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ABSTRACT 

Measurements of electrical conductivity (DC) and dielectric constant (10 kHz) in 
freshly prepared single crystals of NiS04 - 6 Hz0 and NiSO_, - ‘7 Hz0 have been carried 
out in the temperature range 30-450°C. It has been observed that the conductivity and 
dielectric constant show a large increase and decline at 100, 142, 186 and 360°C in the 
case of NiSO;I . 6 Hz0 and 125, 210 and 365’C in the case of NiSOJ . 7 Hz0 crystals. 
The effect of melting is very well seen in the conductivity and dielectric measurements in 
thr case of NiS04 - i HZ0 crystals where a large but broad peak is observed between 45 
and ll.S°C. The observed changes in conductivity and dielectric constant at the deaqua- 
tion temperature have been rsplained on the basis of the release of water molecules at 
the respective deaquation temperatures and the subsequent dissociation of a fraction of 
these released water molecules into H+ and OH- ions. Availability of these charged par- 
ricles increases the conductivity whereas the formation of space charge increases the 
dielectric constant. 

INTRODUCTION 

The sequence of deaquation steps in NiSOl - 7 HZ0 has been reported by 
several workers [l-6] _ Fruchaxt and Michel [ 31 give the sequence of deaqua- 
tion steps in NiSO, - 7 H,O as 1 mole, 2 moles, 3 moles and 1 mole while 
Sarig [ 41, from simultaneous TG, DTG and DT_4 measurements, suggested 
the deaquation steps as 1 mole, 3 moles, 2 moles and 1 mole at 60, 110, 130 
and 33O”C, respectively. Ben-Dor and Margalith [l] report that the sequence 
of deaquation steps in many polyhydrated metal sulfates consists of two 
definite steps. First, all but one molecule of water are evolved at a relatively 
low temperature (beginning at 60°C) and then, after a significant rise in tem- 
perature, the last molecule is released. 

Thermal and electrical measurements have proved to be convenient 
methods for studying deaquation steps in many metal salt hydrate systems 
[ 7-101. TG, electrical conductivity, and dielectric constant measurements 
on FeSOa - 7 H,O and CuSO, - 5 HZ0 single crystals were carried out by us 
[ 11,12]. It was observed that the electrical conductivity and dielectric con- 
stant both change at the deaquation step. It is reported [13] that, above 
room temperature (30” C), NiS04 - 7 H,O is always transformed into NiS04 - 

6 H&l. It is also observed that, even if the sample is kept in a closed vessel, it 
slowly loses one molecule of water of crystallization. TG analysis of the 



hexa- and heptahydrates of nickel sulfate shows the deaquation steps as 1 
mole, 2 moles, 2 moles and 1 mole and 1 mole, 3 moles, 2 moles and 1 mole, 
respectively [ 141. The phenomenon of melting was clearly seen in the case 
of NiS04 - 7 Hz0 but not in the case of NiSO., - 6 H20. With this difference in 
mind, it was thought fit to investigate the dependance of conductivity and 
dielectric constant on temperature using freshly prepared crystals. The 
results of this study in the case of NiS04 - 6 iI20 and NiSO, - 7 Hz0 are 
presented in this paper. 

ESPERIMENTAL 

Nature of the samples 

Nickel sulfate hexahydrate and heptahydrate powders of purity greater 
than 99.9% were obtained from Sarabhai Chemicals and B.D.H. Chemicals, 
respectively. Crystals were grown from the aqueous solution of these sulfates 
by slow evaporation at 40’ C and 12.5’ C. Crystals grown at 12.5’ C were 
always heptahydrate and those grown at 40°C were always hexahydrate irre- 
spective of the starting materials. Hexahydrate crystals have a prismatic 
shape whereas heptahydrate crystals have a plate-like growth. 

Measurements of electric conductivity and dielectric constant 

The d.c. electrical conductivity was measured by the BPL meg--meg ohm 
meter type RM 160/3 in the temperature range 30-450°C. For measuring 
conductivity higher than 10s6, a simple circuit was made which could mea- 
sure it with the same accuracy as that of the meg-me: ohm meter. The heat- 
ing rate was maintained at 1°C min-‘. 

The dielectric constant was measured by a Marconi Universal Bridge type 
TF 868/l at 10 kHz in the same temperature range. The heating rate was 
maintained at 0.5” C min-‘. 

RESULTS AND DISCUSSION 

The variation of log o versus temperature for crystals grown at 40°C is 
shown in Fig. l(a). It is seen from the figure that there are four sharp and 
distinct peaks at 100, 142, 186 and 360°C respectively, in one of the sets. 
The height of the second peak is much larger and the last peak _s much 
broader than the rest of the peaks. Figure l(b) shows the plot of log CT versus 
T for crystals grown at 12.5”C. It is seen from the figure that the conductiv- 
ity starts rising from 45°C becomes very high (change of 7 orders of magni- 
tude) and remain s at this value up to about 115°C. Then the ccnductivity 
again rises giving a small peak at 125°C. Above this temperature, the conduc- 
tivity immediately drops dowi to a much lower value. The ccnductivity 
again rises and falls at 210 and 365°C. On cooling, both the cryecals show a 
continuous decrease in conductivity up to about 80°C after which it remains 
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more or less constant thereafter. The conductivity peaks observed on heating 
are completely missing on cooling. 

Tanabe and co-workers [ 23 and Fruchart and Michel [ 31 give the deaqua- 
tion steps in NiSOj - 7 H,O as 1 mole, 2 moles, 3 moles and 1 mole and Sarig 
143 gives 1 mole, 3 moles, 2 moles and 1 mole at 60, 110, 130 and 330°C, 
respectively. Also, deaquation steps given by Berg and Kovyrsina [5] and 
Demassieux and Fedroff [6], are as follows: 88”C, melting; 102.--105°C 
boiling; 166”C, dehydration; and 36O”C, dehydration. We have studied [14] 
the difference in the deaquation steps of NiS04 - 6 Hz0 and NiS04 - 7 H,O 
crystals. NiS04 - 7 Hz0 shows the same sequence of deaquation steps as 
given by Sarig [4], but the deaquation temperatures are entirely different. 
The observed temperatures from TG measurements are 130, 190, 210 and 
380°C. NiS04 - 6 Hz0 shows the deaquation steps as 1 mole, 2 moles, 2 
moles and 1 mole at 129,187, 214 and 39O”C, respectively. 
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Fig. 1. Variation with temperature of ttie d-c. electrical conductivity of (a) a NiS04 - G 
Hz0 crystal grown at 10°C and (b) a NiSOa - 7 Hz0 crystal grown st 1PC. 

The phenomenon of melting and subsequent boiling appear in the case of 
NiSO, - 7 H,O crystals but not in the case of NiSO, - 6 Hz0 crystals. 

It is seen from Fig. l(b) that the conductivity rises at 45°C to a very high 
value and remains high till a temperature of 115” C is reached. In the process 
of melting, 1 mole of water of crystallization is detached from the crystal 
structure and a part of it appears on the crystal surface dkolving some of 
the NiSO, material. In solution, Nil+ and SOa- ions are created. The ions are 
available for conduction and the conductivity increases to a very high value. 
The number of free ions decreases only on boiling the solution and therefore 



the conductivity remains high up to this temperature. In this temperature 
interval, no loss of mass of the crystal was noticed. At the boiling tempera- 
ture, the conductivity starts decreasing but then the deaquation starts and 
the crystal loses its water of crystallization in different steps at different 
temperatures. Tht! conductivity peak due to deaquation is higher than that 
due to melting. This may be due to the fact that in melting the co:lduction 
is due to the Ni’+ and SO,‘- ions and that in dissociation it is due to H’ and 
OH- ions and since the former ions are heavier than the latter, they have a 
lower mobility . 

It is seen from Fig. l(a) that the conductivity shows sharp rise and fall at 
100, 142, IS6 and 360°C which also correspond to different deaquation 
steps at those temperatures. In the case of NiSOJ - 6 H20, there are only 
sharp peaks at the deaquation temperatures but at no temperature does the 
conductivity show a steady peak value as is observed in the case of NiSOq - 

7 HZ0 crystals. In NiSO, - 7 HZ0 crystals, the first broad conductivity peak 
is due to the availability of free ions in solution. But in the case of both crys- 
tals, the observed conductivity peaks at temperatures higher than the boiling 
temperature indicates that free charge carriers are available for conduction 
only during the deaquation process. It is therefore assumed that a very small 
fraction of the water molecules that are detached from the structure at dif- 
ferent deaquation temperatures is dissociated into H’ and OH- ions. This 
increases the concentration of mobile charge carriers causing the observed 
large increase in conductivity at the dehydration temperature. It is observed 
that in the case of NiSOa - 6 HzO, the change in conductivity is masimum 
for the second deaquation step in which two molecules are involved. In the 
case of NiSO, - 7 H20, the second conductivity peak, which corresponds to 
the deaquation of three molecules, has the greatest height. The heights of the 
conductivity peaks at other temperatures depend on the fraction of the 
water molecules dissociated into the respective ions. 

The number of charged particles, 12, collected during the peaks of the con- 
ductivity curves can be determined experimentally by calculating the area 
under the current vs. time curve corresponding to the total charge released 
near the respective deaquation temperatures and dividing this by e, the 
charge of the electron_ Figure 2 gives the variation of current with time for 
NiSOl - 6 H,O crystals. The number of charged particles obtained in this 
way is 2.79 X 10” for the first step, 1.33 X 10” for the second step, 1.71 X 

lOI for the third step and 3.69 X 10” for the last step in one of the esperi- 
mental sets for NiSO, - 6 H1O. The data for NiSO, - 7 HZ0 crystals is sum- 
marized in Table 1. 

Using Maxwellian distribution and assuming the dissociation energy of 
HZ0 to be 1.2 eV in water, the ha&ion, f, of water molecules dissociated 
after being detached at the respective deaquation temperatures can be calcu- 
lated. Let 

f= 
the number of water molecules dissociated n- .._._ _..____..-..-- -.--_.-.---- .--- _..~_ =L 

the total number of water molecules detached n, 

where n2 is the number of water molecules which receive thermal energy 
greater than (kT + 1.2) eV and nl is the number of water molecules which 
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Fig. 2. Plot of current against time for calculation of the number of charge carriers pro- 
duced by dissociation of a NiS04 - 6 Hz0 crystal. 

receive thermal energy greater than kT. From Maxwellian distribution 

io 

s 
e- E/ l:T dE 

f _ Il, _ (IzT +1.2) 

n, P 

s 

e-E/l:T dE 

I: T 

Let f be the ratio of the number of water molecules dissocated, n2, to the 
total number of water molecules, N, that correspond to the first deaquation 
temperature. 

f=3 

where 

The number of water molecules dissociated, n2, i.e. the number of free posi- 
tive and negative charges produced at the deaquation temperature is equal to 
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TABLE 1 

Values of the number of charged particles produced at each deaquation step and the cor- 
responding values of dissociation energies for NiS04 - 7 H, 0 crystals 

Deaquation step 

Second Third Fourth 

Experimental values of n2 
(calculated from area) 

9.36 x 10’s 1.97 x lOI 4.85 x 10’5 

Statistical values of n1 assuming 
E=1_2eV 

5.41 x 105 1.69 x lo8 9.39 x 10’0 

Assumed values of the dissociation 
energies (eV) 

0.15 0.62 0.60 

Statistical values of rz2 assuming val- 8.81 x 10’s 1.91 x 10’4 4.86 x 10” 
ues of E given in row 3 

f X (total number of water molecules, N, corresponding to the first deaqua- 
tion temperature). N is of the same order of magnitude as n,, i.e. N 1 12~. 
Hence f = f. Therefore the number of water molecules dissociated will be 
N X f. N can be calculated by assuming that, in the case of NiSOj - 6 H20, 
out of the six water molecules 1 mole is involved in the first peak, 2 moles in 
the second, 2 moles in the third and 1 mole in the last peak. These calcula- 
tions give the number of charged particles produced after dissociation for 
NiS04 - 6 Hz0 crystals as 1.73 X 104 for the first deaquation step, 1.50 X 
10’ for the second, 2.88 X lo6 for the third and 7.85 X 10” for the fourth, 
which are lower than the experimentally observed values. This may be 
explained by assuming that the dissociation energy of H,O in the crystal 
depends on the strength by which the H’ and OH- ions in the Hi0 molecule 
are pulled in opposite directions in the crystal structure and therefore may 
be lower in solids than in liquids where the molecules are free. It is found 
that if the dissociation energy of HZ0 in the crystal structure is chosen to be 
0.594 eV for the first step, 0.298 eV for the second, 0.588 eV for the third 
and 0.610 eV for the fourth step, then the statistical calculations give the 
number of the charged particles due to dissociation as 2.64 X lOi for the 
first step, 1.34 X 10” for the second, 1.72 X 1014 for the third and 3.89 X 
10” for the fourth, which are in close agreement with the experimental 
values. As pointed out above, the decrease in dissociation energy of the HZ0 
molecule inside solid NiS04 - 6 Hz0 and NiS04 - 7 H20 may be due to the 
pulling of the OH- ion by the Ni -‘+ ion in one direction and H‘ ions by the 
SOf- ions in the opposite direction. Dissociation energies in NiSOJ - 7 HZ0 
crystals for II20 molecules at different temperatures have been calculated in 
a similar manner and are also summarized in Table 1. 

The bonding in NiS04 - 7 H,O has been discussed in detail by Evans [ 151 
and the structural properties have been correlated with the thermal proper- 
ties by Sarig [4]. NiS04 - 6 HZ0 is just a modification of NiS04 - 7 H,O 
wherein the first water molecule has already been removed from the struc- 
ture. The deaquation steps in NiSO, - 7 H,O are given as 1 mole, 3 moles, 2 
moles and 1 mole. The removal of the first water molecule from NiSO, - 7 



Hz0 during the crystal growth at 40°C converts it into NiSO., - 6 H20. The 
remaining water molecules are rearranged in such a way that the second 
deaquation step consists of 3 moles being split into two different steps of 1 
mole and 2 moles, altering the bonding strength of these molecules and giv- 
ing the deaquation steps as 1 mole, 2 moles, 2 moles and 1 mole. 

At the respective ‘deaquation temperatures, the different water molecules 
are released and a fraction of them is dissociated. All the water molecules so 
released and dissociated are not able to leave of the crystal immediately and 
many of them remain trapped in the interstitial space. The dissociated ar.d 
the trapped H’ and OH- ions are made mobile by the applied field cuntribut- 
ing to the large increase in conductivity. AS the temperature passes the 
dequation point, the number of trapped ions decreases at a high rate as they 
are driven by the applied field and collected by the respective electrodes, thus 
giving the conductivity peaks. The water molecules released from the crystal 
structure but trapped in the interstices can come out relatively slowly by the 
diffusion process. Hence the deaquation steps given by thermogravimetry 
(which is only concerned mth the loss of mass) occur at temperatures higher 
than those given by conductivity measurements. Table 2 summarizes the 
values of deaquation temperatures for both the crystals from different 
studies. 

Figure 3 shows plots of dielectric constant verzx temperature for NiSO, - 

6 H,O and NiSO, - 7 H,O crystals. It is seen from the figure that the 
dielectric constant measurement also shows peaks at the respective deaqua- 

tion temperatures &given by the conductivity measurements on the crystals. 
The melting phenomenon in the case of NiS04 - 7 Hz0 crystals gives rise tir 

TABLE 2 

Deaquation temperatures from TG, conductivity and dielectric constant measurements 
-.. .- 

Step From TG 9 From conductivity From dielectric 

T, All s hl S 1111 S 

[WC)1 

NiSO_, - 7 Hz0 
I 400 (130) 
II 463 (190) 
III 483 (210) 
IV 653 (380) 

WSOJ -6H,O 

; 
402 (129) 
460 (187) 

III 487 (214) 
IV 663 (390) 

4.89 1.22 
9.7s 2.11 
8.88 1.83 
6.66 1.02 

4.7 1.16 371.5 (98.5) 
6.7 1.45 418.2 (145.2) 
9.6 1.97 464.8 (191.8) 
9.7 1.46 630 (357) 

343 (70j 
39i.5 (124.5) 
4i3 (200) 
633 (360) 

3.5 1.02 343 (70) 3.5 1.02 
3.75 0.94 395 (122) 3.6 0.91 
10 2.11 463 (190) 9.5 2.05 

5.04 0.79 631 (355) ‘7.1 1.1 

2.9 o.is 369.7 (96.i) 3.9 1.05 
2.9 0.69 412.2 (139.2) 4.2 1.02 
4.8 1.03 482 (209) 10.9 2.26 
2.1 0.33 650 (37i) 5.6 0.86 

a Trn = mean temperature, Anz = mean deviation in T and Cb 5’ = percentage spread in the tem- 
perature. 
The data is from the earlier paper by the authors (ref. 14). The first deaquation step in NiS04- 
7 H, 0 is judged from the centre of the broad peak in conductivity and dieleclric constant mea- 
surements. T, has been calculated from different sets of observations. 
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Fig!. 3. Variation of the dielectric constant with temperalure of (a) a NiS04 . 6 Hz0 and 
(IJ) a NiS04 . 7 Hz0 crystal (frequency 10 ZrHz). 

a very large change in dielectric constant (five orders of magnitude) and also 
increases the loss (tan 6). In many cases, the loss becomes so great that the 
dielectric constant measurement becomes unreliable. As soon as the liquid is 
boiled off, the loss decreases and so also does the dielectric constant. Beyond 
this temper&tire, both NiSO, - ‘i HZ0 and NiSO, - 6 Hz0 crystals show peaks 
in the dielectric constant at the respective deaquation temperatures, indicat- 
ing a connection between the deaquation steps and the dielectric constant_ 
The increase in the dielectric constant is due to the orientation of the perma- 
nent. dipoles of the water molecules released from the crystal structure but 
trapped within the material and to the space charge polarization produced 
by the t.rapped positive and negative charges generated after dissociation of 
the water molecules. On cooling, however, the dielectric constant is found to 
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remain constant from 430°C to room temperature. Absence of any such 
change in the dielectric constant and conductivity on cooling supports the 
assumption of disscciation of water molecules at the respective deaquation 
temperatures. 

CONCLUSIONS 

It is concluded from the study that the conductivity and dielectric con- 
stant show marked variations in crystals where the phenomenon of melting 
occurs. _At the deaquation temperatures also there are sharp changes in con- 
ductivity as well as dielectric constant but tile nature of these changes is 
quite different from those observed in the case of melting. Beyond the 
melting temperature, NiSO, - 7 FI,O and NiSO, - G Hz0 crystals have almost 
identical behaviour. The deaquation temperatures given by the c0nductivit.y 
and dielectric studies are lower than those given by TG measurements. 

REFERENCES 

I L. Ben-Dor and R. Margalith, Inorg. Chirn. Xcla, 1 (1967) -19. 

2 T. Tanakeshita, R. Ohnishi. T. Tatsui and K. Tanahe, J. Phvs. Chem.. 69 (1965) -1077. 
3 R. Fruchart and -4. Michel, C.R. Xcad. Sci., 3-46 (195s) 1222. 

4 S. Sarig, Thermochim. Acta, ‘7 (1973) 297. 
5 L.C. Berg and lr’.P. Kovysina, Zh. Neorg. Khim., 9 (196-I) 29. 
6 N. Demassieus and B. Fedroff, CR. Acad. Sci.. :?06 (193h) 16-i9. 
7 W.W. Wendlandt. Thermochim. Xcta, 1 (19iO) ll_ 

S E.L. Simmons and W-W. Wendlandt, Thermochira. Acta, 3 (1973) 1’71. 
9 Z. Halmos and W_W_ Wendlandt, Thermochim. _acta. 7 (1973) 95_ 

10 1-R. Bonilla, P.da.R. Andrade and A. Bristoti, J. Therm. Anal., 8 (1975) 387. 
1 i P-X:. Xandi, D.A. Deshpande and V.G. Kher, Indian J. Pure hppl. Phys., 16 (19i8) 

r-1 1. 

12 P.S. Sandi, D.-A. Deshpande and V.G. Iiher, Proc. Indian =\cnd. Sci., Sect. A. SS 

(19i9) 113. 

13 H. Remy, Treatise on Inorganic Chemistry, Vol. 3, Elsevier, Amsterdam, 1956. 
l-1 P.N. Nandi, D.A. Deshpande and V.G. Kher, Thermochim. Acta. 32 (1979) 1213. 
15 R.C. Evans, An Introduction to Crystal Chemistry, Cambridge University Press, Lon- 

don, 1966. 


