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Infrared Spectra of Water of Crystallization in Some Inorganic 
 Chlorides and Sulfates 

 By Itaru GAMO 

 (Received September 3, 1960)

 The infrared investigation of water of crys-

tallization provides much information on its 

binding state in the crystal1,2). The frequency 

shifts of its characteristic bands from those of 

the water vapor seem to be caused mainly by

the coordination of water oxygen with metal 

and by the hydrogen bonding with outer ions. 

In the present paper, the absorption bands are 

investigated from this standpoint. 

Experimental 

Preparation.-The samples were of commercial 

guaranteed grade. Most of them were recrystallized 
from water.

 1) J. Lecomte, J. Chim. Phys., 50, C53 (1953). 
 2) J. Fujita, K. Nakamoto and M. Kobayashi, J. Am. 

Chem. Soc., 78, 3963 (1956).
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Measurements.-The spectra were obtained by a 
Perkin-Elmer Infracord double beam spectrophoto-
meter using a rock salt prism. The potassium 
bromide disk and the Nujol and H. C. B. mull 
techniques were employed. 

Results and Discussion 

The results are shown in Table I together 
.with those hitherto obtained . In general our 
values are in good agreement with them within 
experimental error. As examples, absorption 
bands of nickel chloride hexahydrate and zinc 
sulfate heptahydrate are shown in Figs. 1 and

2, respectively. The error is estimated to be 
about 2.5 cm-1 in the 14 u region, whereas it 
is 14 cm-1 and 57 cm-1, respectively, in the 6 u 
and the 3 u region. As will be shown later, 
the 14 u band is very sensitive to coordination 
and hydrogen bonding. The 6 u and the 3 u 
band are less sensitive. Furthermore the error 
is very small in the 14 u band. For these two 
reasons attention shall be focussed on the 14u 
region in the following discussion, though they 
are less prominent. 
 The author may consider the M-OH2 and the 

O-H...X(X=Cl or O) distance as a measure

TABLE Ia). OBSERVED WAVE NUMBERS, CM-1b)

a) Abbreviations: s, strong; m, medium; w, weak; b, broad; v. b, very broad 
b) Observed frequencies attributable to SO4 2- modes are omitted. 
 1) A. W. Marchand, Compt. rend., 242, 1791 (1956). R 
2) G. P. Nayar, Proc. Ind. Acad. Sci., A8, 419 (1938). R 
3) E. Canals and Peyrot, Compt. rend. 207, 224 (1938). R 
4) P. J. Lucchesi and W. A. Glasson, J. Am. Chem. Soc., 78, 1347 (1956). IR 
5) J. Lecomte, J. Chim. Phys., 50, C53 (1953). IR 
6) A. Galy, Compt. rend., 235, 1504 (1952). R 
7) O. Salvetti and D. Nobili, Chem. Abstr., 51, 12656b (1957). IR 
8) C. Duval, Anal. Chim. Acta, 13, 32 (1955). IR 
9) F. A. Miller and C. H. Wilkins, Anal. Chem., 24, 1253 (1952). IR 

10) O. Theimer, Mh. Chem., 81, 301 (1950). R 
11) G. P. Nayar, Proc. Ind. Acad. Sci., A28, 469 (1948). R 
12) C. Duval, R. Duval and J. Lecomte, Bull. soc. chim. France, (V) 14, 1048 (1947). IR 

IR: observed in infrared spectra; R: observed in Raman spectra.
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Fig. 1. Absorption bands of NiCl2.6H2O.

Fig. 2. Absorption bands of ZnSO4.7H2O.

for the strength of coordination and that of 
hydrogen bonding respectively. The 14 u band 
is attributable to either one of the wagging, 
twisting and rocking modest). In the case of 
metal ammine complexes the rocking frequency 
of ammonia3) seems to increase with increasing 
coordination and hydrogen bonding4). Assum-
ing the additivity for these two effects in the 
case of water of crystallization also2), and at-
tributing tentatively our 14 u band to the 
rocking mode, the wave number will decrease 
with increasing distance O-H...X, if the 
hydrogen bonding effect is predominant. Fig. 
3 shows this to be inverse for strontium chlo-
ride hexahydrate and magnesium chloride 
hexahydrate. (The straight hydrogen bondings 
were assumed throughout, and in case there are 
more than two kinds of equivalent positions 
of water in one crystal, the nearest approaches 
were adopted for O-H...X and for M-OH2,

assuming that the observed band peaks, 
correspond to them.). Therefore the coordi-
nation effect is larger in the magnesium-water-
bond than in that of the strontium-water.-
Correspondingly the former distance is consid-
erably smaller than the latter. 
 The frequency of the rocking mode increases. 

in the order, strontium chloride hexahydrate, 
cobaltous chloride hexahydrate and aluminum, 
chloride hexahydrate. These three substances. 
have a nearly equal O-H...Cl distance (3.10A),, 
and the metal-water distance decreases in this. 
order. Plotting the observed frequency against. 
the metal-water distance, we obtain a straight 
line in Fig. 4. In the next place, magnesium 
chloride hexahydrate and nickel sulfate hepta 
hydrate each occupies a position in the left 
side of this line corresponding to their metal--
water distance. Also, the perpendicular distance, 
between this point and the line is greater in 
the former than in the latter. This is under-
standable, since the weaker hydrogen bonding. 
results in the lower frequency and O-H...Cl. 
distances of the former and the latter are 3.21,

3) S. Mizushima, I. Nakagawa and J. V. Quagliano, J. 
Chem. Phys., 23, 1367 (1955). 

4) J. Fujita, K. Nakamoto and M. Kobayashi, J. Am. 
,Chem. Soc., 78, 3295 (1956).
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Fig. 3. Rocking frequency versus O-H...Cl 
 distance. References for the interatomic 
 distances: 
SrCl2.6H2O, A. T. Jensen, Kgl. Danske. Vi-
 denskab. Selskab. Math-fys. Medd., 17, No. 

9 (1940). 
 MgCl2.6H2O, K. R. Andress and J. Gunder-

 mann, Z. Krist., A87, 345 (1934). 
 CoCl2.6H2O, J. Mizuno, K. Ukei and T. 

 Sugawara, J. Phys. Soc. Japan, 14, 383 
(1959). 

 AlCl3.6H2O, K. R. Andress and C. Carpenter, 
 Z. Krist., A87, 446 (1934).

and 3.13A*, respectively. The structures of the 
other crystals are not yet completely deter-
mined. Among them, however, nickel chloride 
hexahydrate is completely isomorphous with 
cobaltous chloride hexahydratet). Therefore 
the periodic table suggests that nickel-water 
bond has nearly the same distance as cobalt-
water. The position of nickel chloride hexa-
hydrate in Fig. 4 seems to be valid on this 
assumption. 

A similar consideration leads to the deter-
mination of other points. (Zinc sulfate hepta-
hydrate and magnesium sulfate heptahydrate 
-are isomorphous with nickel sulfate hepta-

hydrate5), and calcium chloride hexahydrate 
with strontium chloride hexahydrate7). Co-
baltous sulfate heptahydrate and ferrous sulfate 
heptahydrate are mutually isomorphoust)8)

Fig. 4. Rocking frequency versus M-OH2 

 distance. 

 1, MgCl2.6H2O 4, CoSO4.7H2O 
 2, NiSO4.7H2O 5, MgSO4.7H2O 
 3, ZnSO4.7H2O 6, FeSO4.7H2O

As a whole, the coordination seems to have a 
considerably greater effect upon this mode 
than the hydrogen bonding. 
 These relationships are less definite for the 

6 u (bending1)) and the 3 u (stretching1)) mode. 
A more exact measurement will permit an 
analogous treatment. 
 The 5 u band of the chlorides seems to be 

attributable to the combination of the bending 
and the rocking mode, as in the case of 2222 
cm-1 band in ice1,9), although there remains 
a possibility of assigning it to the stretching 
mode strongly affected by the two effects, as 
Fujita et al. did for the weak band at 2270 
cm-1 in nickel glycinate dihydrate2). For the 
sulfates, this combination band may probably 
be overlapped with that of the totally symmetric 
and the triply degenerate stretching mode of 
sulfate ion. 

Summary 

 The characteristic bands of water of crystal-
lization in various chlorides and sulfates were 
determined in the rock salt region. The 
results were classified and explained inclusively

* This 3.13 A is obtained by subtracting the radius of 
-oxygen atom 1.32 A from the observed O-H...O distance5), 
and adding the radius of chlorine atom 1.81 A. 

5) C. A. Beevers and C. M. Schwartz, Z. Krist., A91, 
157 (1935). 

6) J. Mizuno, K. Uket and T. Sugawara, J. Phys. Soc. 
Japan, 14, 383 (1959). 

7) A. T. Jensen, Kg[. Danske Videnskab. Selskab. Math.. 
fys. Medd.,17, No. 9 (1940).

 8) L Ness, Naturwiss., 28, 78 (1940). 
 9) J. J. Fox and A. E. Martin, Proc. Roy. Soc., A174, 

234 (1940).
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by the effects of coSdination and hydrogen 

bonding. 
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