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a b s t r a c t

At room temperature [Co(NH3)6](NO3)2 possesses a regular (cubic) crystal lattice structure (space group
Fm3̄m) with the lattice parameter a = 11.0441 Å and with four molecules in the unit cell. One phase
transition between 93 and 297 K, namely: at Th

C = 229.7 K (during heating) and at Tc
C = 225.2 K (dur-

ing cooling) was detected by differential scanning calorimetry. The presence of 4.5 K hysteresis suggests
that the detected phase transition is of the first-order type. The splitting of the band connected with the
�4(NO3

−)E mode near the phase transition temperature Tc
C suggests lowering of the crystal lattice sym-

metry. The lack of a sudden change in temperature dependence of the FWHM of the band connected with
the �w(NH3)F1u mode suggests that the phase transition is not connected with a fundamental change in
olecular reorientations
hermal decomposition (TG/DTG/QMS)
ifferential scanning calorimetry (DSC)
T-IR
T-RS and UV–vis spectra
-ray powder diffraction (XRPD)

the speed of NH3 reorientational motions. The NH3 ligands reorientate fast (correlation times equal to ca.
several picoseconds) in both phases with an activation energy equal to ca. 11 kJ mol−1. Thermal decompo-
sition of the compound proceeds in two main stages. In the first stage, deammination of [Co(NH3)6](NO3)2

to [Co(NH3)2](NO3)2 takes place in two steps and four out of six NH3 molecules per formula unit are lib-
erated. The second stage is connected with the liberation of two residual NH3 molecules and with the
simultaneous decomposition of the resulting Co(NO3)2, leading to the formation of gaseous products of

2O, N
the decomposition (O2, H

. Introduction

The presence of ionic coordination compounds of the type:
M(NH3)6]X2, where M = Ni2+, Mg2+, Cd2+ and X = ClO4

−, BF4
−,

O3
−, indicated several phase transitions below room temperature

principally two) and that the crystal lattice had regular (cubic)
ymmetry (space group: Fm3̄m) in the high temperature phase
1]. The phase transition at TC1 , associated with the largest change
f entropy, was associated with a change in the crystal structure
mainly to the monoclinic phase; space group P21/c) and also with
drastic change in the speed of the reorientational motions of the

nions. However, the reorientation of the NH3 ligands still remain
apid even at the temperature of liquid nitrogen [2–6]. The group
f [M(NH3)6](NO3)2 compounds are distinguished particularly by
he existence of a large thermal hysteresis of the phase transition at
C2 [1,7]. Hexaamminecobalt(II) nitrate(V) has not yet been inves-
igated from this point of view, so its polymorphism is one of the
ims of this study. We also would like to compare the results with
hose obtained earlier for [Ni(NH3)6](NO3)2, [Mg(NH3)6](NO3)2

nd [Cd(NH3)6](NO3)2 [5,6,8–16].

∗ Corresponding author. Tel.: +48 12 663 2265.
E-mail address: serwonsk@chemia.uj.edu.pl (J. Hetmańczyk).

040-6031/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.tca.2009.06.017
2, nitrogen oxides) and solid CoO.
© 2009 Published by Elsevier B.V.

2. Experimental procedure

The initial substance used in the synthesis of the title com-
pound was [Co(H2O)6](NO3)2, which was in turn obtained by a
reaction of the corresponding carbonate with diluted HNO3. The
[Co(H2O)6](NO3)2 crystals obtained were re-crystallized several
times from double distillated in a quartz vessel water and then
dried over BaO. Approximately 12 g of [Co(H2O)6](NO3)2 was added
into ca. 80 mL of NH3aq (25%), which had been deoxygenated by
a flow of argon. The solution was kept at 333 K for 15 min and
then cooled to room temperature. Next, ca. 80 mL of deoxygenated
acetone was slowly added by mixing. The resulting precipitate of
[Co(NH3)6](NO3)2 was filtered through a glass filter, washed three
times with deoxygenated acetone, dried in a stream of argon and
then transferred (as a light brown powder) under argon into a
tightly sealed vessel. Before measurements were made, the compo-
sition of this compound was determined on the basis of its cobalt
and ammonia content, using titration by means of EDTA and HCl,
respectively. The average content was 20.79% Co2+ and 35.72% NH3
(theoretical values are: 20.67% and 35.84%, respectively). All steps
were undertaken in an argon atmosphere (Schlenk apparatus) in

order to avoid the oxidation of Co2+ to Co3+.

In order to further confirm the identity of the title com-
pound thermal analysis was performed using thermogravime-
try using simultaneous differential thermal analysis methods
(TGA/DTG/SDTA) by means of a Mettler Toledo TGA/SDTA 851e

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:serwonsk@chemia.uj.edu.pl
dx.doi.org/10.1016/j.tca.2009.06.017
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pparatus. Evolved gaseous products from the decomposition of the
ompound were identified on-line by a quadruple mass spectrom-
ter (QMS) Balzer GSD 300T (more details of this experiment are
resented in [17]). A sample of mass equal to 4.6585 mg was placed

n an open corundum crucible. The measurements were performed
cross the temperature range of 300–873 K with a constant flow of
rgon equal to 100 mL min−1 and with a heating scanning rate of
K min−1. Temperature was measured by a Pt–Pt/Rh thermocou-
le with an accuracy of ±0.5 K. The results of this thermal analysis,
resented in detail in Section 3.1, taken in addition to the chemical
nalysis and other information also presented in Section 3.1, fully
onfirmed the composition of the title compound.

The structural analysis of [Co(NH3)6](NO3)2 was undertaken
sing the X-ray powder diffraction (XRPD) method. The XRPD data
ere collected on a Panalytical X’Pert Pro powder diffractometer

operating in Bragg–Brentano geometry). The measurements con-
inued for 2 h only because of the rapid decomposition of the title
ompound. In order to delay the process of decomposition the
ample was prepared as a mixture with paraffin oil. The diffrac-
ion pattern was made at an angle of 2� range of 10–80◦. The
attice parameter was defined by Rietveld refinement. The ini-
ial model was based on the structure of two similar compounds:
Co(NH3)6](BF4)2 and [Co(NH3)6](PF6)2 [18].

Fourier transform far infrared (FT-FIR) spectrum of
Co(NH3)6](NO3)2 at room temperature was recorded in the
avenumber region 600–50 cm−1, at a resolution of 1 cm−1, on a
icolet Magna-IR 760 spectrometer equipped with a deuterium

riglycyne sulphate (DTGS) detector and a Globar lamp as a light
ource, for a powdered sample mixed with polystyrene. Fourier
ransform in middle infrared (FT-MIR) spectra at room temperature
as performed with a Bruker EQUINOX 55 spectrometer, in the
avenumber range 4000–400 cm−1, with a resolution of 2 cm−1.

wo spectra were made, one for a powdered sample in a KBr pellet
nd the second for a sample suspended in paraffin oil (Nujol). The
T-MIR measurements of the spectra in the temperature range
90–20 K and the wavenumber range 4000–500 cm−1 were carried
ut for a powdered sample mixed with Nujol and drifted on a KBr
ellet. The temperature of the “cold finger” was measured with
n accuracy of ±1 K, but the temperature of the sample may have
een several Kelvin higher.

UV–vis absorption spectra in an aqueous solution were
easured on a Shimadzu 2101PC spectrophotometer. UV–vis

eflectance spectra were measured for a sample of the title com-
ound in BaSO4 pellets with BaSO4 as a reference using a Shimadzu
101 PC spectrometer equipped with an ISR-260 attachment.

Differential scanning calorimetry (DSC) measurements were
erformed at 93–297 K with a PerkinElmer PYRIS 1 DSC apparatus.
he instrument was calibrated using the literature data for indium
nd water melting points. The enthalpy change (�H) was calculated
y numerical integration of the DSC curve under the anomaly peak
fter a linear background arbitrary subtraction. The entropy change
�S) was calculated using the formula �S = �H/TC. The powdered
ample was placed in an aluminium vessel and closed by compres-
ion. The measurements were made both on heating and on cooling
freshly synthesized sample of mass equal to 7.90 mg with constant

ates of 10, 20, 30 and 40 K min−1. Other experimental details were
he same as those published in [3].

. Results and discussion
.1. Spectroscopic (FT-FIR, FT-MIR, UV–vis), structural (XRPD) and
hermal (TG, DTG, QMS, SDTA) recognition of the title compound

Fig. 1 shows far and middle infrared (FT-FIR and FT-MIR) spectra
or [Co(NH3)6](NO3)2 obtained at room temperature. A factor group
Fig. 1. Infrared spectrum (FT-FIR and FT-MIR) of [Co(NH3)6](NO3)2 at room temper-
ature. Stars denote Nujol bands.

analysis for the Fm3̄m - O5
h space group (Z = 4) revealed the follow-

ing 12 lattice vibrations: F1g + 2F1u + F2g. However, rotational mode
F1g is Raman and infrared inactive [19]. Modes of type u are only
infrared active and modes of type g are Raman only active. There
are 69 normal vibration modes for the octahedral complex cation
of Oh symmetry: 3A1g + A1u + 3Eg + Eu + 4F1g + 7F1u + 4F2g + 4F2u, but
4F1g and A1u, Eu, 4F2u are Raman and infrared inactive, respec-
tively. Twelve of them (F1g + F1u + F2g + F2u) are connected with the
torsions of the NH3 ligands, but only six modes are Raman (F2g)
and infrared (F1u) active [19]. The Co(NH3)6

2+ cation was consid-
ered as having octahedral symmetry with nearly freely rotating
six ammine ligands. The NO3

− anion of flat pyramidal D3h sym-
metry has six normal modes of symmetry: A′

1, A′′
2 and 2E′. The

first mode (�1(NO3
−) = �s(NO)A′

1) is infrared inactive and the sec-
ond (�2(NO3

−) = �s(NO3)A′′
2) is Raman inactive. Two modes E′,

namely: �3(NO3
−) = �d(NO)E′ and �4(NO3

−) = ıd(ONO)E′, are active
both in the Raman and in the infrared spectrum [20]. Table 1
presents the list of the band positions observed in the FT-FIR
plus FT-MIR spectra of [Co(NH3)6](NO3)2, their relative intensi-
ties and assignments. For comparison, Table 1 also includes the
data obtained for [Ni(NH3)6](NO3)2 [21], [Mg(NH3)6](NO3)2 [5] and
[Cd(NH3)6](NO3)2 [5]. These assignments proved that the compo-
sition and structure of the investigated compound was correct.

For further verification of the composition of the title compound
the UV–vis spectrum was measured. The UV–vis reflectance spec-
trum of [Co(NH3)6](NO3)2 is presented in Fig. 2a. For comparison,
the spectrum of [Co(NH3)6](NO3)3 is also given, both in solution
and as a solid (Fig. 2b). [Co(NH3)6](NO3)2 is very unstable in air
and oxidizes to [Co(NH3)6](NO3)3. The complex of Co(II) is also
very sensitive to moisture and a release of NH3 is observed. These
facts prevent measurement of the spectrum of a solution, also the
reflectance spectrum must be measured in restricted conditions,
nonetheless traces of Co(III) salt are always visible in the spectrum.
The UV–vis spectrum of [Co(NH3)6](NO3)3 in solution in water
is dominated by the low intensity (molar extinction coefficients,
ε < 100) bands at ca. 476, 341 and 315 nm. The first of these can
be attributed to the d–d transition from the 1A1 ground state (d6

configuration). The band positions are almost the same in both the
solution and the solid (see Fig. 2b), confirming the d–d origin of

the bands. The bands in reflectance spectra below 250 nm, both
for Co(II) and Co(III) ammine complexes, are in fact the result of
Kubelka and Munk [22] transformation, and not real spectral bands.
Comparison of the Co(II) and Co(III) complexes spectra indicate
that the spectrum of Co(II) is similar to that of Co(III) but in the
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Table 1
Infrared band frequencies of the compounds of the type: [M(NH3)6](NO3)2, where
M = Co, Cd, Mg and Ni (band intensity: vs – very strong, s – strong, m – medium, w
– weak, vw – wery weak, br – broad, sh – shoulder).

Infrared bands frequencies (cm−1) Assignments

This work [5] [5] [21]
Co Cd Mg Ni

3343 s 3395 m,br 3373 s 3346 s �as(NH)F1u

3276 s 3278 m,sh 3244 s 3242 sh �s(NH)F1u

3199 s 3208 m,sh 3154 sh 2ıas(HNH)F1u

1757 w 1755 w 1764 w 1764 w 2�2(NO3
−)A′′

2
1625 s 1606 s 1632 s 1616 m ıas(HNH)F1u
* 1456 vs 2�4(NO3

−)E′
* 1381 vs 1385 vs 1383 vs �3(NO3

−)E′
* 1303 s
1192 vs 1156 s,br 1192 s ıs(HNH)F1u

1117 s,br
1048 w,sh 1046 s 1023 m 1045 vw �1(NO3

−)A′
1

830 s 832 m 826 m 826 m �2(NO3
−)A′′

2
780 w 819 m �r(NH3)F1u

722 s 721 m �4(NO3
−)E′

712 m �4(NO3
−)E′

637 s 608 s 677 s �w(NH3)F1u

559 m 563 s 588 s �t(NH3)F1u

465 w �s(CoN)A1g

408 m �s(MgN)A1g

374 w,br �s(NiN)A1g

367 m �as(MgN)F1u

336 w �as(CoN)F1u

334 w �s(CdN)A1g

327 w �as(NiN)F1u

286 m �as(CdN)F1u

223 m ıas(NNiN)F1u

190 m ıas(NCoN)F1u

180 m,br ıas(NMgN)F1u

165 m ıas(NCdN)F1u

1
5

3
g
(
c
C
a

F
[
s
p
d

02 w 100 w 98 m ? �L(lattice)F1u

9 w �L(lattice)F2g

* Masked by the bands of Nujol.

00–900 nm range bands can only be seen at 339 and 314 nm. The
round state of Co(II) is 2E and the first allowed excited state is 2T2

d7 configuration). The disappearance of the band at 476 nm is asso-
iated with a value of the spectrochemical parameter g (g = 18.2 for
o(III) and g = 9.0 for Co(II)). A g parameter for Co(II) almost twice
s low results in a d–d band shift to the near infrared region and

ig. 2. Room temperature UV–vis spectra of [Co(NH3)6](NO3)2 and
Co(NH3)6](NO3)3 (a) reflectance spectrum of solid [Co(NH3)6](NO3)2; (b)
olid line presents reflectance spectrum of solid [Co(NH3)6](NO3)3, dashed line
resents aqueous absorption spectrum of [Co(NH3)6](NO3)3 (c = 1.3 × 10−2 M,
= 1 cm). Reflectance spectra are presented after Kubelka–Munk transformation.
Fig. 3. XRPD diffractogram of [Co(NH3)6](NO3)2 at room temperature.

this band is invisible in the UV–vis spectrum of [Co(NH3)6](NO3)2
presented in Fig. 2.

In order to further confirm the identity of the title compound
an X–ray powder diffraction measurement was made. Fig. 3 shows
the diffraction pattern of [Co(NH3)6](NO3)2 obtained at room tem-
perature, which can be indexed in a regular system, space group
No. 225 = Fm3̄m = O5

h, with the lattice parameter a = 11.0441 Å and
with four molecules in the unit cell. The compound has a fluo-
rite type structure, typical for K2PtCl6. The structure parameters
are very similar to those proposed by Wyckoff [23] for other ionic
hexaamminemetal(II) complexes.

Thermal analysis was the next step in the identification of the
title compound. Fig. 4 indicates the TG, DTG, SDTA and QMS curves,
which show that the thermal decomposition of the investigated
compound takes place in two main stages. In stage I four NH3 lig-
ands per one formula unit of [Co(NH3)6](NO3)2 are evolved in two
steps: Ia and Ib, when three NH3 and one NH3 molecules per for-
mula unit cleave from the complex cation, respectively. Stage II is
connected with the disconnection of the two remaining ligands
from the [Co(NH3)2]2+ cation and with the simultaneous formation
of one of the solid cobalt oxides (Co3O4, Co2O3, CoO) [24]. Formation
of the final product of decomposition in the form of Co3O4 and/or
Co2O3 was proposed for Co(NO3)2 by Ehrhardt et al. [25,26]. How-
ever, in our opinion, formation of CoO as well cannot be excluded.
The decomposition process of NO3

− anions begins at stage I (ca.
370 K), which is confirmed by the presence of the minima on QMS
curves (see Fig. 4) recorded for the masses (m/z), which were iden-
tified as: O2, and NOx (NO2, NO, N2O). However, the intensification
of this process takes place only at stage II (ca. 470 K) and is asso-
ciated with reduction and oxidation reactions accompanying the
Co2+ ↔ Co3+ process. These reactions are strongly exothermic, what
leads to an increase in the sample temperature and additionally
accelerates the decomposition of the NO3

− anions.
On the SDTA curve (Fig. 4) four endothermic minima and two

exothermic maxima are evident. The minima can be explained, also
taking into account the results presented above, as being associated
with the two-step deammination process in stage I according to the
following reactions:

Ia : [Co(NH3)6](NO3)2 → [Co(NH3)3](NO3)2 + 3NH3, (1)

Ib : [Co(NH3)3](NO3)2 → [Co(NH3)2](NO3)2 + NH3. (2)
Exothermic maxima in stage II are associated with the discon-
nection of the two remaining NH3 ligands of [Co(NH3)2](NO3)2 and
with the simultaneous decomposition of cobalt nitrate(V) to the
oxides of Co(II) and Co(III) together with the nitrogen(IV) and nitro-
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ig. 4. TG, DTG, SDTA and QMS curves for [Co(NH3)6](NO3)2 at the range of
00–550 K and at a constant heating rate 5 K min−1 in a flow of argon.

en(V) oxides, according to the following hypothetical reactions:

I : [Co(NH3)2](NO3)2 → Co(NO3)2 + 2NH3, (3)

o(NO3)2 ↔ (1/2)Co2O3 + (1/2)N2O4 + (1/2)N2O5, (4a)

r/and

o(NO3)2 ↔ (1/3)Co3O4 + (1/3)N2O4 + (2/3)N2O5, (4b)

r/and

o(NO3)2 ↔ CoO + N2O5. (4c)
Reactions (4a) and (4b) were proposed by Ehrhardt and co-
orkers [26]. It was not possible to distinguish which of reactions
resented above really take place during Co(NO3)2 decomposition,
ecause the amount of the solid final product was too small for

urther analysis.

able 2
esults of the thermal decomposition of [Co(NH3)6](NO3)2 in argon atmosphere with the

ample mass [mg] Stage number Temperature
range [K]

Mass loss at th
stage [%]

.6585 Ia 301–377 16.71
Ib 378–410 6.31
II 411–513 50.98
III Above 514
Fig. 5. DSC curves obtained for [Co(NH3)6](NO3)2 at heating and cooling rate of
10 K min−1 at the temperature range 185–250 K.

It is also possible that another mechanism of Co(NO3)2 decom-
position and, in consequence, different products from the final
reaction can be obtained:

Co(NO3)2 ↔ Co(NO2)2 + O2, (4d)

Co(NO2)2 ↔ CoO + NO + NO2. (5)

It should be pointed out here that the results of thermogravi-
metric analysis of [Co(NH3)6](NO3)2 presented in this work prefer
as solid final product CoO (compare Table 2).

Based on earlier results obtained by us for other metal(II)
nitrates(V) [17,27,28] and also on other literature [29], we suggest
that the gaseous products may react with each other according, for
example, to the following reactions:

2NH3 + 3O2 + N2 ↔ 2NO + N2O + 3H2O, (6)

and/or

2NH3 + 2.5O2 ↔ 2NO + 3H2O. (7)

Of course, it is possible to obtain different products due to tem-
porary concentrations of particular substrates. It is, therefore, very
difficult to present proper equations for these reactions. Temper-
ature range, percentage mass loss and products during different
stages of the decomposition of [Co(NH3)6](NO3)2 are presented in
Table 2.
3.2. Phase transition investigations (DSC)

DSC measurements for [Co(NH3)6](NO3)2 were performed in
the temperature range 93–297 K with scanning rates 10, 20, 30

heating rate of 5 K min−1.

e Mass after
decomposition [%]

Calculated values
[%]

Products of the
decomposition

17.92 3NH3

5.97 1NH3

26.00 49.83 2NH3 + O2 + NyOx

26.28 CoO
28.15 Co3O4

29.09 Co2O3
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Table 3
Thermodynamics parameters of the phase transition obtained during cooling and
heating of [Co(NH3)6](NO3)2 extrapolated to the scanning rate equals to 0 K min−1.

Parameters Cooling Heating

T
�
�

a
(
p
f
i
1

F
t
d

C [K] 225.2 ± 0.1 229.7 ± 0.1
H [kJ mol−1] 4.68 ± 0.16 4.65 ± 0.25
S [J mol−1 K−1] 20.90 ± 0.66 20.18 ± 1.02

nd 40 K min−1 for two different samples of masses: 9.81 mg

sample A) and 9.43 mg (sample B). Fig. 5 presents the tem-
erature dependences of the heat flow (DSC curves) obtained

or the title compound on heating (upper curve) and on cool-
ng (lower curve) exemplarily for the sample A, at the rate of
0 K min−1. One distinct anomaly was registered at the scanning

ig. 6. The temperature dependences: of the infrared band width (FWHM) connected w
hese bands wavenumber present (c) and (d), respectively. These dependences were obt
enote temperature TC of the phase transition (at cooling). Solid lines represent fitting of
imica Acta 496 (2009) 38–44

rate of 10 K min−1on DSC curves at: Th
peak = 230.1 K (on heat-

ing) and at: Tc
peak = 224.6 K (on cooling). The values of phase

transition (PT) temperatures: Th
C = 229.7 K and Tc

C = 225.2 K were
calculated by extrapolating the dependence of the correspond-
ing Th

peak and Tc
peak values vs. the scanning rate of heating and

cooling the samples to the scanning rate value of 0 K min−1. They
correspond well to the onset of peaks on corresponding DSC
curves. The presence of ca. 4.5 K hysteresis of the PT temperature
suggests that the detected phase transition is of the first-order

type. The mean values of the PT temperatures, enthalpy and
entropy changes of the detected phase transition are presented
in Table 3. The entropy change accompanying this PT is equal to
about 20 J mol−1 K−1, which suggests its “order–disorder” mecha-
nism.

ith �w(NH3)F1u (a) and with ıs(HNH)F1u (b) modes. Temperature dependences of
ained registered infrared spectra at cooling the [Co(NH3)6](NO3)2 sample. Arrows
Eq. (9) to the experimental points.
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Table 4
The fitted parameters a, b, c and Ea for the temperature dependence of FWHM of the
band at 1192 cm−1, connected with ıs(HNH)F1u.

Parameters Band at 1192 cm−1 – mode ıs(HNH)F1u

Phase I Phase II

a [cm−1] 100.00 27.10
b [cm−1 K−1] −0.03 0.05
c
E

3
T

i
N
w
p
d
r
[
w
d
2
f
v
t
F
s
B
a
t
i

band at ca. 1190 cm−1 associated with the ıs(HNH)F1u mode and
these fit parameters are listed in Table 4. The estimated activation

F
p

[cm−1] 3.61 × 103 7.01 × 1010

a [kJ mol−1] 13.3 39.9

.3. Molecular motions vs. phase transition (FT-IR bands shape vs.
)

In most of the [M(NH3)6]X2 compounds which indicate dynam-
cal orientation disorder of the ammonia molecules [7] the rapid
H3 reorientation does not stop at the phase transitions [1]. We
ould like to check if the observed phase transition in the title com-
ound is connected or not with a drastic change of the reorientation
ynamics of the NH3 ligands. We would also like to compare the
esults with those obtained by us earlier for [Ni(NH3)6](NO3)2 and
Mg(NH3)6](NO3)2 [8–16]. The FT-MIR spectra of [Co(NH3)6](NO3)2
ithin the wavenumber range 4000–400 cm−1 were registered

uring the cooling of the sample in the temperature range
95–15 K. An analysis of the full with at half maximum (FWHM)
or �w(NH3)F1u and ıs(HNH)F1u modes in the infrared spectra
s. temperature was made. We did not performed an analysis of
he infrared active �3(NO3

−) and �4(NO3
−) modes because theirs

WHMs did not change with temperature. We followed the analy-
is of FWHM vs. temperature, described by Carabatos-Nédelec and
ecker [27,28], which is based on the theory used for the damping

ssociated with an order–disorder mechanism. We assumed that
he reorientation correlation time �R is the mean time between
nstantaneous jumps from one potential well to another and it is

ig. 7. Temperature dependence of the shape (a) and the position (b) of the band connec
hase transition (at cooling).
imica Acta 496 (2009) 38–44 43

defined as:

�R = �0 exp
(

Ea

RT

)
, (8)

where �0 is the relaxation time at infinite temperature T, Ea is the
height of the potential barrier for reorienting species and R is the
gas constant. For vibrations of frequency � > 1 × 1013 s−1 and for
�R > 1 × 10−12 s, the temperature dependence of the FWHM can be
described by [30–32]:

FWHM(T) = (a + bT) + c exp
(

− Ea

RT

)
, (9)

where a, b, c and Ea are parameters to fit. The linear part of Eq. (9)
corresponds to the bandwidth associated with vibrational relax-
ation and the exponential term corresponds to the bandwidth
associated with the reorientational relaxation.

Fig. 6a and c shows the temperature dependences of the
FWHM of the infrared bands associated with the �w(NH3)F1u
and ıs(HNH)F1u modes, located at ca. 640 cm−1 and 1190 cm−1,
respectively. It is evident that during the cooling of the sample
the FWHM of these bands decreases exponentially down to the
phase transition temperature, where it abruptly and significantly
decreases and then continues decreasing exponentially but at a
much slower rate. The FWHM values were calculated by fitting
the Lorentz function to these two bands for the spectra measured
across a wide temperature range (20–300 K) using the Origin
program. Unfortunately, we cannot to fit Eq. (9) to the experi-
mental points for the band at ca. 640 cm−1 associated with the
�w(NH3)F1u mode because these points are very scattered. In turn
it was possible to fit Eq. (9) to the experimental points for the
energy values for the rotational motion of the NH3 ligands are:
Ea(I) = 13.3 ± 8.6 kJ mol−1 and Ea(II) = 39.9 ± 2.7 kJ mol−1, for the
high and low temperature phases respectively. These values are a

ted with �4(NO3
−)E mode (at ca. 722 cm−1). Arrow denotes temperature TC of the
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[29] B. Małecka, Rozprawy i Monografie, vol. 144, UWND AGH, Kraków, 2005 (in
4 M. Liszka-Skoczylas et al. / The

ittle higher than those for Ni(NH3)6](NO3)2 (Ea(I) = 4.7 kJ mol−1,
a(II) = 2.3 kJ mol−1, Ea(III) = 0.1 kJ mol−1, Ea(IV) = 0.5 kJ mol−1) and
lso for [Mg(NH3)6](NO3)2 (Ea(I) = 7.1 kJ mol−1, Ea(II) = 2.6 kJ mol−1,
a(III) = 0.1 kJ mol−1, Ea(IV) = 0.6 kJ mol−1) derived from the
uasielastic neutron scattering method (QENS) [10–16].

Fig. 6b and d demonstrates the temperature dependence of the
and position of the two bands discussed above. We can see that
oth of these temperature dependences are very similar and, more-
ver, they are similar to the corresponding FWHM vs. temperature
ependences shown in Fig. 6a and c. This fact suggests that the
eorientation motions of the NH3 ligands do contribute to the phase
ransition mechanism, but that the change of the crystal structure
robably plays the dominant role in the phase transition mecha-
ism.

Fig. 7 presents temperature the dependence of the position of
he band at ca. 722 cm−1 associated with the �4(NO3

−)E mode. We
an see that this band splits below temperature TC. The splitting of
his band suggests that the observed phase transition is related to
he symmetry change of the crystal lattice.

. Conclusions

1. [Co(NH3)6](NO3)2 at room temperature has a regular (cubic)
structure, space group No. 225 = Fm3̄m = O5

h, with the lattice
parameter a = 11.0441 Å and with four molecules in the unit cell.

. The DSC measurements of [Co(NH3)6](NO3)2 performed in the
temperature range 90–297 K allowed one phase transition to
be detected. The value of temperature of the phase transition
obtained by extrapolating the values obtained at different scan-
ning rates to the zero scanning rate amounts to: Th

C = 229.7 K and
Tc

C = 225.2 K, respectively. The presence of 4.5 K hysteresis sug-
gests that the detected PT is of the first-order type. The entropy
change accompanying this PT suggests its “order–disorder”
mechanism.

. The temperature dependences of the FWHM of the band asso-
ciated with the ıs(HNH)F1u mode indicates fast reorientation
of the NH3 ligands with reorientational correlation times in
the order of picoseconds and with an activation energy of
Ea(I) = 13.3 ± 8.6 kJ mol−1 and Ea(II) = 39.9 ± 2.7 kJ mol−1, for the
high and low temperature phase, respectively. The sudden
change of FWHM vs. T dependence at TC suggests that the
observed PT is connected with a sudden change in the speed
of the NH3 reorientational motions.

. The characteristic changes in the band frequencies in the FT-MIR
spectra are convincingly observed. The splitting of the band at
ca. 722 cm−1 connected with the �4(NO3

−)E mode near temper-
ature TC suggests that the observed phase transition is probably
connected with the change of the site symmetry of the anion. So,
the observed PT probably has a structural character.
. Thermal decomposition of the title compound proceeded
in two main stages. In the first stage, deammination of
[Co(NH3)6](NO3)2 to [Co(NH3)2](NO3)2 is undergone in two
steps and four out of six NH3 molecules per formula unit are lib-
erated. The second stage is connected with the liberation of the

[
[

[

imica Acta 496 (2009) 38–44

two residual NH3 molecules and with the simultaneous decom-
position of the resulting cobalt(II) nitrate(V), next leading to the
formation of the gaseous products of the decomposition (N2, O2,
H2O, nitrogen oxides) and solid CoO.
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