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The phase transitions of [M(H20)6](N03)2 , where M = Mn2+, Co2+, Ni2+, Cu2+ or Zn2+ have 
been studied at 100 - 400 K by DSC. Two phase transitions connected with a two-stage melting 
process have been found for these five compounds. For the compound with M = Co, besides the 
two melting points a solid-solid phase transition at 272 K has been found. 
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1. Introduct ion 

As opposed to the i somorphous fami ly of 
[ M ( H 2 0 ) 6 ] ( X Y 4 ) 2 c o m p o u n d s , where M = M g , M n , 
Fe, Co, Ni , Zn or Cd and X Y 4 = C 1 0 4 ~ o r B F 4 ~ 
[1], the cor responding [ M ( H 2 0 ) 6 ] ( N 0 3 ) 2 c o m p o u n d s 
crystall ize at room tempera ture in several structures 
(different space groups) . Taking into account only the 
compounds investigated in this work, two pairs of 
them are isostructural , namely the pair with M = M n 
and Zn, which has the space g roup P n m a [2, 3], and 
that with M = Ni and Cu , which has the space group 
P i [4, 5]. T h e space groups of [ C o ( H 2 0 ) 6 ] ( N 0 3 ) 2 

and [ M g ( H 2 0 ) 6 ] ( N 0 3 ) 2 are C2 /c [6] and P2! /c [7, 8], 
respectively. It is not clear yet if the di f ferences in 
the structure are due to small but different deviat ions 
f rom the per fec t octahedral structure of the complex 
cation, to d i f ferent strains f r o m hydrogen bonds , or to 
reorientational mot ions of the nitrate groups. 

The phase transi t ions of the [ M ( H 2 0 ) 6 ] ( N 0 3 ) 2 

compounds were detected by calorimetry and 
dilatometry [ 9 - 13]. T h e reported phase transit ion 
temperatures are summar ized in Table 1. T h e more 
precise adiabat ic ca lor imetry studies revealed in 
[ M g ( H 2 0 ) 6 ] ( N 0 3 ) 2 two phase transit ions [12]. T h e 
transition at TCI, connec ted wi th a large specific heat 
anomaly, was interpreted as a mel t ing point, whereas 
the transition at TC1 connec ted with a m u c h smal ler 

Table 1. Phase transition temperatures (in K) of 
[M(H20)6](N03)2 compounds as measured by different 
methods. 

References 
M [9] [10] [11] [12] [13] [14] * 

Mn 
299 

268 
236 

299 
312 
299 

Zn 310 311 
292 
260 
157 

292 

123 
107 

299 
313 
298 

Ni 
330 

149 
333 

362 
328 

Cu 
299 

268 
248 

318 
394 
301 

Co 
329 

153 

336 
348 
328 
272 

Mg 363 362 
343 
260 

363 
343 

215 

371 

* this work. 
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specific heat anomaly was interpreted as a solid-solid 
phase transit ion. Apar t f r o m these anomalies , the third 
one was detected at ~ 2 1 5 K, but only in the first 
run of the measurements for each of the three fill-
ings of the calorimeter. The N M R and Q N S mea-
surements [12] gave evidence of 180° angular flips 
of H 2 0 groups around the M g - 0 axes. The char-
acterist ic correlation t ime for these flips amounts to 
ca. 50 p icoseconds at room temperature. A hystere-
sis of about 8 K was observed for the TC2 transi-
tion [12]. These two phase transitions, and addition-
ally the third one at 260 K, were observed earlier also 
by DTA and dyla tometry [11], In [ C o ( H 2 0 ) 6 ] ( N 0 3 ) 2 

and [ N i ( H 2 0 ) 6 ] ( N 0 3 ) 2 the low temperature phase 
transi t ions were observed at 153 and 149 K, respec-
tively, as very small specific heat anomal ies (AS = 
0.4 J /mol K) [10]. U p to now only one high tem-
perature phase transition was detected for all inves-
tigated c o m p o u n d s (with the exception of the men-
t ioned [ M g ( H 2 0 ) 6 ] ( N 0 3 ) 2 ) and was interpreted as 
mel t ing of these crystals [12, 13]. The aim of this 
study is to detect anomal ies on the D S C curves and 
hence to de termine the the rmodynamic parameters of 
the phase transit ions of the five [ M ( H 2 0 ) 6 ] ( N 0 3 ) 2 

compounds , whith M = Mn, Co, Ni, Cu, and Zn. 

2. Exper imenta l 

Pure [ C O ( H 2 0 ) 6 ] ( N 0 3 ) 2 , [ N i ( H 2 0 ) 6 ] ( N 0 3 ) 2 , [Cu-
( H 2 0 ) 6 ] ( N 0 3 ) 2 and [ Z n ( H 2 0 ) 6 ] ( N 0 3 ) 2 were ob-
tained f r o m commerc ia l products by repeated crys-
tall ization f rom water distilled four t imes in a quartz 
vessel. [ M n ( H 2 0 ) 6 ] ( N 0 3 ) 2 was synthesized by the 
reaction of M n C 0 3 and diluted H N 0 3 . The solution 
was concentra ted by mi ld heating, and the crystals ob-
tained af ter cooling of that solution were purified by 
repeated crystall ization f rom four t imes distilled wa-
ter. Then the crystals were dried in a desiccator over 
P 2 0 5 and stored in a hygrostate . Before the measure-
ments , the composi t ion of the compounds was deter-
mined on the basis of the metal content , by titration 
with na t r ium wersenate. The average content of metal 
in each of the investigated compounds was found to 
be equal to the theoretical value within an error limit 
of ca. 2 % . 

T h e D S C measurements were per formed with a 
Perk in-Elmer PYRIS 1 D S C apparatus at the M. Smo-
luchowski Institute of Physics of the Jagiel lonian Uni-
versity. T h e instrument was calibrated by means of the 
mel t ing point of ind ium - for the high temperature 
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region, and the melt ing point of H 2 0 - for the low 
tempera ture region. High puri ty dry gases were used 
as purging gas (helium, 99 .999%) and as air shield gas 
(ni trogen, 99 .999%). The ni trogen gas used for trans-
ferr ing liquid nitrogen to the cold finger dewar was 
also of high purity. Two characterist ic temperatures 
of the D S C peaks obtained on heat ing were com-
puted: the temperature of the peak m a x i m u m (T k) 
and the temperature calculated f r o m the s lope of the 
lef t -hand side of the peak (To n s e t) . These two tem-
peratures differed by 2 to 6 K. As for the transition 
temperatures , the values of To n s e t were taken into ac-
count . T h e enthalpy changes (AH) connected with the 
observed phase transit ions were calculated by numer-
ical integration of the D S C curves under the peaks of 
the anomal ies . Before the calculat ions a l inear back-
ground was subtracted. This was done in a m o r e or 
less arbitrary though identical way for all the samples . 
Nevertheless , they are good enough to al low the com-
parison of the c o m p o u n d s invest igated. The entropy 
changes (AS) were calculated using the fo rmula ASX 

= AH/TCx. For the sharp peaks of the D S C curves 
they were computed with high accuracy ( ± 4%) . 
T h e masses of the samples amoun ted to f r o m 8.5 to 
31.5 mg . The D S C measurements were per formed on 
heat ing and cool ing the samples with a constant rate 
of 10 K - m i n - 1 . Because all these c o m p o u n d s easily 
overcool , m u c h slower cool ing rate is needed. For that 
reason the D S C measurements during the cool ing of 
these c o m p o u n d s are not presented in this work. They 
are now in progress with a very slow rate of cool ing 
and will be publ ished later. 

3. Results and Discuss ion 

Figure 1 shows the tempera ture dependence of 
the heat flow (DSC curve) obta ined during the heat-
ing of the [ C O ( H 2 0 ) 6 ] ( N 0 3 ) 2 sample at the rate of 
10 K - m i n - 1 . Three anomal ies of the D S C curve were 
detected. T h e endothermic peak at 272 K corresponds 
to a solid-solid phase transit ions. The next two peaks 
are connected with two stages of the mel t ing pro-
cess. This s tatement was conf i rmed by visual observa-
tion. 

The D S C curves (registered on heat ing the sam-
ples at a rate of 10 K - m i n - 1 ) fo r [ M n ( H 2 0 ) 6 ] ( N 0 3 ) 2 

and [ Z n ( H 2 0 ) 6 ] ( N 0 3 ) 2 are shown on Fig. 2, and the 
D S C curves for [ N i ( H 2 0 ) 6 ] ( N 0 3 ) 2 and [ C u ( H 2 0 ) 6 ] -
( N 0 3 ) 2 are shown on Figure 3. In these f igures there 
are two anomal ies on the D S C curves: a smal l and 
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Fig. 1. DSC curves of [ C o f E E O ^ K N O ^ on heating the 
sample at a rate of 10 K-min - . 

a large peak. These peaks are connected with a two-
stage melt ing process , which was conf i rmed by visual 
observation. A termogravimetr ic analysis connected 
with a mass spectrometr ic analysis of [ N i ( H 2 0 ) 6 ] -
( N 0 3 ) 2 has indicated that at ca. 330 and ca. 364 K 
the substance loses 8 .5% and 10.0% of its water, re-
spectively. Al toge ther the loss amounts to three water 
molecules per one [ N i ( H 2 0 ) 6 ] ( N 0 3 ) 2 molecu le [15]. 

The tempera ture and the enthalpy and entropy 
changes of the detected phase transit ions are pre-
sented in Table 2. For [ M ( H 2 0 ) 6 ] ( N 0 3 ) 2 wi th M = 
Mn, Zn, Ni and Cu, the values of AH and AS for 
the large anomaly are m u c h b igger than those for the 
small one. For the c o m p o u n d s with M = M n and Zn, 
the AS-value for the small anomaly amounts to 1% 
and 2 % of the AS-value for the large anomaly, respec-
tively. For the c o m p o u n d s with M = Ni and Cu, the 
AS-value for the small anomaly amounts to 15% and 
16 % of the AS-value for the large anomaly, respec-
tively. The AS value for the large anomaly is by about 
50% bigger and for the small anomaly it is one order 
of magni tude lower for c o m p o u n d s with M = M n and 
Zn than the cor responding value for the c o m p o u n d s 
with M = Ni and Cu. For [ C o ( H 2 0 ) 6 ] ( N 0 3 ) 2 the AS 
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Fig. 2. Comparison of the DSC curves of [Mn(H20)6]-
(N0 3 ) 2 and [Zn(H20)6](N03)2 on heating the samples at a 
rate of 10 K-min . 

values for all three anomalies of the D S C curve are of 
the same order of magni tude . 

It should be pointed out that the p o l y m o r p h i s m of 
the [ M ( H 2 0 ) 6 ] ( N 0 3 ) 2 compounds is qui te d i f ferent 
than that of [ M ( H 2 0 ) 6 ] ( C 1 0 4 ) 2 [16] and [ M ( H 2 0 ) 6 ] -
(BF 4 ) 2 [17]. 

4. Conclus ions 

The results obtained in this work and their c o m -
parison with the literature data have led us to the 
fol lowing conclusions: 

1. The character of the D S C curves and the 
enthalpy- and entropy-changes of the invest igated 
compounds , which are isostructural, are very s imi-
lar. 

2. The investigated compounds mel t in two steps. 
Only in the case of [ C o ( H 2 0 ) 6 ] ( N 0 3 ) 2 there exis ts 
besides the two mel t ing points a solid state t ransi t ion. 

3. For the [ M ( H 2 0 ) 6 ] ( N 0 3 ) 2 c o m p o u n d s with M = 
Mn, Zn, Ni, and Cu the enthalpy- and en t ropy-changes 
connected with the first melt ing point are m u c h lower 
than those for the second melt ing point , whi le for 
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Table 2. Thermodynamic parameters of the phase transi-
tions of [M(H 20) 6](N0 3) 2 compounds. 

1 - [Cu(H20)6](N03)2 

2 - [Ni(H20)6](N03)2 

T 1 1 1 1 1 1 1 ' 1 1 1 ' 1 1 

50 100 150 200 250 300 350 400 

Temperature [K] 

Fig. 3. Comparison of the DSC curves of [Ni(H20)6](N03)2 
and [Cu(H20)6](N03)2 on heating the samples at a rate of 
10 K-min . 

[ C o ( H 2 0 ) 6 ] ( N 0 3 ) 2 they are of the same order of mag-
nitude. 

4. The entropy changes connected with the first 
mel t ing point are by about one order of magni-
tude lower and those connected with the second 

M Tc[ K] AH 
[kJ-mol-1] 

AS 
[J-mol-'-K"1] 

Ref. 

Mn 312.31 49.68 159.1 * 

299.4 0.47 1.6 * 

Zn 312.9 47.45 151.7 * 

297.7 1.04 3.5 * 

Ni 362.0 42.11 116.3 * 

327.8 6.08 18.5 * 

Cu 394.1 39.69 100.7 # 

300.7 4.80 16.0 * 

Co 348.4 16.65 47.8 * 

327.8 28.71 87.6 * 

271.7 8.8 32.4 * 

Mg 363.23 41.349 113.88 [12] 
342.8 5.263 12.93 [12] 
215 ? ? [12] 

* this work. 

melt ing point are by about 50% bigger for 
[ M n ( H 2 0 ) 6 ] ( N 0 3 ) 2 and [ Z n ( H 2 0 ) 6 ] ( N 0 3 ) 2 than for 
[ N i ( H 2 0 ) 6 ] ( N 0 3 ) 2 and [ C u ( H 2 0 ) 6 ] ( N 0 3 ) 2 . 

5. In the case of [ N i ( H 2 0 ) 6 ] ( N 0 3 ) 2 the two-s tage 
mel t ing process is probably connected with a two-
stage release of 50% of the water molecu les f r o m the 
crystal lattice. 
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