axes giving rise
to mixed cationic layers parallel to the (ac) plane.

There are two crystallography distinct S atoms lying in
general positions. Similarly to the Ni(H,O)q groups, the
SO, tetrahedra are slightly distorted, with mean tetrahedral
angles of 109.47° and mean S-O bond lengths of 1.481 and
1.482 A for S104 and S20,, respectively (Table 3). These

, grey spheres: C, black spheres: N. H atoms are omitted

anions are isolated and are connected to the cations via
N-H---O and OW-H- - -O hydrogen bonds into an exten-
sive three-dimensional infinite framework. Within this
structure, the H---O distances range from 1.75(1) to
2.10(1) A with a mean value of 1.925A. The D-H---O
angles are comprised in the 167(1)-179(2)° range with a
mean value of 174.28° (Table 4). All O atoms belonging
to the SOy, tetrahedra are involved in two hydrogen bonds
(accepting two water hydrogen atoms) with an exception
for O1 and OS5 which accept from only one dabcodiium
H atom (Fig. 5b). As a consequence, these two S—O bonds
are shorter than the others, i.e., 1.4765(6) for SI-O1 and
1.4755(6) A for S2-O5 (Table 3).

4. Discussion

The LT- and HT-phases exhibit similar crystal structures
consisting of Ni*" cations octahedrally coordinated to six
water molecules, sulphate tetrahedra and dabcodiium cat-
ions linked by hydrogen bonds only. However, the hydro-
gen bonds are stronger at —173 °C than those observed
for the HT phase (Table 4), in agreement with the dabcod-
itum ordering and the structure freezing. The DSC shows
that the title compound exhibits a reversible phase transi-
tion of the second order. The X-ray diffraction and the
DSC experiments do not allow to determine the nature of
the phase transition which might probably be ferroelastic-
prototype as found in (CsH;oNH,)SbClg - (CsH;oNH,)Cl
crystals [30].

[Ni(H,0)s" and (C¢H4N»)*" strictly alternate in stack-
ing directions, which differ from the LT- and HT-phases.
For the HT phase (space group P2,/n), the cations alternate
along two directions, i.e., the b axis and [101]. Within sim-
ilar compounds which also crystallise in space group P2,/n,
the stacking directions are [10 1/2]for the piperazine-related
compound [7] and [001] for the ethylenediamine-related
compound [31]. For the LT-phase (space group P2/a),
the stacking directions correspond to the three cell axes a,
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b and ¢. Within similar phases which crystallise in space
group P2i/a, the stacking directions correspond to the «
and b axes in the guanidinium-related compound [10], and
[101/011] for the ammonium Tutton’s salts [32]. Although
all the cited structures are similar in connectivity, it is
noticeable that the alternation of the cations strongly differ
from one to each other. It is likely to be the nature of the
amine group that affects the positions and the orientations
of the entities within the unit cell.

Such results are promising for further investigations on
both the phase transition behaviour and the crystal chem-
istry of transition metal sulphates templated by amines.
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