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bstract

Two phase transitions at: T h
C1 = 243.7 K and T h

C2 = 203.3 K (on heating) and at: T c
C1 = 222.0 K and T c

C2 = 201.5 K (on cooling) were determined
or [Ca(H2O)4](NO3)2 between 90 and 300 K by means of differential scanning calorimetry (DSC). Large thermal hysteresis (∼22 K) of TC1 phase
ransition is characteristic for similar compounds indicating high degree of dynamical disorder of NO3

− anions. Phase transition discovered at

C2 is connected with small change of the crystal structure. Namely, at low temperature phase the unit cell is doubled and there are scant but
tatistically significant differences between atom positions at 100 and 215 K. The space group (P21/n; No. 14) is the same for high, intermediate
nd low temperature phase, however, changes of water molecules orientations and changes in the net of hydrogen bonds are distinctly visible.

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

The crystal lattice parameters of tetraaquacalcium nitrate(V)
rystal structure were determined at room temperature (RT) by
eclaire and Monier [1,2] and also by Ribar and Divjaković [3].
he title compound crystallizes in monoclinic crystal system in

he space group No. 14 = P21/n. The crystal structure contains
Ca2(H2O)8](NO3)4 dimers, joined by hydrogen bonds [1–3].
here are two crystallographically non-equivalent, slightly dis-

orted, NO3
− ions. We have performed X-ray measurements for

he single crystal at RT in order, among others, to check the
roper composition of investigated by us compound. Crystal
attice parameters obtained by us and their comparison with the
iterature data were presented in Table 1. The data obtained in

his work are very similar to those obtained earlier [3].

The polymorphism of crystalline compounds of the type
M(H2O)6](NO3)2 is only up to now known for M = Mg, Mn,

∗ Corresponding author. Fax: +48 12 634 0515.
E-mail address: hetmancz@chemia.uj.edu.pl (Ł. Hetmańczyk).
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o, Ni, Cu and Zn [4–6]. All of these compounds exhibited
wo stage melting process. However, only two of them, namely:
Co(H2O)6](NO3)2 and [Mg(H2O)6](NO3)2, indicated at the
emperature range of 100–400 K one solid–solid phase transi-
ion [4,5].

The main aim of this paper is to investigate the polymor-
hism of the titled compound and to find its connection with
he changes in the crystal structure. Unfortunately, the crystal
tructures of both: the low and intermediate temperature phase
ere up to now unknown. Thus, one of the aims of this paper

s also to determine a crystal structure of these both phases.
n our next paper (Part II) we would like to find some con-
ection of the detected phase transitions with the orientational
ynamic of molecular groups: H2O and NO3

− by means of
aman and infrared spectroscopy and by nuclear magnetic res-
nance method.
. Experimental procedures

[Ca(H2O)4](NO3)2 was synthesized by treating calcium carbonate with
iluted nitric acid. The solution was concentrated by mild heating, and

mailto:hetmancz@chemia.uj.edu.pl
dx.doi.org/10.1016/j.jallcom.2006.05.128
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Table 1
Crystal data for [Ca(H2O)4](NO3)2 at room temperature

This work (P21/n)a [3] (P21/n)a [1] (P21/n)a [2] (P21/n)a

a (Å) 6.282(2) 6.277(7) 6.268(6) 6.2786(7)
b (Å) 9.156(6) 9.157(9) 9.116(9) 9.1551(5)
c (Å) 14.475(1) 14.484(10) 14.830(10) 14.8999(12)
β ◦
Z
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( ) 98.3(9) 98.6(2) 106.5(3) 106.22(1)
4 4 4 4

a Space group.

olourless crystals obtained after cooling the solution were purified several
imes by repeated crystallization from four-time distilled water. Then, the
rystals were dried for several days in a desiccator over BaO and stored in
ygrostat. The composition of the compound was established through chemical
nd thermal analysis [7].

DSC measurements at 95–300 K were performed with a Perkin-Elmer
YRIS 1 DSC apparatus. The samples of masses: 19.49 and 17.54 mg were
laced in an aluminium vessel and closed by compressing. Another empty alu-
inium vessel was used as a reference holder. Two characteristic temperatures of

he DSC peaks obtained on heating and on cooling the sample were computed:
emperature of the peak maximum (Tpeak) and temperature calculated from a
lope of the left-hand side (on heating) or the right-hand side (on cooling) of the
eak (Tonset). These two temperatures differed by 2–4 K, what depended on the
canning rate of heating or cooling. The enthalpy change (�H) was calculated
y numerical integration of the DSC curve under the anomaly peak after a lin-
ar background arbitrary subtraction. The entropy change (�S) was calculated
sing the formula �S = �H/TC. For sharp peaks the values were calculated to
high accuracy (4%), whereas for the diffuse peak they were estimated only.

ther experimental details were the same as those published in our previous
aper [8].

X-ray diffraction intensity measurements performed for single crystal sam-
le at 293, 215 and 100 K were carried out on a Nonius Kappa CCD diffractome-
er equipped with molybdenum X-ray tube and Oxford Cryostream cooler. The

c
t
c

able 2
xperimental details and results of X-ray diffraction experiments

Temperature (K)

293.0(2) 215.0(

mpirical formula Ca(NO3)·4H2O Ca(NO
ormula weight 236.16 236.16
avelength 0.71073 Å 0.7107
rystal system, space group Monoclinic, P21/n Mono
nit cell dimensions a = 6.282(5) Å, b = 9.157(5) Å,

c = 14.475(5) Å, β = 98.386(5)◦
a = 6.2
c = 14

olume 823.8(8) Å3 812.9(
4 4

ensity (calculated) 1.904 mg/m3 1.930
bsorption coefficient 0.806 mm−1 0.816
(0 0 0) 488 488
rystal size 0.6 mm × 0.55 mm × 0.5 mm 0.6 mm
heta range for data collection 3.38–27.48◦ 2.65–2

ndex ranges −8 ≤ h ≤ 8, −11 ≤ k ≤ 11,
−18 ≤ l ≤ 18

−8 ≤

eflections collected 3635 3581
ndependent reflections 1888 [R(int) = 0.0000] 1850 [
ompleteness to theta = 27.48◦ 99.8% 99.9%
efinement method Full-matrix least-squares on F2 Full-m
ata/restraints/parameters 1880/8/151 1851/
oodness-of-fit on F2 1.112 1.096
inal R indices [I > 2sigma(I)] R1 = 0.0220, wR2 = 0.0570 R1 = 0
indices (all data) R1 = 0.0244, wR2 = 0.0585 R1 = 0
xtinction coefficient 0.064 (3) 0.034
argest diff. peak and hole 0.276 and −0.224 e Å−3 0.271
nd Compounds 432 (2007) 232–240 233

ame data collection strategy (complete sphere of reciprocal space, 6 s exposure
ime) was used for each of these three experiments. Collected data were pro-
essed using DENZO-SCALEPACK [9]. The phase problem was solved using
IR-92 program [10] and the refinement was performed with SHELXL-97 [11].
ositions of the hydrogen atoms were located from the difference Fourier maps
nd refined positionally with individual isotropic thermal parameters. The hydro-
en atoms were refined with geometrical (bond length) restrains only for 293 and
15 K. All non-H atoms were refined anisotropically. Details of the measurement
nd refinement are given in Table 2.

Neutron powder diffraction (NPD) patterns were measured simultaneously
ith incoherent, inelastic/quasielastic neutron scattering (IINS/QENS) spectra
sing the time-of-flight method in the NERA-PR spectrometer [12] in the high
ux pulsed reactor IBR-2, at Dubna (Russia). The sample was put into a thin-
all aluminium container (140 mm × 60 mm × 1 mm) at room temperature. The

ample holder was then placed in a top-loaded cryostat cooled with a helium
efrigerator. The temperature of the sample could be changed within the range
0–300 K and stabilized with ±0.5 K accuracy at any chosen value. In the case
f the NPD, different scattering angles were used to record the selected lattice
pacing dh k l ranges at an appropriate resolution. It should be emphasized that,
ecause the examined compound contained ca. 50% of hydrogen atoms, the NPD
atterns were recorded against a relatively high incoherent background due to
ncoherent scattering of hydrogen atoms. For this reason, their interpretation is
nly qualitative, nevertheless it was very useful for identification of particular
hases.

. Results and discussion

.1. DSC measurements
The DSC measurements were performed both on heating and
ooling a sample with a mass equal to 19.49 mg (sample I) and
he second sample with a mass equal to 17.54 mg (sample II), at
onstant rates of 10, 20, 30 and 40 K min−1.

1) 100.0(1)

3)·4H2O Ca(NO3)·4H2O
236.16

3 Å 0.71073 Å
clinic, P21/n Monoclinic, P21/n
35(5) Å, b = 9.146(5) Å,

.406(5) Å, β = 98.285(5)◦
a = 12.423(5) Å, b = 9.120(5) Å,
c = 14.727(5) Å, β = 105.748(5)◦

8) Å3 1605.9(12) Å3

8
mg/m3 1.954 mg/m3

mm−1 0.827 mm−1

976
× 0.55 mm × 0.5 mm 0.6 mm × 0.55 mm × 0.5 mm

7.47◦ 2.81–27.49◦
h ≤ 8, −8 ≤ k ≤ 11, −18 ≤ l ≤ 18 −16 ≤ h< ≤ 16, −11 ≤ k ≤ 11,

−19 ≤ l ≤ 18
7115

R(int) = 0.0086] 3675 [R(int) = 0.0098]
99.8%

atrix least-squares on F2 Full-matrix least-squares on F2

8/151 3675/0/300
1.094

.0201, wR2 = 0.0539 R1 = 0.0199, wR2 = 0.0532

.0219, wR2 = 0.0553 R1 = 0.0247, wR2 = 0.0558
(2) 0.0055 (4)
and −0.226 e Å−3 0.213 and −0.294 e Å−3
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ig. 1. DSC curves registered on first cooling and heating of [Ca(H2O)4](NO3)2

sample I) at a scanning rate of 20 K min−1 in the temperature range of 90–330 K.

Sample I was measured in the temperature range of 90–330 K
n order to investigate melting process of the title compound.
ig. 1 shows the temperature dependences of the heat flow (DSC
urves) obtained while first cooling (lower curve) and subse-
uent heating (upper curve) of [Ca(H2O)4](NO3)2 sample I at
he rate of 20 K min−1. In Fig. 1 one can see three anomalies on
he upper curve (heating curve). Two of them at T h

C1 and T h
C2 are

ery small in comparison with the third one which is connected
ith the melting of the sample at Tm = 317.6 K. These small

nomalies are better visible in the insertion, also presented in
ig. 1. While cooling the liquid (melted or rather better to say
issolved in own coordinated water) sample I from 330 to 90 K
t a rate of 20 K min−1, only characteristic glass transition on the
SC curve at ca. 215 K was recorded, as can be seen in Fig. 2.
hus a metastable glass phase was formed. Next heating of this
lass sample from 90 to 330 K, first at ca. 215 K glass transi-
ion take place and next a re-crystallization into a crystalline
hase as an exothermic sharp peak at ca. 247 K can be observed.
ubsequent heating lead to melting of the crystal at ca. 318 K.

Sample II was measured in the temperature range of
0–295 K in order to careful investigation of the phase transi-
ions in solid state at TC1 and TC2. Fig. 3 presents the temperature

ependences of the heat flow obtained for the title compound
n heating (upper curve) and on cooling (down curve) sam-
le II of [Ca(H2O)4](NO3)2 at the rate of 20 K min−1. Two
istinct anomalies were registered on each of these two DSC

t
a
m
m

ig. 2. DSC curves registered on cooling of melted sample I of
Ca(H2O)4](NO3)2 and subsequent heating at a rate of 20 K min−1 in the tem-
erature range of 90–330 K.

urves at: T h
C1 peak = 244.1 K and T h

C2 peak = 203.5 K (on heat-
ng) and at T c

C1 peak = 221.9 K and T c
C2 peak = 201.2 K (on cool-

ng). The phase transitions temperatures: T h
C1 = 243.7 K and

h
C2 = 203.3 K (on heating) and at T c

C1 = 222.0 K and T c
C2 =

01.5 K (on cooling) were calculated by extrapolating the cor-
esponding dependencies of T h

peak and T c
peak values versus the

canning rate dependences, registered at four scanning rates of
eating and cooling the sample: 10, 20, 30 and 40 K min−1, to
he scanning rate value equal to 0 K min−1. The presence of ca.
0 K hysteresis of the phase transition temperature at TC1 and
he heat flow anomaly sharpness suggest that the detected phase
ransition is a first-order one. The second phase transition at TC2
s probably connected with the second order phase transition.
t is also suggested by the “lambda shape” of the anomaly. The
hermodynamic parameters of the detected phase transitions are
resented in Table 3.

.2. X-ray diffraction

Table 2 presents experimental details of X-ray measurement
f single crystalline sample of [Ca(H2O)4](NO3)2. Contents of

he asymmetric unit of the unit cell of [Ca(H2O)4](NO3)2 crystal
t room temperature (293 K) is consistent with empirical for-
ula. Each Ca2+ cation coordinates four H2O molecules with
ean Ca2+–O distance equals to 2.443 Å and five oxygen atoms
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Fig. 3. DSC curves registered on heating and cooling of [Ca(H2O)4](NO3)2

(sample II) at a rate of 20 K min−1 in the temperature range of 90–295 K.

Table 3
Thermodynamic parameters of the phase transitions of [Ca(H2O)4](NO3)2

Parameters Heating Cooling

Tm (K) 317.6 ± 0.1
TC1 (K) 243.7 ± 0.1 222.0 ± 0.1
TC2 (K) 203.3 ± 0.1 201.5 ± 0.1
�Hm (kJ mol−1) 34.28 ± 1.57
�H1 (kJ mol−1) 1.41 ± 0.20 0.86 ± 0.03
�H2 (kJ mol−1) 0.16 ± 0.01 0.15 ± 0.01
�Sm (J mol−1 K−1) 107.9 ± 4.3
�S1 (J mol−1 K−1) 5.8 ± 0.4 3.9 ± 0.2
�S2 (J mol−1 K−1) 0.8 ± 0.01 0.7 ± 0.01

Fig. 4. ORTEP [13,14] projections of the molecular structure of the [Ca(H2O)4]
(NO3)2 dimer at RT.

Table 4
Atomic coordinates (10−4) and equivalent isotropic displacement parameters
(× 103 Å2) for the structures of the [Ca(H2O)4](NO3)2 determined at tempera-
tures: 293, 215 and 100 K

x y z U(eq)

293 K
Ca(1) 5394(1) 4103(1) 3671(1) 21(1)
N(1) 5980(2) 3720(1) 1693(1) 26(1)
N(2) 4264(2) 7329(1) 4067(1) 23(1)
O(1a) 6601(2) 4838(1) 2169(1) 37(1)
O(1b) 5252(2) 2685(1) 2119(1) 36(1)
O(1c) 6109(2) 3654(1) 857(1) 43(1)
O(2a) 4184(2) 6212(1) 4586(1) 31(1)
O(2b) 4770(2) 7124(1) 3277(1) 31(1)
O(2c) 3850(2) 8548(1) 4347(1) 39(1)
O(2h) 8172(2) 2225(1) 3968(1) 39(1)
O(3h) 3106(2) 1970(2) 3855(1) 54(1)
O(1h) 8775(2) 5363(1) 4151(1) 34(1)
O(4h) 1828(2) 4631(1) 2824(1) 35(1)

215 K
Ca(1) 5406(1) 4106(1) 3669(1) 15(1)
N(1) 5999(2) 3729(1) 1687(1) 19(1)
N(2) 4264(2) 7337(1) 4068(1) 17(1)
O(1a) 6639(2) 4846(1) 2168(1) 26(1)
O(1b) 5241(2) 2695(1) 2114(1) 26(1)
O(1c) 6130(2) 3658(1) 846(1) 32(1)
O(2a) 4196(2) 6211(1) 4588(1) 22(1)
O(2b) 4777(1) 7142(1) 3271(1) 22(1)
O(2c) 3830(2) 8557(1) 4354(1) 28(1)
O(2h) 8217(2) 2237(1) 3966(1) 28(1)
O(3h) 3125(2) 1959(1) 3839(1) 42(1)
O(1h) 8800(2) 5375(1) 4151(1) 24(1)
O(4h) 1828(2) 4645(1) 2821(1) 25(1)
H(1a) 8880(40) 6249(19) 4004(17) 70(7)
H(1b) 9390(80) 5230(60) 4702(19) 172(19)
H(2a) 8220(40) 1860(30) 4493(13) 67(7)
H(2b) 8150(30) 1522(19) 3604(13) 49(6)
H(3a) 3600(40) 1310(30) 4220(17) 84(9)
H(3b) 1790(30) 2060(50) 3820(30) 171(18)
H(4a) 1260(30) 3976(19) 2500(13) 45(5)
H(4b) 1740(60) 5430(30) 2550(20) 114(12)

100 K
Ca 10834(1) 4087(1) 6333(1) 7(1)
N(1) 12114(1) 3695(1) 8306(1) 9(1)
O(1a) 12192(1) 4842(1) 7847(1) 14(1)
O(1b) 11481(1) 2694(1) 7875(1) 12(1)
O(1c) 12645(1) 3555(1) 9147(1) 13(1)
N(2) 10124(1) 7359(1) 5954(1) 8(1)
O(2a) 9859(1) 6225(1) 5423(1) 10(1)
O(2b) 10759(1) 7165(1) 6764(1) 11(1)
O(2c) 9761(1) 8581(1) 5662(1) 13(1)
O(3h) 12048(1) 2256(1) 6034(1) 14(1)
O(2h) 9614(1) 1908(1) 6156(1) 14(1)
O(4h) 12359(1) 5352(1) 5871(1) 10(1)
O(1h) 9453(1) 4644(1) 7167(1) 11(1)
H(1a) 8850(15) 4964(18) 6882(12) 35(4)
H(1b) 9342(14) 3992(19) 7494(12) 31(4)
H(2a) 8961(15) 2013(19) 6077(12) 44(5)
H(2b) 9680(13) 1250(19) 5765(12) 31(4)
H(3a) 12272(13) 1564(19) 6411(12) 32(4)
H(3b) 11929(15) 1920(20) 5544(14) 43(5)
H(4a) 12943(15) 5152(18) 6250(12) 38(5)
H(4b) 12390(13) 6220(20) 5909(11) 28(4)
Ca′ 5916(1) 4130(1) 6333(1) 7(1)
N(1′) 7190(1) 3796(1) 8323(1) 9(1)
O(1a′) 7277(1) 4915(1) 7831(1) 12(1)
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Table 4 (Continued )

x y z U(eq)

O(1b′) 6611(1) 2745(1) 7902(1) 13(1)
O(1c′) 7659(1) 3753(1) 9178(1) 15(1)
N(2′) 5098(1) 7349(1) 5913(1) 8(1)
O(2a′) 4808(1) 6215(1) 5391(1) 10(1)
O(2b′) 5773(1) 7158(1) 6708(1) 10(1)
O(2c′) 4717(1) 8569(1) 5632(1) 12(1)
O(3h′) 7235(1) 2284(1) 6011(1) 11(1)
O(2h′) 4860(1) 1872(1) 6268(1) 16(1)
O(4h′) 7343(1) 5428(1) 5832(1) 11(1)
O(1h′) 4504(1) 4668(1) 7165(1) 11(1)
H(1a′) 4609(13) 5333(19) 7487(11) 33(5)
H(1b′) 4377(15) 3950(20) 7477(12) 37(5)
H(2a′) 4951(15) 1390(20) 6704(14) 51(6)
H(2b′) 4758(15) 1260(20) 5838(14) 48(5)
H(3a′) 7289(14) 1560(20) 6403(12) 34(4)
H(3b′) 6966(14) 1947(18) 5508(12) 29(4)
H(4a′) 7427(12) 5200(17) 5294(13) 36(4)
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Table 5
Comparison of bond lengths (Å) for [Ca(H2O)4](NO3)2 at 293, 215 and 100 K

293 K 215 K 100 K

1st molecule 2nd molecule

Ca(1)–O(1h) 2.4287(18) 2.4258(17) 2.4203(10) 2.4468(10)
Ca(1)–O(2h) 2.4436(16) 2.4414(15) 2.4706(12) 2.4293(13)
Ca(1)–O(3h) 2.4621(16) 2.4575(15) 2.3693(11) 2.4843(11)
Ca(1)–O(4h) 2.4396(18) 2.4347(18) 2.4664(10) 2.4092(10)
Ca(1)–O(1a) 2.4964(12) 2.4903(12) 2.4997(10) 2.4926(10)
Ca(1)–O(1b) 2.5839(13) 2.5734(12) 2.4863(12) 2.5297(11)
Ca(1)–O(2a) 2.5212(13) 2.5138(12) 2.5101(11) 2.4726(11)
Ca(1)–O(2a)a 2.5155(13) 2.5053(12) 2.5346(10) 2.5676(10)
Ca(1)–O(2b) 2.8400(18) 2.8510(17) 2.8848(17) 2.8317(17)
Ca(1)–N(1) 2.9592(14) 2.9508(14) 2.9317(12) 2.9441(12)
Ca(1)–N(2) 3.1114(18) 3.1133(18) 3.1186(18) 3.1129(18)
Ca(1)–Ca(1)a 4.2795(14) 4.2672(14) 4.2498(12) 4.2738(12)
N(1)–O(1a) 1.2634(15) 1.2660(14) 1.2634(12) 1.2731(12)
N(1)–O(1b) 1.2527(15) 1.2568(14) 1.2590(12) 1.2561(12)
N(1)–O(1a) 1.2261(14) 1.2282(14) 1.2406(11) 1.2365(12)
N(2)–O(2a) 1.2742(14) 1.2775(13) 1.2851(12) 1.2807(12)
N(2)–O(2b) 1.2453(14) 1.2487(14) 1.2510(11) 1.2529(11)
N(2)–O(2c) 1.2285(15) 1.2324(14) 1.2347(12) 1.2356(12)

−

s
t

u
n
b
1
p
T
g

H(4b′) 7439(13) 6270(20) 5913(11) 30(4)

(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

elonging to nitrate anions (three in the same asymmetric unit
nd two symmetry related) with mean Ca2+–O distance 2.591 Å.
ote that distance Ca2+–O(2b) has value 2.840 Å and is signifi-

antly greater than other. Oxygen atom O(2a) is shared between
wo, related by centre of inversion, Ca2+ cations with similar
.516 and 2.521 Å distances and join two symmetry related parts,
orming dimmer (see Fig. 4 drown in ORTEP [13,14]).

Detailed geometrical parameters of tetraaquacalcium
itrate(V) at room temperature, compared with appropriate
arameters at temperatures 215 and 100 K, are listed in Table 4
fractional coordination’s and U(eq)) and Table 5 (selected bond
engths). This parameters are close to the reported earlier, for the
tructures determined at room temperature [1–3]. Comparison

f the structure determined at 215 K and room temperature
see Tables 2 and 5) shows no significant differences. The
nteratomic distances (with exception of N–O distance in
itrate(V) group) and atoms displacements parameters are

Fig. 5. Molecular packing of [Ca(H2O)4]

O
s
i
m

a −x + 2, −y + 1, −z + 1 for the first molecule at 100 K and 2 − x + 1, −y + 1,
z + 1 for remain molecules.

lightly decreasing, which is natural consequence of the
emperature decreasing (Fig. 5).

As shown in Fig. 6 drown in ORTEP [13,14], repeating
nit of the structure determined at 100 K contains two, origi-
al and primed [Ca(H2O)4](NO3)2 dimers. These dimmers can
e brought near to overlap when one of them is translated by
/2a. Table 6 lists the values of the differences in the atomic
ositions of “overlapped” fragments in the structure at 100 K.
he resultant shifts of the atoms given in the last column have the
reatest values for the water molecules oxygen atoms, O(2h) and
(NO3)2 at (a) 293 K and (b) 100 K.

(3h). In consequence of these movements the centre of inver-
ion located at geometrical centre of these dimmers, observed
n the structure at 293 K and 215 K disappears and these two

olecules became symmetrically independent. Cell volume is
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Fig. 6. ORTEP [13,14] projections of repeating fragment of the [Ca(H2O)4]
(NO3)2 at 100 K.
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Table 6
Values of differences in atomic positions in the structure of [Ca(H2O)4](NO3)2 at 10

�x �x/σx �y

Ca/Ca′ 0.00812 406.00 0.00425
N(1)/N(1′) 0.00756 108.00 0.01005
O(1a)/O(1a′) 0.00849 141.50 0.00730
O(1b)/O(1b′) 0.01301 216.83 0.00510
O(1c)/O(1c′) 0.00140 23.33 0.01975
N(2)/N(2′) −0.00262 −37.43 −0.00106
O(2a)/O(2a′) −0.00506 −84.33 −0.00096
O(2b)/O(2b′) 0.00133 22.17 −0.00063
O(3c)/O(3c′) −0.00439 −73.17 −0.00123
O(1h)/O(1h′) 0.00509 84.83 0.00241
O(2h)/O(2h′) 0.02455 350.71 −0.00355
O(3h)/O(3h′) 0.01876 268.00 0.00273
O(4h)/O(4h′) −0.00161 −26.83 0.00758

Fig. 7. MERCURY plot of the hydrogen bond net in crystal struc
nd Compounds 432 (2007) 232–240 237

pproximately doubled and Z = 8. It is interesting that the same
pace group symbol P21/n can be assigned to the new lattice.
nother consequences of the geometrical differences between
riginal and primed dimers are changes in water molecules ori-
ntations. For example: hydrogen atom H 1a connected to the O
h of the water molecule is turned to the O 4h′ oxygen atom in
eighbouring primed molecule. These three atoms form hydro-
en bond in which O 1h is a donor and O 4h′ is an acceptor
f proton. Analogue hydrogen atom H 1a′ is directed to O 2h
elated by the symmetry operation [−x + 3/2, y + 1/2, −z + 3/2]
nd forming O 1h′–H 1a′· · ·O 2h hydrogen bond. The H 1b
nd H 1b′ atoms connected to O 1h and O 1h′ atoms, respec-
ively, have approximately the same orientation and form hydro-
en bonds to the related by the symmetry operation [−x + 3/2,
− 1/2, −z + 3/2] O 2b′ and O 2b atoms, respectively (see
igs. 6 and 7). Geometrical details of these and other hydro-
en bonds observed in the crystal structures determined at 293,
15 and 100 K are listed in Table 7. Fig. 7 shows the differences

n the hydrogen bonds net in the structure determined at 293 and
00 K.

0 K

�y/σy �z �z/σz Shift (Å)

212.50 0.00005 5.00 0.10796
111.67 0.00167 27.83 0.13113

91.25 −0.00159 −31.80 0.12951
63.75 0.00271 54.20 0.16769

219.44 0.00318 63.60 0.18632
−11.78 −0.00412 −68.67 0.06555
−12.00 −0.00325 −65.00 0.07417
−7.88 −0.00562 −112.40 0.08675

−15.37 −0.00303 −60.60 0.06655
26.78 −0.00016 −3.20 0.06728

−39.44 0.01114 185.67 0.32767
30.33 −0.00237 −39.50 0.24155
84.22 −0.00389 −77.80 0.09027

ture of the [Ca(H2O)4](NO3)2 at (a) 293 K and (b) 100 K.
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Table 7
Hydrogen bonds with distances D· · ·A < 3.000 Å and angles DHA > 110◦

D–H d(D–H) d(H· · ·A) <DHA d(D· · ·A) A

293 K
O 1h–H 1a 0.830 2.214 161.73 3.014 O 1c [−x + 3/2, y + 1/2, −z + 1/2]
O 1h–H 1a 0.830 2.249 139.85 2.933 O 1b [−x + 3/2, y + 1/2, −z + 1/2]
O 1h–H 1a 0.830 2.502 168.85 3.320 N1 [−x + 3/2, y + 1/2, −z + 1/2]
O 1h–H 1b 0.826 1.964 171.87 2.784 O 1h [−x + 2, −y + 1, −z + 1]
O 2h–H 2a 0.838 2.253 147.51 2.994 O 2c [−x + 1, −y + 1, −z + 1]
O 2h–H 2a 0.838 2.563 130.33 3.171 O 1c [x + 1/2, −y + 1/2, z + 1/2]
O 2h–H 2b 0.837 1.920 172.95 2.753 O 1a [−x + 3/2, y − 1/2, −z + 1/2]
O 2h–H 2b 0.837 2.663 149.86 3.413 N1 [−x + 3/2, y − 1/2, −z + 1/2]
O 3h–H 3a 0.832 2.448 128.20 3.034 O 2c [−x + 1, −y + 1, −z + 1]
O 3h–H 3a 0.832 2.541 141.17 3.232 O 2c [x, y − 1, z]
O 3h–H 3b 0.849 2.297 169.69 3.136 O 2h [x − 1, y, z]
O 4h–H 4a 0.791 2.109 169.16 2.890 O 2b [−x + 1/2, y − 1/2, −z + 1/2]
O 4h–H 4b 0.806 2.418 142.00 3.094 O 1b [−x + 1/2, y + 1/2, −z + 1/2]
O 4h–H 4b 0.806 2.575 141.37 3.244 O 3h [−x + 1/2, y + 1/2, −z + 1/2]

215 K
O 1h–H 1a 0.829 2.214 158.89 3.003 O 1c [−x + 3/2, y + 1/2, −z + 1/2]
O 1h–H 1a 0.829 2.214 142.16 2.914 O 1b [−x + 3/2, y + 1/2, −z + 1/2]
O 1h–H 1a 0.829 2.483 171.15 3.305 N1 [−x + 3/2, y + 1/2, −z + 1/2]
O 1h–H 1b 0.836 1.944 166.93 2.765 O 1h [−x + 2, −y + 1, −z + 1]
O 2h–H 2a 0.833 2.271 143.78 2.984 O 2c [−x + 1, −y + 1, −z + 1]
O 2h–H 2a 0.833 2.508 133.98 3.144 O 1c [x + 1/2, −y + 1/2, z + 1/2]
O 2h–H 2b 0.834 1.909 173.24 2.739 O 1a [−x + 3/2, y − 1/2, −z + 1/2]
O 2h–H 2b 0.834 2.655 149.43 3.399 N1 [−x + 3/2, y − 1/2, −z + 1/2]
O 3h–H 3a 0.835 2.418 130.66 3.029 O 2c [−x + 1, −y + 1, −z + 1]
O 3h–H 3a 0.835 2.526 140.47 3.215 O 2c [x, y − 1, z]
O 3h–H 3b 0.837 2.271 172.24 3.102 O 2h [x − 1, y, z]
O 4h–H 4a 0.815 2.064 172.44 2.874 O 2b [−x + 1/2, y − 1/2, −z + 1/2]
O 4h–H 4b 0.816 2.495 129.56 3.080 O 1b [−x + 1/2, y + 1/2, −z + 1/2]
O 4h–H 4b 0.816 2.450 152.55 3.196 O 3h [−x + 1/2, y + 1/2, −z + 1/2]

100 K
O 1h–H 1a 0.807 2.122 164.05 2.907 O 4h′
O 1h–H 1a 0.807 2.639 119.07 3.112 O 1b′ [−x + 3/2, y + 1/2, −z + 3/2]
O 1h–H 1b 0.800 2.071 172.36 2.866 O 2b′ [−x + 3/2, y − 1/2, −z + 3/2]
O 2h–H 2a 0.793 2.134 174.34 2.924 O 3h′
O 2h–H 2b 0.851 2.391 130.87 3.017 O 2c [−x + 2, −y + 1, −z + 1]
O 2h–H 2b 0.851 2.443 139.25 3.137 O 2c [x, y−1, z]
O 3h–H 3a 0.837 1.926 173.35 2.759 O 1a [−x + 5/2, y − 1/2, −z + 3/2]
O 3h–H 3b 0.761 2.398 133.22 2.971 O 2c [−x + 2, −y + 1, −z + 1]
O 3h–H 3b 0.761 2.496 147.59 3.165 O 1c′ [x + 1/2, −y + 1/2, z − 1/2]
O 4h–H 4a 0.808 2.086 176.33 2.892 O 1h′ [x + 1, y, z]
O 4h–H 4b 0.796 2.370 128.72 2.934 O 1b [−x + 5/2, y + 1/2, −z + 3/2]
O4h-H4b 0.796 2.129 173.59 2.921 O 1c [−x + 5/2, y + 1/2, −z + 3/2]
O 1h′–H 1a′ 0.759 2.437 161.06 3.164 O 2h [−x + 3/2, y + 1/2, −z + 3/2]
O 1h′–H 1a′ 0.759 2.523 123.96 3.013 O 1b [−x + 3/2, y + 1/2, −z + 3/2]
O 1h′–H 1b′ 0.839 2.007 174.02 2.843 O 2b [−x + 3/2, y − 1/2, −z + 3/2]
O 2h′–H 2a′ 0.759 2.279 164.70 3.017 O 1h [−x + 3/2, y − 1/2, −z + 3/2]
O 2h′–H 2b′ 0.831 2.429 127.77 3.011 O 2c′ [−x + 1, −y + 1, −z + 1]
O 2h′–H 2b′ 0.831 2.468 139.43 3.146 O 2c′ [x, y − 1, z]
O 3h′–H 3a′ 0.867 1.867 166.24 2.717 O 1a′ [−x + 3/2, y − 1/2, −z + 3/2]
O 3h′–H 3b′ 0.787 2.347 145.04 3.026 O 2c′ [−x + 1, −y + 1, −z + 1]
O 3h′–H 3b′ 0.787 2.420 134.29 3.023 O 1c [x−1/2, −y + 1/2, z − 1/2]
O 4h′–H 4a′ 0.852 1.875 178.20 2.726 O 4h [−x + 2, −y + 1, −z + 1]

136.
165.

3

[
fi

f

O 4h′–H 4b′ 0.783 2.264
O 4h′–H 4b′ 0.783 2.267

.3. Neutron scattering examinations
The neutron diffraction patterns (NPD) for polycrystalline
Ca(H2O)4](NO3)2, registered during the sample heating up at
ve selected temperatures of measurement, are shown in Fig. 8

a
f
o
s

63 2.884 O 1b′ [−x + 3/2, y + 1/2, −z + 3/2]
49 3.032 O 1c′ [−x + 3/2, y + 1/2, −z + 3/2]

or two scattering angles: 2θ = 69.10◦ and 61.25◦. We cannot see

ny important differences between the NPD patterns obtained
or all three crystalline phases. It means that crystal structure
f [Ca(H2O)4](NO3)2 does not change (or the changes are very
mall) after the phase transitions, at least from the point of view
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ig. 8. The NPD patterns of [Ca(H2O)4](NO3)2 registered on heating the samp
with collimator) and (b) at mean scattering angle 2θ = 61.25◦.

f neutron diffraction method. As was stated above from sin-
le crystal measurements the change of the crystal structure in
he TC2 is very small. It is mainly connected with changes in
ater molecule orientations. This aspect cannot be seen and

nvestigated by means of neutron diffraction mainly due to high
ncoherent cross-section scattering for hydrogen atoms. That is
hy neutron powder diffraction method is insensitive for water
olecules orientation and one can not see doubled reflection in

he diffraction pattern below TC2. This conclusion is compat-
ble with the results obtained by us from X-ray single crystal

easurements.

. Conclusions

. The DSC measurements of [Ca(H2O)4](NO3)2 performed in
the temperature range of 95–298 K allowed two phase transi-
tions to be detect. The temperature of these phase transitions,
obtained by extrapolation of the corresponding T h

peak and
T c

peak values obtained at different scanning rate to the zero

scanning rate, amount to: T h
C1 = 243.7 K, T h

C2 = 203.3 K
(on heating) and T c

C1 = 222.0 K, T c
C2 = 201.5 K (on cool-

ing). The value of �S1 = 5.8 J mol−1 K−1 (Rln2) indicates
for some kind of orientational dynamical disorder of in the
high temperature phase.
. The diffraction pattern at 293 K is nearly exactly the same
as at 215 K, what implies that phase transition at TC1 has
not structural character. However, there are some charac-
teristic changes at the X-ray diffraction patterns at 100 K,
seven chosen temperatures of measurement: (a) at scattering angle 2θ = 69.10◦

what implies that phase transition at TC2 is connected with a
change of the crystal structure. Namely, at 100 K the unit cell
is doubled and atom positions show scant but statistically sig-
nificant differences between 100 and 215 K. The space group
(P21/n; No. 14) is the same for high, intermediate and low
temperatures phases. However, changes of water molecule
orientations and changes in the net of hydrogen bonds are
clearly visible.
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