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Abstract One reversible phase transition at Th
c = 261.2 K

(upon heating) was observed for [Ca(H2O)2](ReO4)2 in the

120–300 K range. Thermal hysteresis of the phase transi-

tion temperature TC of ca. 30 K and heat flow anomaly

sharpness suggest that the detected phase transition is of a

first-order type. The entropy change value (DS & 1.6 ±

0.08 J mol-1 K-1), associated with the observed phase

transition (PT), indicates a moderate degree of molecular

dynamical disorder. X-ray single crystal and neutron

powder diffraction measurements indicated that the crystal

space group (I 2/a) is the same for the high- and low-

temperature phases. However, FT-IR and RS spectra show

a narrowing (during sample cooling) of the bands con-

nected with vibrations of the H2O molecules and ReO4
-

ions. This suggests that the anions and the ligands from the

complex cation perform rapid (picosecond correlation time

scale, which is characteristic of optical spectroscopy)

stochastic reorientational motions in the low- and high-

temperature phases. Moreover, apart from the narrowing,

the splitting of some bands can be seen below the phase

transition.

Keywords Diaquacalcium rhenate(VII) � Thermal

decomposition (TG/QMS) � Phase transition � DSC � X-ray

single crystal and neutron powder diffraction (XRSCD,

NPD) � Fourier transform middle- and far-infrared

spectroscopy (FT-MIR and FT-FIR)

Introduction

Diaquacalcium rhenate(VII), with the formula [Ca(H2

O)2](ReO4)2, is a particularly interesting molecular mate-

rial, because of the occurrence of reorientational

motions of the H2O ligands, ReO4
- anions and the whole

[Ca(H2O)2]2? complex cations. Similar compounds with

the same ligand [1–3] and anion [4, 5] exhibit also an

interesting polymorphism.

At room temperature (RT), diaquacalcium rhenate(VII)

crystallises in the centrosymmetric monoclinic system

(space group C2/c, No. = 15) with the unit cell parameters:

a = 18.8975(2) Å, b = 7.0720(2) Å, c = 14.1910(2) Å,

a = b = 90o, c = 115.38o and with eight molecules per unit

cell (Z = 8) [6]. However, in the literature one can find that

this compound crystallises in noncentrosymmetric mono-

clinic space group Cc [7] or C2 [8]. The ReO4
- anions have a

mostly regular tetrahedral geometry with an average Re–O

bond length of 1.72 Å [7]. The calcium atoms in this struc-

ture are surrounded by eight oxygen atoms with an average

Ca–O distance of *2.46 Å. The Ca2(H2O)4O10 polyhedral

long-chain structure is formed [6–8].

The polymorphism of the above-mentioned compound

was investigated by us (unpublished data) by means of

differential scanning calorimetry. The measurements were

performed in the temperature range of 300–120 K on

cooling and heating of the sample at different rates.
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It was thought interesting to see whether a compound of

the same type (with H2O ligands or ReO4
- anions) will

possess a phase polymorphism similar to that of those

compounds just mentioned. The general aim of the present

study is to investigate the polymorphism of [Ca(H2O)2]

(ReO4)2 in the temperature range of 120–300 K and find

the connections of recorded phase transition with eventual

changes of the crystal structure and/or of the rate of

stochastic reorientational motions of H2O ligands.

For this purpose, we employed differential scanning

calorimetry (DSC), Fourier transform far- and middle-in-

frared spectroscopy (FT-FIR and FT-MIR), X-ray single

crystal diffraction (XRSCD) and neutron powder diffrac-

tion (NPD) measurements. The optical spectroscopy

methods provide information on fast reorientational (sR is

of an order: from 10-11 to 10-13 s) molecular motions.

In addition, we would like to obtain a better under-

standing of mechanisms of thermal decomposition of the

title compound, particularly of its dehydration processes.

Experimental

The examined compound [Ca(H2O)2](ReO4)2 was obtained

by treating calcium carbonate (bought from the Sigma-

Aldrich company) with water-diluted perrhenic acid. The

solution was concentrated by mild heating, and colourless

crystals, obtained after cooling the solution, were purified

by repeated crystallisation from four-time distilled water.

Then, the crystals were dried for several days in a desic-

cator over BaO. The composition of the investigated

compound was determined based on its calcium content by

titration using EDTA. The average calcium content was

found to be equal to the theoretical value for [Ca(H2

O)2](ReO4)2 within an error margin of ±0.79%.

X-ray diffraction intensity measurements (XRSCD)

performed for the single crystal sample at 293 and 105 K

were carried out on a Nonius Kappa CCD diffractometer

equipped with a molybdenum X-ray tube and Oxford

Cryostream cooler. The same data collection strategy

(complete sphere of reciprocal space, 6 s exposure time)

was used for each of these two experiments. The collected

data were processed using DENZO-SCALEPACK [9]. The

phase problem was solved using the SIR-92 programme

[10], and the refinement was performed with the SHELXL-

97 programme [11]. The positions of the hydrogen atoms

were located from the difference Fourier maps and refined

positionally with individual isotropic thermal parameters.

All non-H atoms were refined anisotropically.

Thermal analysis was performed using thermogravime-

try and differential thermal analysis methods (TG/SDTA)

with the aid of Mettler-Toledo 851e apparatus. The sample

of mass 56.3779 mg was placed in a 150-lL open

corundum crucible. The measurements were made in a flow

of argon (60 mL min-1), within a temperature range of

295–1085 K. The TG measurements were performed at a

constant heating rate of 5 K min-1. The simultaneous

evolved gas analysis (SEGA) was performed during the

experiments by a joined on-line quadruple mass spec-

trometer (QMS) using a Thermostar-Balzers apparatus.

The temperature was measured by a Pt–Pt/Rh thermocou-

ple with an accuracy of ±0.5 K.

Differential scanning calorimetry (DSC) measurements

in the temperature range of 310–1500 K were performed

using a Mettler-Toledo 821e calorimeter. The sample of

mass equal to 10.88 mg was placed in 40-lL aluminium

open crucible, under constant flow of argon

(80 mL min-1), with the heating rate equal to 10 K min-1.

The DSC measurements below room temperature were

taken using a Mettler-Toledo 822e calorimeter. Sample of

mass 12.43 mg was placed in an aluminium container and

closed by compression. Another empty vessel was used as

a reference. The instrument was calibrated by means of the

melting points of indium and water for the high- and low-

temperature region, respectively. The DSC measurements

were taken during both heating and cooling of the sample

at constant rates of 10 and 20 K min-1 for the sample. The

enthalpy change (DH) was calculated by the numerical

integration of the DSC curve under the anomaly peak after

a linear background arbitrary subtraction. The entropy

change (DS) was calculated using the formula DS = DH/
TC. Other experimental details were the same as those

published in our previous paper [12].

Fourier transforms far- and middle-infrared (FT-FIR,

FT-MIR) absorption measurements were performed using a

Bruker Vertex 70v vacuum Fourier transform spectrometer.

The transmission spectra were collected with a resolution

of 2 cm-1 and with 32 scans per each spectra for FT-FIR

and FT-MIR, respectively. The FT-FIR spectra

(500–50 cm-1) were collected for a sample suspended in

Apiezon N grease and placed on a polyethylene (PE) disc.

The FT-MIR spectra were collected for sample suspended

in Nujol between KBr pellets. The Apiezon and Nujol

additionally preserve the sample from decomposition and

the influence of atmospheric conditions. Temperature

measurements were carried out using Advanced Research

System cryostat DE-202A and a water-cooled helium

compressor ARS-2HW working in a closed cycle manner.

The sample was loaded at room temperature, and mea-

surements were taken on cooling down to ca. 9 K. The

desired temperature was measured with an accuracy of

±0.1 K and stabilised for ca. 3 min before the measure-

ments were taken. The LakeShore 331S temperature con-

troller equipped with silicon diode sensor was used to

control the temperature. The cooling rate between desired

temperatures was ca. 3 K min-1. The PE and KRS5
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windows were used in a cryostat in the case of FT-FIR and

FT-MIR measurements, respectively.

The neutron powder diffraction (NPD) patterns were

measured using the time-of-flight method on a NERA spec-

trometer [13] at the high-flux pulsed reactor IBR-2 in Dubna

(Russia) at temperatures 10, 200, 250 and 295 K. Experi-

mental details are the same as in our previous paper [14].

Results and discussion

Crystal structure of [Ca(H2O)2](ReO4)2 at 293

and 105 K

X-ray single crystal diffraction

X-ray diffraction intensity measurements were performed

for the single crystal sample at 293 K (high-temperature

phase—phase I) and at 105 K (low-temperature phase—

phase II). Table 1 presents experimental details of the

X-ray measurement for [Ca(H2O)2](ReO4)2. Diaquacal-

cium rhenate(VII) crystallises in the centrosymmetric

monoclinic system in the space group I 2/a, No. = 15 with

eight molecules per unit cell (Z = 8) in the high- and low-

temperature phase. The structure determined at room

temperature is close to that reported earlier [6]. Figure 1

shows the view of the elementary cell of [Ca(H2O)2]

(ReO4)2 at 105 K. Each Ca2? cation coordinates three H2O

molecules with a Ca2?–O distances: 2.374 and 2.512 Å

and six oxygen atoms: O(3) belonging to rhenate(VII)

anions ReO4
- with Ca2?–O distance in the range of

2.3843–2.793 Å. The ReO4
- anions have a mostly regular

tetrahedral geometry with an average Re–O bond length of

1.72 Å. Each rhenate(VII) ion in the structure is hydrogen-

bonded to water molecules. The Ca atoms in this structure

are coordinated by nine O atoms. The coordination

geometry of the calcium ion can be best approximated as

monocapped square antiprism CaO6(H2O)3. The same

Table 1 Experimental details and results of X-ray diffraction measurements

Temperature 293.0(2) K 105.0(2) K

Empirical formula [Ca(H2O)2](ReO4)2

Formula weight 576.51 g mol-1

Crystal system Monoclinic

Space group I 2/a

Unit cell dimensions

a = 18.1302(7) Å a = 90.000(5)� a = 18.1160(4) Å a = 90.000(5)�
b = 7.07220(2) Å b = 109.637(4)� b = 7.01260(10) Å b = 110.386(2)�
c = 14.1882(5) Å c = 90.000(5)� c = 14.1104(3) Å c = 90.000(5)�

Volume 1713.41(11) Å3 1680.31(6) Å3

Z 8

Density (calculated) 4.470 Mg m-3 4.558 Mg m-3

Wavelength 0.71073 Å

Absorption coefficient 28.863 mm-1 29.431 mm-1

F(000) 2032

Crystal size 0.459 9 0.279 9 0.089 mm3 0.442 9 0.280 9 0.084 mm3

Theta range for data collection from 3.049� to 28.689� from 3.080� to 28.703�
Index ranges -24 B h B 24, -9 B k B 9

-19 B l B 18

Reflections collected 10,245 10,677

Independent reflections 2075 [R(int) = 0.1306] 2028 [R(int) = 0.0826]

Completeness to theta = 25.242� 99.9% 99.6%

Absorption correction Semi-empirical from equivalents

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 2075/0/118 2028/0/119

Goodness of fit on F2 1.085 1.084

Final R indices [I[ 2sigma(I)] R1 = 0.0876, wR2 = 0.2245 R1 = 0.0322, wR2 = 0.0688

R indices (all data) R1 = 0.0937, wR2 = 0.2358 R1 = 0.0359, wR2 = 0.0707

Extinction coefficient n/a 0.00263(7)

Largest diff. peak and hole 5.341 and -5.061 e Å-3 3.636 and -3.727 e Å-3
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ninefold coordination, which can be described as a

monocapped square antiprism, possesses strontium atom in

[Sr(H2O)6]Cl2 [15] and in coordination polymer {[Sr(C4

HO4)2(H2O)5]�0.5H2O}n [16]. The two opposite square

planes are defined by O(10)O(8)O(10)#5O(8)#4 and

O(1)O(4)O(5)O(9), respectively, while O(3) can be con-

sidered as the capping atom (see Fig. 2). Figure 2 was

prepared using CrystalMaker software [17] and presents

two Ca cations polyhedra which are connected by diamond.

The dihedral angle between the two mean planes is

3.05018� at room temperature, whereas in the 105 K this

angle is 3.35065�. Atom O3vi projects through the second

of these faces to provide the cap. The Ca atom is displaced

by -1.814 Å from the first plane (defined by

O(10)O(8)O(10)#5O(8)#4) at 105 K and by -1.844 Å at

room temperature.

The crystal structure formed by the title compound in

the low- and high-temperature phases is rather stiff. This

stiffness is caused by the network of hydrogen bonds [7].

The crystal structure in both phases is very similar. How-

ever, some kind of conformational flexibility (reorienta-

tions and librations) of the anion and complex cation is also

possible. Detailed geometrical parameters of diaquacal-

cium rhenate(VII) at room temperature, compared with

appropriate parameters at a temperature of 105 K, are lis-

ted in Table 2 (fractional coordinations and U(eq)) and

Table S1 (selected bond lengths, angles and torsion angles,

supplementary material). These parameters are close to

those reported earlier [5–7] for the structure determined at

room temperature.

Comparison of the structure determined at 105 K and at

room temperature (see Table 1 and Table S1) shows the

differences between torsion angles in the structure of

[Ca(H2O)2](ReO4)2 at 293 and 105 K. The interatomic

distances (with the exception of Cl–O distance in the

chlorate(VII) group) and atom displacement parameters are

decreasing slightly, which is a natural consequence of the

temperature decreasing. Geometrical details of hydrogen

bonds, observed in the crystal structures determined at 293

and 105 K, are listed in Table S2 (supplementary material).

We can see slight differences of the hydrogen bond net-

work in the crystal structure of the [Ca(H2O)2](ReO4)2 at

293 and 105 K. This can be connected with changes in

water molecule orientations.

Fig. 1 View of the unit cell of [Ca(H2O)2](ReO4)2 at 105 K

Fig. 2 Two monocapped square antiprism geometry of the neighbouring Ca atoms in the crystal structure of [Ca(H2O)2](ReO4)2 at temperature:

a 293 K and b 105 K
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Neutron powder diffraction

The neutron diffraction patterns (NPD) for polycrystalline

[Ca(H2O)2](ReO4)2 were registered during the sample

heating at four selected temperatures of measurement: 5,

200, 250 and 295 K. Figure 3 presents the NPD patterns

registered at 295 K (phase I) and at 5 K (phase II) for

scattering angles 2h = 51.15�. Thermal expansion is

observed by increasing lattice distances; however, we

cannot see any important differences between the NPD

patterns obtained for all two crystalline phases. From the

point of view of the neutron diffraction method, the crystal

structure of [Ca(H2O)2](ReO4)2 does not change (or the

changes are very small) after the phase transitions. As was

stated above from single crystal measurements, the crystal

structure does not change in the phase transition at TC. This

is mainly connected with slight changes in water molecule

orientations. This aspect cannot be seen and investigated by

means of neutron diffraction mainly due to high incoherent

cross-section scattering for hydrogen atoms. This is why

the neutron powder diffraction method is insensitive for

water molecule orientation. This conclusion is compatible

to the results obtained by us from single crystal X-ray

diffraction measurements. The NPD patterns can be eval-

uated only qualitatively.

A comparison of the neutron diffraction patterns

obtained for [Ca(H2O)2](ReO4)2 at 295 and 5 K with those

theoretically calculated is presented in Fig. 3. The calcu-

lations of the ND patterns were performed with FullProf

package [18] based on crystal structures data determined

Table 2 Atomic coordinates (9104) and equivalent isotropic dis-

placement parameters (Å29103) for the structures of the [Ca(H2

O)2](ReO4)2 determined at temperatures 293 and 105 K

x y z U(eq)

293 K

O(1) 3616(7) 3740(20) 2712(9) 48(3)

O(2) 3301(9) 5855(19) 922(12) 54(3)

O(3) 2296(8) 2910(20) 1020(11) 56(3)

O(4) 3792(7) 2127(18) 986(9) 44(3)

O(5) 4228(7) 720(20) 4372(9) 47(3)

O(6) 4866(8) -110(20) 2846(10) 54(3)

O(7) 3325(10) -930(20) 2516(12) 65(4)

O(8) 4525(9) -3080(20) 3928(10) 59(4)

O(9) 2996(9) 6330(30) 4243(13) 68(5)

O(10) 4681(8) 6265(19) 5874(10) 47(3)

Ca(1) 3994(2) 3981(5) 4491(3) 42(1)

Re(1) 3258(1) 3643(1) 1420(1) 42(1)

Re(2) 4229(1) -875(1) 3415(1) 43(1)

105 K

O(1) 3600(3) 3744(8) 2720(4) 10(1)

O(2) 3284(3) 5823(9) 897(4) 12(1)

O(3) 2291(3) 2838(9) 1003(4) 10(1)

O(4) 3800(3) 1999(8) 1019(4) 9(1)

O(5) 4217(3) 682(8) 4376(4) 7(1)

O(6) 4914(3) -28(9) 2918(4) 10(1)

O(7) 3341(3) -1049(8) 2508(4) 10(1)

O(8) 4573(3) -3101(9) 3963(4) 9(1)

O(9) 3048(3) 6455(9) 4253(4) 16(1)

O(10) 4679(3) 6336(8) 5900(4) 9(1)

Ca(1) 4005(1) 4010(2) 4514(1) 6(1)

Re(1) 3250(1) 3614(1) 1415(1) 5(1)

Re(2) 4250(1) -897(1) 3436(1) 6(1)

U(eq) is defined as one-third of the trace of the orthogonalized Uij

tensor
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Fig. 3 Comparison of the experimental and calculated NPD patterns

of [Ca(H2O)2](ReO4)2 obtained for scattering angle 2h = 51.15 at

two extreme temperatures of measurements: 295 and 5 K
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from X-ray single crystal diffraction (XRSCD) measure-

ments for the high-temperature phase. One can see very

good agreement between calculated and measured patterns,

which confirms proper composition of the investigated

sample.

Thermal behaviour of the title compound

(recognition by DSC, TG, QMS)

Figure 4 shows the DSC results obtained in the temperature

range of 300–873 K with the scanning rate of 10 K min-1

for [Ca(H2O)2](ReO4)2 sample in non-hermetically closed

aluminium vessel. This measurement was performed

before TG analysis in order to check the stability of the

compound and to a qualitative comparison of these results

with thermal analysis.

Three sharp endothermic peaks above 404, 434 and

448 K can be observed in Fig. 4. These peaks can be

interpreted as connected with the sample dehydration,

which will be proved below by means of the TG results.

Figure 5 presents TG, DTG (derivative TG) and QMS

curves recorded for [Ca(H2O)2](ReO4)2 at a constant

heating rate of 10 K min-1 in the temperature range of

310–1500 K. The following QMS signals were recorded

during TG measurements: m/z = 17 and 18—representing

OH- and H2O. The TG, DTG and QMS curves show that

the decomposition of the sample proceeds in three main

stages (I, II and III). In the first stage (in the temperature

range 300–550 K), dehydration of diaquacalcium rhen-

ate(VII) to calcium rhenate(VII) undergoes in one step and

all (two) of H2O molecules are liberated. In the second

stage, the investigated anhydrous Ca(ReO4)2 remains

unchanged up to ca. 1180 K. Stage III (above 1185 K) is

connected with the decomposition of Ca(ReO4)2.

The results obtained in this paper are nearly identical as

presented so far in the literature [19]. The dehydration

process of [Ca(H2O)2](ReO4)2 is similar to that one of

[Mn(H2O)2](ReO4)2 [20]. Namely, in the first stage,

dehydration takes place in a single step at 150 �C (423 K)

and next in the second stage the anhydrous products are

formed.
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Table 3 Thermodynamic parameters of the phase transition of

[Ca(H2O)2](ReO4)2

Thermodynamics

parameters

TC/K DH ± DdH/

J mol-1
DS ± DdS/

kJ mol-1 K-1

heating 261.2 ± 1.1 415.4 ± 23.3 1.59 ± 0.08

cooling 231.2 ± 0.3 416.7 ± 34.5 1.80 ± 0.15

484 J. Hetmańczyk et al.
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The temperature ranges of sample transformation were

taken from the DSC measurements. They are shifted with

respect to TG measurements towards a little bit higher

temperatures. The reason is slightly different conditions

during measurements. The DSC was performed for sample

closed in alumina vessel with micro-hole, whereas the TG

investigations were performed in open crucible.

It should be pointed out that the dehydration process of

[Ca(H2O)2](ReO4)2 is similar to [Ba(H2O)3](ClO4)2 [21],

but quite different from the dehydration processes regis-

tered for [Ca(H2O)4](ClO4)2 [22]. In the titled compound,

dehydration process occurs simultaneously with melting of

the sample, whereas [Ca(H2O)4](ClO4)2 dissolves in its

own coordination water (melts) before dehydration.

Comparing temperatures of ligands lost of [Ca(H2

O)2](ReO4)2 and [Ni(NH3)4,6](ReO4)2 [4] and

[Cd(NH3)4](ReO4)2 [5], we noticed that they proceed in a

similar way. It can be seen that in the case of [Ca(H2

O)2](ReO4)2 the all ligands (H2O) are liberated in nearly

the same temperature range (300–550 K) same as the NH3

in [Ni(NH3)4,6](ReO4)2 (300–590 K) [4] and

[Cd(NH3)4](ReO4)2 (300–600 K) [5]. Anhydrous

Ca(ReO4)2 is more stable than nickel and cadmium

rhenates(VII).

Phase transition investigations by DSC

Figure 6 shows the temperature dependencies of the heat

flow (DSC curves) obtained on heating (red curve) and on

cooling (blue curve) of the [Ca(H2O)2](ReO4)2. The heat-

ing/cooling rates for the sample were 20 K min-1. One

distinct anomaly on each of these two DSC curves was

registered at: Th
c = 261.2 K and Tc

c = 231.2 K (where

indexes h and c denote heating and cooling of the sample,

respectively). These phase transition temperatures were

taken as the onset temperature (Tonset) for the endothermic

peak in the DSC curve response. Thus, the title compound

has two solid phases in the temperature range 120–300 K:

high-temperature phase (phase I) and low-temperature

phase (phase II). The mean values of the enthalpy and

Table 4 Comparison of the band positions of the infrared (FT-FIR,

FT-MIR) spectra and Raman (RS) spectra at two extreme tempera-

tures of measurements for [Ca(H2O)2](ReO4)2

Frequencies of vibrations/cm-1 Tentative

assignments
IR at

9.5/K

IR at

295/K

RS at

87/K

RS at

295/K

3609 sh mas(H–O)

3550 sh 3546 sh 3546 vw mas(H–O)

3524 s 3527 vw mas(H–O)

3457 s 3457 s 3455 m 3453 w, br ms(H–O)

3397 s 3386 s 3397 m 3392 w, br ms(H–O)

3349 sh ms(H–O)

3240 m 3236 m ms(H–O)

3203 m ms(H–O)

2172 vw overtones/

combinational

bands
2131 vw

2068 vw

1635 s 1628 s d(H–O–H)

1617 sh d(H–O–H)

992 sh 986 sh 992 vs 988 vs ms ReO4

981 sh 981 sh 982 vs 980 vs ms ReO4

963 sh 960 sh ms ReO4

943 sh 945 sh 945 m 942 m ms ReO4

931 vs 926 vs 928 sh 921 m mas ReO4

920 m mas ReO4

908 vs 908 sh 908 sh mas ReO4

901 vs 903 m 901 s mas ReO4

898 sh mas ReO4

643 br, m 646 br, w qt(H2O)

602 br, m qt(H2O)

563 br, w qt(H2O)

507 sh qr(H2O)

499 s 494 s qr(H2O)

453 m, br 460 m, br qt(H2O), qr(H2O)

365 m dd(OReO)

359 m 357 m 360 m 360 sh dd(OReO)

340 w 341 w 347 m 346 m dd(OReO)

334 sh 334 sh 338 s 336 s dd(OReO)

317 sh 322 sh 324 vw dd(OReO)

306 m 307 m 310 vw 308 vw H2O torsion modes

304 vw H2O torsion modes

257 br 257 br d(OCaO)

204 m 199 m d(OCaO)

155 m 152 m skeletal bending

deformations

125 m 119 m skeletal bending

deformations

98 w 95 w mL(lattice)

73 w 76 w 81 w 74 w mL(lattice)

63 w 61 w 68 w 63 w mL(lattice)

58 vw 55 vw mL(lattice)

Table 4 continued

Frequencies of vibrations/cm-1 Tentative

assignments
IR at

9.5/K

IR at 295/K RS at 87/K RS at 295/K

44 vw 46 vw mL(lattice)

37 vw 36 vw mL(lattice)

vs very strong, s strong, m medium, br broad, sh shoulder, w weak, vw

very weak
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entropy changes in the detected phase transitions are pre-

sented in Table 3. The value of entropy change

DS & 1.6 ± 0.08 J mol-1 K-1 accompanying these phase

transitions suggests also their ‘‘order–disorder’’ mecha-

nism. The presence of 30 K hysteresis of the phase tran-

sition temperature at TC and sharpness of the anomaly

attests that the detected phase transition is of the first-order

type.

Vibrational motions and phase transition

Vibrational FT-IR and Raman spectra for [Ca(H2O)2]

(ReO4)2 were measured as a function of temperature. The

list of the band positions, their relative intensities and

tentative assignments are listed in Table 4. The assign-

ments of these vibrations were proposed by comparing

their frequencies with the literature data collected for titled

compounds and similar ionic aquametal(II) complexes

[23, 24] and perrhenate complexes [4, 24, 25]. All char-

acteristic frequencies of H2O and ReO4
- internal modes

were identified. Also some of the bands associated with

stretching of Ca–O and bending of the O–Ca–O bonds

were observed. These assignments proved that the com-

position and structure of the investigated compound are

correct. According to the group theory, unperturbed ReO4
-

anion with Td symmetry generates four vibrational modes:

fully symmetric stretching m1 = ms(ReO)A1 at 971 cm-1,

doubly degenerated asymmetric bending m2 = dd

(OReO)E at 331 cm-1, triply degenerated asymmetric

stretching m3 = mas(ReO)F2 at 920 cm-1 and symmetric

bending m4 = dd(OReO)F2 at 333 cm-1. For an isolated

ReO4
- anion, all these four modes are RS active and m3 and

m4 are IR active only. However, when the high-symmetry

structure of the ReO4
- anions is even slightly perturbed, its

degenerated vibrational modes may split and some of the

inactive modes may become active. Figure 7 presents the

comparison of the experimental IR and Raman spectra at

two extreme temperatures of measurements in the range of

1000–30 cm-1 for [Ca(H2O)2](ReO4)2.

Figure 8 shows the FT-FIR spectra of [Ca(H2O)2]

(ReO4)2, within the wave number range 600–50 cm-1

registered during the cooling of the sample from 290 to

9.3 K. The spectra marked with pink and blue were reg-

istered for the high-temperature (above Tc) and the low-

temperature (below Tc) phases, respectively. The assign-

ment of the chosen IR spectra to the corresponding phase

was based on the differential scanning calorimetry (DSC)

results. Some interesting changes can be noticed for the

far-infrared bands in the range 600–50 cm-1 associated

with the librational modes of water molecules (twisting

qt(H2O) and rocking qr(H2O) modes). During the cooling

of the sample, the intensity changes and narrowing of this

band can be noticed in the region of the phase transition

(PT). Additionally, FT-FIR measurements showed that

bands associated with bending d(OReO) deformation

modes (wave number between 360 and 317 cm-1) narrow

continuously with temperature decreasing (see Fig. 8 and

Table 4).
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Fig. 7 Comparison of the

experimental vibrational IR and

RS spectra of

[Ca(H2O)2](ReO4)2 in two

extreme temperatures

486 J. Hetmańczyk et al.

123



The temperature-dependent FT-MIR spectra were also

recorded during a cooling of the sample. Figure 9 shows

exemplarily the spectra in the wave number ranges:

4000–2800 cm-1 and 2400–400 cm-1 at selected temper-

atures of measurement. Some evident changes in the

spectra at the temperature region of the phase transition can

be noticed. Namely, apart from the narrowing, the splitting

of some bands can be seen below the phase transition. As

one can see in Fig. 9, new bands start to appear in the

spectra on cooling just after the phase transition tempera-

ture (at ca. 230 K) in the wave number range

3700–3300 cm-1, connected with the asymmetric and

symmetric stretching modes (mas(OH) and ms(OH)). As one

can see in the spectra in Fig. 9, the band at 1628 cm-1

starts to split into two peaks at 1635 and 1617 cm-1 on

cooling at ca. 240 K (before the phase transition temper-

ature Tc).

Figure 10 shows the Raman spectra in the wave number

range of 3700–3300, 1070–850 and 450–50 cm-1 at

selected temperatures registered during the cooling of the

[Ca(H2O)2](ReO4)2 sample in the temperature range of

295–87 K. Some interesting changes can be noticed for the

bands at *3392 cm-1. This band is associated with the

stretching vibration of water molecules ms(OH). During the

cooling of the sample we, can observe narrowing of this

band. Moreover, at the lowest temperature of measurement

we observe additional bands at wave numbers: 3546 and

3527 cm-1 associated with stretching mode mas(OH); 920

and 365 cm-1, 324 cm-1 connected with the ReO4
- anion

normal modes mas(ReO) and dd(OClO), respectively.

FT-MIR, FT-FIR and FT-RS measurements analysis for

[Ca(H2O)2](ReO4)2 compound showed that bands associ-

ated with H2O and ReO4
- vibrations modes narrow con-

tinuously with temperature decreasing. This suggests that

the H2O and ReO4
- reorientation is slowing down during

the cooling of the sample.

Conclusions

The results obtained in this work and their comparison with

the literature data have led us to the following conclusions:

At room temperature, (RT) diaquacalcium rhenate(VII)

crystallises in the centrosymmetric monoclinic system

(space group I 2/a, No. = 15) with the unit cell parameters:
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Fig. 8 Selected FT-FIR spectra in the wave number range of

600–50 cm-1 at different temperatures registered at cooling of

[Ca(H2O)2](ReO4)2. Phase transition temperature registered by DSC

also at cooling is indicated by arrow
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Fig. 9 Middle-infrared spectra in the wave number ranges

4000–2800 and 2400–400 cm-1 at different selected temperatures

(at cooling of the [Ca(H2O)2](ReO4)2 sample in Nujol). Phase

transition temperature registered by DSC also at cooling is indicated

by arrow

3600 3400 1050 1000 950 900 400 300 200 100

Wavenumber/cm–1

295 K

285 K

265 K

245 K

235 K
225 K
205 K
175 K
145 K

115 K
87 K

FT-RS

Tc
c

R
am

an
 in

te
ns

ity
/a

rb
.u

ni
ts

Fig. 10 Raman spectra in the frequency range of 3700–3300,

1070–850 and 450–50 cm-1 in selected temperatures (during cooling

of the [Ca(H2O)2](ReO4)2 sample)
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a = 18.1302(7) Å, b = 7.0722(2) Å, c = 14.1882(5) Å,

a = c = 90o, b = 119.637o and with eight molecules per

unit cell (Z = 8).

The differential scanning calorimetry (DSC) revealed

that diaquacalcium rhenate(VII) exhibits, in the tempera-

ture range of 300–120 K, one reversible phase transition at

ca. Th
c = 261.2 K (onset on heating) and Tc

c = 231.2 K

(onset on cooling). The thermal hysteresis of the phase

transition temperature Tc equal to *30 K and the heat flow

anomaly sharpness suggest that the detected phase transi-

tion is a first-order one. The values of the entropy changes

(1.6 ± 0.08 J mol-1 K-1) accompanying the phase tran-

sition suggest its ‘‘order–disorder’’ mechanism.

The neutron diffraction pattern (ND) at 295 K is nearly

exactly the same as that at 5 K, which implies that the

phase transition at Th
C = 261.2 K has not structural char-

acter. The space group (I 2/a, No = 15) is the same for

high- and low-temperature phases. However, there are

small changes in water molecule orientation and torsion

angles in the structure.

Using vibrational spectroscopy methods (IR and RS), all

characteristic wave numbers of the internal vibrations of

H2O and ReO4
- and external vibrations connected with the

stretching of Ca–O and the bending of O–Ca–O bonds in

[Ca(H2O)2]2? cations were detected. There was a general

agreement between the wave numbers observed in this

work and in the literature. Characteristic changes in band

wave numbers in the FT-IR and Raman spectra were

clearly observed. The appearing (splitting) of some infrared

and Raman bands near temperature Tc suggests that the

observed phase transition is probably connected with the

change in the site symmetry of the complex cation or

anion. FT-MIR, FT-FIR and FT-RS measurements showed

that bands associated with H2O and ReO4
- vibrations

modes narrow continuously with temperature decreasing.

The thermal decomposition process of the [Ca(H2

O)2](ReO4)2 proceeds in the three main stages. In the first

stage (300–550 K), dehydration of [Ca(H2O)2](ReO4)2 to

anhydrous Ca(ReO4)2 undergoes in one step and all of H2O

molecules are liberated. In the second stage, the investi-

gated anhydrous Ca(ReO4)2 remains unchanged up to ca.

1180 K. Stage III (above 1185 K) is connected with the

decomposition of Ca(ReO4)2.
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