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Solid polymorphism of four compounds of the type [M(NH3)6](XY4)2, where M = Co2+ or Cd2+, 
and XY4 = C104~ or BF4~ has been studied at 100 - 300 K by DSC. One or two phase transitions 
of the investigated compounds have been found. For the compounds with M = Co the phase 
transitions have not yet been described in the literature. For the compounds with M = Cd the phase 
transition-temperature is in good agreement with the results obtained by NMR and EPR. Generally, 
for [M(NH3)6](BF4)2 compounds (M = Mg, Fe, Co, or Ni) the phase transition temperature r c , 
is lower than that for the corresponding [M(NH3)6](C104)2, but for compounds with M = Cd it is 
higher. However, the enthalpy and entropy changes at the TCI phase transitions of [M(NH3)6](BF4)2 
are always lower than those for [M(NH3)6](C104)2. Moreover, for the compounds of this type a 
correlation between the transition temperature TC] and the crystal lattice parameter a has been 
found. 

Key words: Phase Transitions; DSC Method; Chlorate(VII) and Tetrafluoroborate of Hexaamina-
cobalt(II) and Hexaaminacadmium(II). 

1. Introduct ion 

Adiabat ic calor imetry studies of [M(NH 3 ) 6 ] -
( X Y 4 ) 2 , where M = Ni 2 + or M g 2 + , and X Y 4 = C 1 0 4 " 
or B F 4 ~ , revealed two phase transitions [1 - 3]. The 
transition f rom high temperature to the intermedi-
ate phase shows at Tcl a large specific heat anomaly, 
whereas the transit ion f rom the intermediate to the low 
tempera ture phase shows at Tc2 a much smaller spe-
cific heat anomaly. Extensive studies by various meth-
ods [3 - 22] es tabl ished that these phase transitions are 
associated both with a change of the crystal structure 
and with an abrupt change in the rate of reorientational 
mot ion of the tetrahedral anions. Fast reorientational 
mot ions of the N H 3 groups take place in all three 
phases of these c o m p o u n d s and are only slightly dis-
torted by the phase transitions. Their characteristic 
correlat ion t ime amounts to several picoseconds even 
at l iquid ni trogen temperature [21]. The phase tran-
sition at Tcl was also observed in [M(NH 3 ) 6 ] (XY 4 ) 2 

c o m p o u n d s with M = Fe or Cd by Mössbauer [23], 
N M R [24, 25] and E P R [26] methods . For the com-
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pounds with M = M n or Co neither phase tran-
sitions nor reorientational mot ions have yet been 
studied. 

So far a few theoretical at tempts at a description of 
the phase transitions in the discussed compounds have 
been done [27 - 31]. Unfortunately, none of them has 
predicted correctly the phase transition temperatures 
and the observed monocl in ic distortion of the crys-
tal. However , taking into account the symmetry of the 
anion, it is possible to correlate TC] of the highest tem-
perature phase transition with the lattice parameters 
of these crystals [28]. 

The [ M ( N H 3 ) 6 ] ( X Y 4 ) 2 crystall ine compounds , 
have at room temperature a face centered cubic struc-
ture (space group F m 3 m - O^, no. 225) with four 
molecules in the unit cell [32 - 34]. The high symme-
try of the crystal lattice is possible because the N H 3 

groups per form fast reorientational mot ions around 
the threefold axis. Both the intermediate and low tem-
perature phases of these compounds are monocl inic 
(space group P2 , / c - C 2 h , no. 14) with four molecules 
in the unit cell [3, 6, 14, 16, 17]. 
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T h e aim of this s tudy is to detect anomalies of 
the D S C curves and hence to de te rmine the ther-
m o d y n a m i c paramete rs of the phase transitions in 
[ M ( N H 3 ) 6 ] ( C 1 0 4 ) 2 and [ M ( N H 3 ) 6 ] ( B F 4 ) 2 , where M = 
Co or Cd . Addi t ional ly , we will present the corre-
lation be tween Tcl and the lattice parameter a for 
[ M ( N H 3 ) 6 ] ( X Y 4 ) 2 c o m p o u n d s with M = Mg, Fe, Co, 
Ni or Cd . 

2. Experimental 

T h e examined c o m p o u n d s were obtained f rom 
cor responding hexaaquameta l ( I I ) chlorates(VII) and 
te t raf luoroborates which were earl ier synthesized by 
reaction of the cor responding carbonates with di-
luted H C 1 0 4 and H B F 4 , respectively, and recrystal-
lized several t imes f r o m water distilled four t imes 
in a quar tz vessel . T h e adequa te hexaaquametal(I I ) 
complex placed in a quar tz vessel was put in a glass 
tube through which dry gaseous a m m o n i a was blown, 
and the tube was p laced inside an oven. First the tube 
was heated fo r several hours at about 390 K until 
all the water f r o m the hexaaquacomplex had been 
lost. Then the cor responding h e x a a m m i n e complex 
that fo rmed was coo led to r o o m tempera ture and kept 
at this t empera ture fo r several days . All hexaammine 
c o m p o u n d s exhibi t poo r stability at room temperature 
if they are not kept in a conta iner filled with dry am-
monia . Befo re the measu remen t s , the composi t ion of 
the c o m p o u n d s was de termined on the basis of their 
meta l and a m m o n i a content , by titration by means 
of nat r ium wersena te and hydrochlor ic acid, respec-
tively. T h e average contents of meta l and N H 3 were 
found to be equal to the theoret ical values within the 
error l imit of ca. 10%. 

T h e D S C measu remen t s were per formed with a 
Perk in-Elmer P Y R I S 1 D S C apparatus at the M. 
Smoluchowsk i Inst i tute of Phys ics of the Jagiellonian 
University. T h e ins t rument was calibrated by means 
of the mel t ing point of ind ium - fo r the high tem-
perature region, and the mel t ing point of H 2 0 - for 
the low tempera tu re region. H igh purity dry gases 
were used as purg ing gas (he l ium, 99 .999%) and as 
air shield gas (ni t rogen, 99 .999%) . The nitrogen gas 
used for t ransferr ing l iquid ni t rogen to the cold fin-
ger dewar was also of high purity. Two characteristic 
tempera tures of the D S C peaks , obtained on heating, 
were computed : the t empera ture of the peak maxi-
m u m (T p e a k) and the tempera ture calculated f rom the 
s lope of the le f t -hand side of the peak (To n s e t). These 

two temperatures differed by 2 to 6 K. In the case 
of second order transit ions also the Te n d t empera ture 
was computed f rom the right-hand side peak slope. 
For first order transitions the To n s e t and T e n d t empera-
tures obtained may differ by 1 to 3 K, whereas for the 
second order transitions the d i f fe rence may be as high 
as 10 K, or even greater. For sharp peaks the value of 
Tonse t and for d i f fuse peaks the value of T p e a k as the 
phase transition temperature was taken into account , 
respectively. The enthalpy changes ( A H ) connec ted 
with the observed phase transit ions were calculated 
by numerical integration of the D S C curves under 
the peaks of the anomalies . Before the calcula t ions a 
linear background was subtracted. This was done in 
a more or less arbitrary though identical way for all 
the samples. Nevertheless, they are good enough to 
allow the compar ison of the c o m p o u n d s invest igated. 
The entropy changes (AS) were calculated using the 
formula ASx = A H / T C x . For the sharp peaks of the 
D S C curves they were compu ted with h igh accuracy 
( ± 4%), whereas for the d i f fuse peaks they could be 
considered as est imates only. T h e D S C measu remen t s 
were per formed on heat ing and cool ing the samples 
with a constant rate of 10 K - m i n - 1 . T h e masses of the 
samples amounted to 8 to 28 mg . 

3. Results and Discussion 

Figure 1 shows as an example the tempera ture de-
pendencies of the heat flow ( D S C curves) obta ined 
during the heat ing and cool ing of the [Cd(NH 3 ) 6 ] -
(C10 4 ) 2 sample at the rate of 10 K - m i n - 1 . A sharp 
peak on both D S C curves is seen. It cor responds to a 
solid-solid phase transition. T h e d i f fe rence be tween 
the Tonse t temperatures obta ined on heat ing and cool-
ing is ca. 5 K, so a small hysteresis of the phase 
transition temperature Tcl was detected. It indicates 
that this phase transition is of first order . S imi lar 
D S C curves were registered for [ C d ( N H 3 ) 6 ] ( B F 4 ) 2 , 
[Co(NH 3 ) 6 ] (C10 4 ) 2 and [ C o ( N H 3 ) 6 ] ( B F 4 ) 2 samples . 

The compar ison of the D S C curves (registered on 
heating the samples at a rate of 10 K - m i n - 1 ) fo r 
[M(NH 3 ) 6 ] (BF 4 ) 2 and [ M ( N H 3 ) 6 ] ( C 1 0 4 ) 2 is shown 
in Figs. 2 (M = Cd) and 3 (M = Co), respectively. Evi-
dently the phase transition of [ C d ( N H 3 ) 6 ] ( B F 4 ) 2 takes 
place at a higher tempera ture than that of [Cd(NH 3 ) 6 ] -
(C10 4 ) 2 . For the corresponding cobal t c o m p o u n d s 
it is the opposite. We bel ieve that fo r these there 
exists also a very small and d i f fused anomaly on 
the D S C curve in the low tempera ture region. For 
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Fig. 1. DSC curves for [Cd(NH3)6](C104)2 registered on 
cooling and heating at a rate of 10 K-min . 
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Fig. 3. Comparison of the DSC curves for [Co(NH3)6]-
(C104)2 and [Co(NH3)6](BF4)2 registered on heating at a 
rate of 10 K-min - 1 . 
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Fig. 2. Comparison of the DSC curves for [Cd(NH3)6]-
(C104)2 and [Cd(NH3)6](BF4)2 registered on heating at a 
rate of 10 K-min - 1 . 
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Fig. 4. Phase transition temperature TCI vs. lattice constant 
a for [Me(NH3)6](XY4)2 compounds. 

[CO(NH 3 ) 6 ] (C10 4 ) 2 this very small anomaly at ca. 
140 K is quite evident on the D S C curve of Fig. 3. 
This observation will be a subject of our fur ther 
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Table 1. Thermodynamic parameters of the phase transitions of [M(NH3)6](C104)2 and [M(NH3)6](BF4)2. 
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- [M(NH 3 ) 6 ] (C10 4 ) 2 — 
M r c [ K ] AH [kJ-mol -1] AS [J m o l _ 1 K _ 1 ] Ref. 

Mg 154.35 4.68 30.35 [3] 
139.5 0.76 5.43 [3] 

Fe 159 [23] 
Co 157.7 3.90 24.7 this work 

141 0.10 0.7 this work 
Ni 173.05 5.65 32.64 [2] 

143 0.54 3.76 [2] 
Cd 138.9 4.12 29.6 this work 
Cd 125 [25] 

investigations. T h e temperature and enthalpy- and 
entropy-changes fo r the phase transit ions detected for 
all the investigated c o m p o u n d s are presented in Ta-
ble 1 together with the l i terature data on the anal-
ogous c o m p o u n d s with M = M g , Fe and Ni. Ta-
ble 1 shows that AH and AS for the [M(NH 3 ) 6 ] -
(BF 4 ) 2 c o m p o u n d s are distinctly lower than those 
for the [M(NH 3 ) 6 ] (C10 4 ) 2 ones . For c o m p o u n d s with 
M = Cd there is a possibili ty of a compar i son of the 
transition temperatures obtained in this work with 
those obtained by N M R [24, 25] and E P R [26]. 
The agreement of the results is m u c h better fo r 
[Cd(NH 3 ) 6 ] (BF 4 ) 2 than for [ C d ( N H 3 ) 6 ] ( C 1 0 4 ) 2 . Fig-
ure 4 shows a correlation be tween the high phase 
transition tempera ture (Tcl) and the crystal lattice pa-
rameter (a) for all the c o m p o u n d s presented in Ta-
ble 1. A similar correlation fo r [ M ( N H 3 ) 6 ] X 2 com-
pounds with different anions and different metal 
cations was noticed by Stankowski [31]. Our work 
improves this correlation fo r [ C d ( N H 3 ) 6 ] ( B F 4 ) 2 and 
[Cd(NH 3 ) 6 ] (C10 4 ) 2 and adds two new points, namely 
for [Co(NH 3 ) 6 ] (BF 4 ) 2 and [ C o ( N H 3 ) 6 ] ( C 1 0 4 ) 2 . It can 
be seen in Fig. 4 that for the [ M ( N H 3 ) 6 ] ( B F 4 ) 2 com-
pounds Tcl slightly increases wi th increasing lattice 
constant a, whi le fo r [ M ( N H 3 ) 6 ] ( C 1 0 4 ) 2 it is qui te 
the opposite: TCI strongly decreases with increas-
ing a. [ M ( H 2 0 ) 6 ] ( C 1 0 4 ) 2 behaves in an other way 
than most [ M ( N H 3 ) 6 ] X 2 compounds . We are yet un-
able to explain this di f ference. W e did not observe 
such a d i f ference in the case of the similar famil ies 
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either. 

4. Conclus ions 

The results of this work and their compar i son wi th 
the literature data lead to the fo l lowing conclus ions : 

1. The D S C curves of all the investigated c o m -
pounds are very similar to the tempera ture depen-
dence of the heat capacity of [N i (NH 3 ) 6 ] (C10 4 ) 2 , 
[Mg(NH 3 ) 6 ] (C10 4 ) 2 and [Ni (NH 3 ) 6 ] (BF 4 ) 2 . 

2. The phase transition temperatures fo r the 
[M(NH 3 ) 6 ] (BF 4 ) 2 compounds are general ly lower 
than those for the compounds with C 1 0 4 ~ anions . 
However , for compounds with M = Cd it is qu i te the 
opposite. 

3. The enthalpy and entropy changes detected fo r 
the [M(NH 3 ) 6 ] (BF 4 ) 2 compounds are a lways s ignif-
icantly smaller than those for the c o m p o u n d s wi th 
C 1 0 4 ~ anions. 

4. For both [M(NH 3 ) 6 ] (C10 4 ) 2 and [ M ( N H 3 ) 6 ] -
(BF 4 ) 2 there exists a correlation be tween Tcl and the 
crystal lattice parameter a. However , whereas T C 1 of 
[M(NH 3 ) 6 ] (C10 4 ) 2 decreases with increasing a, that 
of [M(NH 3 ) 6 ] (BF 4 ) 2 increases with increasing a. 

Acknowledgements 

O n e of us (S. W.) would like to express his grat i tude 
to the Polish Foundat ion for Science for purchas ing 
the PYRIS 1 D S C calorimeter. 

[3] A. Migdal-Mikuli, E. Mikuli, M. Rachwalska, and 
S. Hodorowicz, Phys. Stat. Sol. (a) 47, 57 (1978). 

[4] J. Stankowski, J. M. Janik, A. Dezor, and B. Scza-
niecki, Phys. Stat. Sol. (a) 16, K167 (1973). 



594 A. Migdal-Mikuli et al. • DSC Investigations of Phase Transitions, I 594 

[5] B. Sczaniecki, L. Larys, and U. Gruszczynska, Acta 
Phys. Polon. A 46, 759(1974). 

[6] E. Dynowska, Phys. Stat. Sol. (a) 31, K23 (1975). 
[7] J. M. Janik and J. A. Janik, Acta Phys. Polon. A 48, 

311 (1975). 
[8] J. M. Janik, J. A. Janik, and B. Janik, Acta Phys. 

Polon. A 49, 377 (1976). 
[9] J. A. Janik, J. M. Janik, K. Otnes, and K. Ro-

sciszewski, Physica 83B, 259 (1976). 
[10] M. Krupski and J. Stankowski, Acta Phys. Polon. A 

50, 685 (1976). 
[11] J. A. Janik, J. M. Janik, and K. Otnes, Physica B 90, 

275 (1977). 
[12] J. A. Janik, J. M. Janik, G. Pytasz, T. Sarga, and J. So-

kolowski, J. Raman Spectr. 6, 130 (1977). 
[13] N. Pislewski, Prace Kom. Mat.-Przyr. Fizyka Dielek-

trykow i Radiospektroskopia IX, 85 (1977). 
[14] S. Hodorowicz, M. Ciechanowicz-Rutkowska, J. M. 

Janik, and J. A. Janik, Phys. Stat. Sol. (a) 43, 53 
(1977). 

[15] B. Janik, J. M. Janik, and J. A. Janik, J. Raman Spectr. 
7 ,297 (1978). 

[16] S. Hodorowicz and M. Ciechanowicz-Rutkowska, 
Acta Phys. Polon. A 53, 29 (1978). 

[17] E. Dynowska and J. Stankowski, Phys. Stat. Sol. (a) 
52, 381 (1979). 

[18] M. Krupski and J. Stankowski, Acta Phys. Polon. A 
55, 597 (1979). 

[19] J. A. Janik, J. M. Janik, A. Migdal-Mikuli, E. Mikuli, 
and K. Otnes, I. Svare, Physica B 97, 47 (1979). 

[20] J. A. Janik, J. M. Janik, A. Migdal-Mikuli, E. Mikuli, 
and K. Otnes, Physica B 138, 280 (1986). 

[21] J. M. Janik, J. A. Janik, A. Migdal-Mikuli, E. Mikuli, 
and K. Otnes, Physica B 168, 45 (1991). 

[22] M. Krupski, Phys. Stat. Sol. (a) 145, K21 (1994). 
[23] L. Asch, G. K. Shenoy, J. M. Friedt, and J. P. Adloff, 

J. Chem. Phys. 62, 2335 (1975). 
[24] N. Pislewski, J. Stankowski, and L. Larys, Phys. Stat. 

Sol. (a) 31, 415 (1975). 
[25] J. Czaplicki, N. Weiden, and A. Weis, Phys. Stat. Sol. 

(a) 117, 555 (1990). 
[26] P. B. Sczaniecki and J. Stankowski, Acta Phys. Polon. 

A 51, 117 (1977). 
[27] A. R. Bates, J. Phys. C: Solid St. Phys. 3, 1825 (1970). 
[28] J. Stankowski, Mater. Sei., II (3), 57 (1976). 
[29] M. Otwinowski and J. Stankowski, Physica B 124, 

143 (1984). 
[30] K. Parliriski and P. Zielinski, Physica B 128, 55 

(1985). 
[31] P.B. Sczaniecki, Acta Phys. Polon. A 86,1021 (1994). 
[32] R. W. G. Wyckoff, Crystal Structure, Interscience, 

New York 1968. 
[33] S. Kumer and D. Babel, Z. Naturforsch. 39b, 1118 

(1984). 
[34] J. Lutoslawska-Rogöz, D. Mucha, and S. A. Hodor-

owicz, Cryst. Res. Technol., 31, 4 (1996). 
[35] E. Mikuli, A. Migdal-Mikuli, and S. Wröbel, Z. Natur-

forsch. 54a, 225 (1999). 


