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X-ray diffraction study of calcium nitrate
tetrahydrate melt at 328 K

K. IGARASHI, K. TAJIRI, T. ASAHINA, M. KOSAKA
Material Engineering Division, Government Industrial Research Institute, Nagoya, Hirate-cho,
Kita-ku, Nagoya 260, Japan

Y. IWADATE, J. MOCHINAGA
Department of Materials Science, Faculty of Engineering, Chiba University, Chiba 260, Japan

The hydration structure of calcium nitrate tetrahydrate, Ca(NQO3), 4.1H,0, melt at 328 K has
been investigated by X-ray scattering and correlation method. Analysis of the radial
distribution function and model fitting revealed that in the hydrate melt, a Ca2* ion is
surrounded by about six oxygen atoms, 4.1 of which come from water molecules at the
average distance of 0.241 nm, 2.0 coming from the nitrate ions at the average distance of
0.254 nm. In the first coordination shell of the melt, the formation of a direct Ca?*-NO;
correlation, such as contact ion pairs, was suggested. The hydration structure of the melt
analysed was compared with that of Ca(NO;),-3.5H,0 melt previously reported, and the
decrease from nine of the reported melt to six in this melt was observed in the number of the
nearest neighbour oxygen atoms around a Ca®™ ion. This implies that in the highly
concentrated agueous solution, the structure of the first coordination shell around the cation

changes markedly with a small difference in the water molecule content.

1. Introduction

Recently, a ternary mixture aqueous solution of alkali
nitrates was noted as a new absorption working pair
of an absorption heat pump which provides higher
temperature capability, higher lifts, and use of lower-
cost construction materials than current working
pairs, e.g. LiBr-H,O[1]. This absorbent is character-
istically thermally stable to above 530 K and pro-
motes the formation of a passive and protective
corrosion-resistant oxide film on both mild steel and
all stainless steels. An addition of salt, such as alkaline
earth nitrates, to the solution is expected to enhance
the capability of the absorbent to lower efficiently the
vapour pressure of water. In searching for available
salts for the addition, information on the hydration
structure of ions in concentrated aqueous solutions is
required.

Numerous investigations on the hydration struc-
ture around a cation and an anion in aqueous solu-
tions have been carried out using X-ray and neutron
diffractions [2-6] and computer simulations such as
Monte Carlo and molecular dynamics calculations
[7-9]. Most of these works considered solutions of
relatively diluted concentration, up to about 4M, but
there are a few studies on concentrated solutions, so-
called hydrate melts. Yamaguchi ef al. [10] studied the
hydration structure of calcium chloride hydrate melts,
CaCl, - RH,O, with R = 4.0-8.6 by X-ray diffraction
analysis and model fitting, and reported that in the
solution with R = 8.6, a Ca®" ion is surrounded by six
water molecules, and with decreasing H,O concentra-

2774

tion a direct Ca2*—Cl~ correlation, due to the forma-
tion of contact ion pairs, appears. Furthermore, it was
found that in the CaCl, - 6H,O melt, aimost one CI1~
ion binds to a Ca®” ion, and in the CaCl,-4H,0
melt, about two Cl~ ions coordinate to a Ca®* ion.
Although the counter anion differs, the hydration
structure of the more concentrated hydrate melt con-
taining the Ca?" ion was investigated by Caminiti
et al. [11]. They reported for the Ca(NO,),-3.5H,0
melt at room temperature, that a Ca?* ion is co-
ordinated to nine oxygen atoms, partly coming from
water molecules, partly from NOj3 ions.

In connection with the development of a new
absorption working pair containing alkali and alkal-
ine earth nitrates, we have already studied thermal
characteristics of calcium nitrate tetrahydrate [12]
and the molar volume of the molten binary mixture
containing anhydrous calcium nitrate [13]. In this
work, we report the hydration structure of the calcium
nitrate tetrahydrate melt at 328 K, obtained from the
analysis of the radial distribution function based on
X-ray diffraction measurements and model fitting.

2. Experimental procedure

The hydrate salt used was of analytical reagent grade
and was dried under a reduced pressure (200 Pa) at
room temperature to remove water adhering to the
crystal surface. In this process, attention was paid to
avoid excessive evacuation thus promoting the reduc-
tion of hydrated water. Because this compound was
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very deliquescent, all treatments and measurements
were performed under a high-purity nitrogen atmo-
sphere. The exact value of the water molecules in the
hydrate salt was determined to be 4.1 with thermo-
gravimetric-differential thermal analysis (TG~DTA)
and titrations using EDTA and Karl-Fischer reagents,
indicating that the melting point of the salt thus
prepared was 316 K, which was comparable to the
literature value of 3159 K [14].

X-ray diffraction (XRD) measurements were per-
formed on a 6-6 X-ray diffractometer with a curved
graphite monochromator mounted in the diffracted
beam. The diffracted intensities were counted using
the step-scanning technique for a fixed count at every
interval of 0.25° The observable range of scatter-
ing angle, 0, was 3° <6 < 62°, corresponding to
the range 9.25<Snm™! <156.1 (S = 4nsind/2,
A = 0.07107 nm) for MoK, radiation. Divergence and
scattering silts of 2°~1°, 1°~1°, and 2°-2° were used
for the low-angle (3° <0 <15°, middle-angle
(13° <8 <357, and high-angle (32° < 0 < 62°) re-
gions, respectively. Several runs were made in order to
accumulate 5 x 10* counts per datum point in the low
scattering and 1 x 10° counts in the middle and high
scattering angles. The sample was contained in a small
BN vessel (40 mm x 40 mm x 15 mm) with a heater set
in a small airtight chamber under a helium atmo-
sphere. Because the Ca(NQOj), - 4.1 H,O melt is stable
without dehydration from the melting point to 331 K
[12], the temperature of the melt was set at 328 K and
controlled to within + 0.2 K throughout the experi-
ments with a programmable temperature device. The
intensity data were corrected for background, polar-
ization, absorption and Compton radiation, and were
normalized to the independent scattering factor for
the stoichiometric unit according to the usual method
[15]. Atomic scattering factors and Compton
scattering factors were taken from the literature
[16—-19]. The reduced intensity, S-i(S), the radial
distribution function, D(r), and the correlation func-
tion, G(r), are given by
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where p, is the number of stoichiometric units per
volume, K,, is the effective number of electrons in the
atom m, f.(S) the independent atomic scattering in-
tensity and I59"(S) the total coherent intensity function
and S, is the maximum value of § reached in the
experiments. Summation is over the stoichiometric
units for m. The effective electron numbers of respect-
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Figure 1 Total coherent intensity, IS" (S), and reduced intensity,
§i(S), curves of Ca(NO,), 4.1H,0 melt at 328 K. The mono-
tonically decreasing curve in total coherent intensity indicates the
calculated self-scattering intensity.

ive atoms for this melt were obtained to be 27.280 for
the calcium atom, 6.730 for nitrogen, 7.923 for oxygen,
and 0.254 for hydrogen. The intensity S-i(S) was
corrected by the repeated Fourier transformations
[20], to remove ghost peaks or ripples in front of the
first peak of D(r). In the calculations, a modification
function, which is a damping factor that minimizes the
truncation effect of the integral at S_, , was not used,
because the spurious peaks at the longer distance than
the first peak of the D(r) did not appear. The density of
the melt was measured dilatometrically under atmo-
spheric pressure, as described elsewhere [21] and was
determined to be 1.766 x 10° kgm ™2 at 328 K, which
was a higher value by 2.8% than that of Moynihan
and Fratielio [22].

3. Results and discussion

The total coherent intensity, IS8(S), and the reduced
intensity, S-i (S), for the Ca(NO,), 4.1 H,O melt at
328 K are shown in Fig. la and b, respectively. The
coherent intensity curve in the lower region of §
consists of characteristic continued three peaks. The
peak pattern of the reduced intensity curve obtained
in this work was found to be very similar in phase to
that of Ca(NO;), - 3.5 H,O melt at room temperature
reported previously [11], but not at a peak height of
29.0nm ! of §.

The D(r) and G(r) curves for the hydrate melt are
shown in Fig. 2a and b, respectively. The G(r) curve
has peaks at r=0.125, 0.245, 0.295, 0.475, and
0.720 nm. This result was similar to G(r) of the
Ca(NO;),-3.5H,0 melt [11]. However, on detailed
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Figure 2 Radial distribution function, D(r), and correlation
function, G(r), curves.

observation, small differences were found in the posi-
tion of the fifth peak and the magnitude of the fall
between the second and third peaks. The first peak at
0.125 nm of G(r) corresponds to the N-O intermolecu-
lar interactions for the NOj ion, an integration of the
first peak of the D(r) curve giving 3 as the coordination
number of oxygen atoms around a nitrogen atom. The
large second peak at 0.245 nm will contain mainly the
Ca—O interactions, because it is close to the sum of the
radius (0.100 nm) [23] of Ca?* ion and a van der
Waals radius (0.140) [24] of the oxygen atom. A
contribution from the O-O intermolecular inter-
actions for the NO; ion seems to appear at
r = 0.215 nm, because the shape of the nitrate jon is
the plane right triangle with » = 0.125 nm in the N-O
distance, but it is not resolved because of a neigh-
bouring distance to the large second peak. The third
peak at 0.295 nm is thought to be due to the contribu-
tions from the interactions such as the water—water
molecules and water molecule—nitrate ion.

In a multi-component system with similar nearest
neighbour distances of the interactions, it is difficult to
separate these correlations from the analysis of D(r)
and G(r) curves. In order to determine these correl-
ations quantitatively, the correlation method was ap-
plied to the observed S-i(S) curve. The theoretical
structure function calculated on the basis of a model is
obtained by

i . — 2 /
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where r;; is the interatomic distance, /;; the root mean
square displacement, and n; the number of inter-
actions for atom pairs Jjj. This equation is related to
only the short-range interactions, the term for the
contribution of the interactions between a spherical
hole and the continuum electron distribution beyond
the discrete distance was not included. In this calcu-
lation, the scattering intensity from the hydrogen
atom was neglected because of a very small contribu-
tion. On the basis of the above consideration of the
radial distribution function, we constructed the struc-
tural model for the hydrate melt as follows. The
structural parameters for the N-O and O-O intra-
molecular interactions of the NOjJ ion in the melt
were fixed and only their root mean square displace-
ments were taken as variables. The first coordination
shell of the Ca®* ion consists of both H,O and NOj
ions. The interactions between the water molecules
and the NO7 ions were taken into account. However,
because correlations such as the O,—Oy and Oy—Oy
pairs are difficult to separate exactly, they are treated
with one correlation as an O-O atom pair, where the
subscripts H and N indicate that the oxygen atoms
belong to the H,O molecule and NOj ion, respect-
ively. The interactions between the Ca*™ ion and the
oxygen atoms in the second coordination shell was
also included as Ca-O,,,,,q4. The quantities, n;;, r;;, and
I;; for these interactions can be obtained by a least-
squares calculation of the variations in Equation 6
against the observed intensity function S i (S) beyond
S = 30 nm ! In the calculation, initial values for the
variations of the respective pairs were placed by con-
sidering the findings from the D(r) and G(r) curves and
the crystal structure of calcium nitrate tetrahydrate
[25]. In order to check the goodness of fit of the
calculated intensity to the observed one, the quantity,
R, was introduced

— Z|S i (S)obs -8 (S)calcdl
Z!S ’ l (S)obs|

The parameters of the most probable arrangement
obtained in the Ca(NQOs), 4.1H,O melt at 328 K are
listed in Table I, in which the numbers in parentheses
are designated as the presupposed constants. The R
value was 0.238 when the calculation converged. The
intensity function, S i (S), calculated using these para-
meters is compared with the observed one and is
presented in Fig. 3. Fig. 4 shows the contribution of
each atom pair to the S-i(S) curve calculated for the
hydrate melt. It was found that contributions existed
from the five atom pairs even in the region beycnd

R 6)

TABLE [ Short-range structural parameters

i j nj Fij L

N Oy 3.0) (0.125) 0.0134
Oy Oy (3.0 0.215) 0.0145
Ca Oy 20 0.254 0.0176
Ca Oy 4.1 0.241 0.0167
0] O 6.3 0.296 0.0255
N Oy 4.1 0.341 0.0258
Ca N 2.1 0.353 0.0261
Ca Osecond 3.8 0.463 0.0396
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Figure 4 Contribution of each ion pair to the S-i(S) curve

calculated. (———-) N-Oy pair, (———) Oy—Op, (---) Ca-Oy, (—--—)
Ca-Oy, (——) O-0, (— ) N-Oy, (—--—) Ca-N, (--°)
Ca-Oy.

S = 100 nm ~ !, The calculated S - i (S) curve was linked
with the data of § < 32 nm ™’ of the observed one at
§=32nm~! and G(r) was computed by Fourier
transformation of the linked S-i(S) curve. A com-
parison of the observed G(r) with the computed G(r)
curve is shown in Fig. 5. Both curves in the short-
range distance less than 0.4 nm, gave good agreement.

As seen in Table I, a Ca®™ ion is coordinated to
about six oxygen atoms, about four of which come
from water molecules at 0.241 nm and two from ni-
trate ions at 0.253 nm. In these correlations, the dis-
tance for the Ca—Oy pair is slightly longer than that of
the Ca-Oy,. Such a difference is found in the distances
between the calcium ion and the water molecules and
nitrate ions in the first coordination shell of the tetra-
hydrate crystal [25]. The two oxygen atoms from the
nitrate ion are thought to belong to the two different
ions, because the number of Ca-N interactions is
almost 2. As is suggested from the investigation by
Raman spectroscopy of the calcium nitrate tetrahy-
drate melt [26], these two nitrate ions in the first
coordination shell appeared to make direct correl-
ations, such as contact ion pairs, with the calcium jon.
It was observed that the hydration structure of the
tetrahydrate melt analysed in this study was analog-
ous to that in the nearest coordination number, that of
molten CaCl,-4H,0O [10] measured at 393 K even
though the counter anion differed.
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Figure 5 Observed (——) and calculated (---) G(r) curves.

The number of oxygen atoms in the first coordin-
ation shell obtained in this work is lower by about 3
than those in the first coordination shells of the
Ca(NO,),-3.5H,0 melt [11] and the tetrahydrate
crystal [25]. The density of the crystal is calculated to
be 1.9365 x 10° kgm ™3 from the crystal data of the
space group P,;/c with a= 06268, b=0.9116,
c=1483nm and B =106.5°, Z =4 [25]. On the
other hand, the density of the hydrate melt at 328 K
was 1.766 x 10 kgm 3. By use of these values, the
molar volumes in the solid and molten states were
calculated and an increase in volume by 9.6% on
melting was observed. Such a volume expansion
would lead to decreases in the nearest atom distance
and the numbers of atoms in the first coordination
shell, as well as alkali halides [27]. The nearest dis-
tances between the Ca?” ion and the water molecules
and nitrate ions for the melt are obviously shorter
than the nearest average ones of those correlations in
the crystal. The decrease in the nearest coordination
number seemed to occur as the result.

The results of the hydration structures of the
Ca(NO,),-4.1 H,O and Ca{NO;), 3.5 H,0 melts
and a series of calcium chloride hydrate melts de-
scribed in Section 1 suggest that in the highly concen-
trated aqueous solution, the hydration structure
around the cation varies markedly with slightly
changing water molecule content.

4. Conclusion

The hydration structure of the Ca(NQO,), 4.1H,0
melt at 328 K has been investigated by X-ray
scattering and correlation. Analysis of the radial dis-
tribution function and model fitting revealed that in
the hydrate melt, a Ca2" ion is surrounded by about
six oxygen atoms, 4.1 of which come from water
molecules at the average distance of 0.241 nm, 2.0
coming from the nitrate ions at the distance of
0.254 nm. In the first coordination shell, the existence
of the direct Ca?*-NOJ correlation, such as contact
ion pairs, was suggested. From a comparison with the
hydration structure for Ca(NO,), - 3.5H,0O previously
reported, it was found that the number of oxygen
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atoms around a Ca?" ion reduces from nine in the

reported melt, to about six. The result implies that in
the highly concentrated aqueous solution, the struc-
ture of the first coordination shell for the Ca** ion
changes markedly with a small difference in the water
molecule content.

Acknowledgements

The authors thank Dr Y. Okamoto for his assistance
in measuring the X-ray diffraction intensity and in-
structive discussions.

References

1. W.F. DAVIDSON and D. C. ERICKSON, Newslett. IEA
Heat Pump Center 4 (1986) 29.

2. R. CAMINITI, G. LICHERI, G. PICCALUGA and G.
PINNA, J. Chem. Phys. 68 (1978) 1967.

3. Idem, Chem. Phys. Lett, 6 (1979) 45.

R. CAMINITI, P. CUCCA and T. RADONAI, J. Phys.
Chem. 88 (1984) 2382.

5. J.E.ENDERBY,S. C. CUMMINGS, G. J. HERDMAN, G.
W. NEILSON, P. S. SALMON and N. SKIPPER, ibid. 91
{1987) 5851.

6. P. A. M. WALKER, D. G. LAWRENCEN and G. W.
NEILSON, J. Chem. Soc. Farad. Trans. 1 85 (1989) 1365.

7. W.M.Ph.BOPP,M.M.PROBST,E.SPOHRand J.-1. LIN,
J. Phys. Chem. 94 (1990) 4672.

8. E.GUARDIA and J. A. PADRO, ibid. 94 (1990) 6049,

9. P.CIEPLAK and P. KOLLMAN, J. Chem. Phys. 92 (1990)
6761,

10. T. YAMAGUCHI, S. HAYASHI and H. OHTAKI, fnorg.
Chem. 28 (1989) 2434.

2778

11

12.

13.
14.
15.
16.
17.
18.

19.
20.

21.

22.

23.
24,

25.
26.

27.

R. CAMINITI, A. MUSINU, G. PASCHINA, G.
PICCALUGA and G. PINNA, Z. Naturforsch. 36a (1981) 831.
T. HATTORI, Y. IWADATE, K. IGARASHI, K.
KAWAMURA and J. MOCHINAGA, Denki Kagaku 34
(1986) 804.

K. IGARASHI, M. SHIMADA and J. MOCHINAGA,
Z. Naturforsch. 43a (1988) 289.

C. T. MOYNIHAN, C. R. SMALLEY, C. A. ANGELL and
E. J. SARE, J. Phys. Chem. 73 (1969) 2287.

K. IGARASHI, Y. OKAMOTO, J. MOCHINAGA and
H. OHNO, J. Chem. Soc. Farad. Trans. I 84 (1988} 4407.

F. HAJDU, Acta Crystallogr. A28 {1972} 250.

G. W. BRINDLY, Phil. Mag. 12 (1931) 104,

D. T. CROMER and D. LIBERMAN, J. Chem. Phys. 53
(1970) 1891.

W. HEISENBERG, Phys. Z. 32 (1931) 737.

H. A. LEVY, M. D. DANFORD and A. H. NARTEN,
ORNL—3960, July 1966.

I. MOCHINAGA, K. IGARASHI and Y. IWADATE,
J. Chem. Engng. Data 30 (1980) 274,

C. T. MOYNIHAN and A. FRATIELLO, J. Amer. Chem.
Soc. 89 (1967) 5546, .

R. D. SHANNON, Acta Crystallogr. A32 (1976) 751.

L. PAULING, in “The nature of the Chemical Bond”, 3rd edn,
{Cornell University Press, Ithaca, 1960) p. 260.

P. A. LECLAIRE, Acta Crystallogr. B32 (1976) 235.
B.BALSHAW and S.1. SMEDLEY, J. Phys. Chem. 79 (1975)
1323,

H. OHNO, K. FURUKAWA, R. TAKAGI, K. IGARASHI
and J. MOCHINAGA, J. Chem. Soc. Farad. Trans. 279 (1983)
463.

Received 18 February
and accepted 12 October 1992



