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FIG. 9. Comparison of Raman spectra of the nitrate ion between (a) in
supersaturated solution droplet and (b) in amorphous particle for Ca(NOs),
over all vibration modes.

less, it deliquesces at ~13 %RH, indicating that it is not a
continuation of the supersaturated solution droplet, but rather
a new phase formed by ‘‘freezing over’” from the highly
supersaturated solution droplet.

As shown in Fig. 5(b), the v{(A) band of the nitrate ion
in the amorphous Ca(NOj), particle again appears rather
broad at 1056 ¢cm ™ L, in contrast to the narrow band at 1067
and a shoulder at 1065 ¢cm ! in an anhydrous particle
[which, within experimental errors, agree with the 1069.3
and 1066.2 em~ ! bands in powdered Ca(NOs), sample??].
On the other hand, the similarities are remarkable between
the Raman spectrum of a supersaturated solution droplet
containing 5 #H,O/solute, as shown in Fig. 9(a), and that of
the amorphous particle containing 1 #H,O/solute, as shown
in Fig. 9(b). In particular, the prominent band at 745 cm ™' of
the amorphous particle may be compared to the 742 cm *
band of the solution droplet to infer the predominant
presence® of the contact-ion pair, CaNO5 . The v, band at
818 cm ! has also appeared to indicate extensive contact-ion
pairing in the amorphous particle.

Because of the extremely high supersaturation that
Ca(NOs), solutions can achieve in the bulk phase, they offer
a good opportunity to investigate ion association in concen-
trated solutions using vibrational spectroscopy. Many studies
have been done; more quantitative works are due to Hester
and Plane® and Irish and Walrafen.>® The monograph by
Marcus®! on ion solvation contains a comprehensive review
chapter on solvation of ion pairs. The equilibrium constant
for the association reaction
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FIG. 10. Measured intensity ratio, 74,/ 155, as a function of concentration in
solutions and droplets.

Ca™ " +NO; =CaNO;
is given by
K sssoe=[CaNO5 JINO; J[Ca™*]. (2)

Here, according to Hester and Plane,* the concentration ra-
tio, X =[CaNO; J[NO5 ], is related to the Raman intensity
ratio, /,,/144, through the expression
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and the unassociated cation concentration is given by
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where k;, and k; are the intrinsic molal scattering factors for
the single lines 742 and 718 cm ! characterizing bound and
free nitrate ions, respectively, and m is the total nitrate con-
centration in molality. A value of &,/ k,=0.365 was reported
by Hester and Plane.?

The Raman intensity ratio data, obtained with supersatu-
rated solution droplets at different concentrations, are plotted
in Fig. 10, together with the solution data reported by Hester
and Plane ?® Balshaw and Smedley>? have reported the pres-
sure dependence and their value at 1 bar is also shown in Fig.
10. All data points are seen to be in agreement within the
experimental errors. A value of 0.161+0.020 is obtained as
the average of the K, . values computed from the data
points, using Eqs. (2)—(4) and &/ k,=0.365. It is interesting
to note that this K. value is consistent with the equilib-
rium constants derived for other bivalent cations (e.g., 0.178
+0.012 for MgCl™) from indirect measurement techniques
such as solution conductance measurements, as reported in
the literature.™
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FIG. 11. Comparison of the OH stretch region in the Raman spectra of the
residual water between amorphous Ca(NOs), and Sr(NOs), particles.

The residual water

The Raman spectra of the OH stretching region of the
residual water in the amorphous particles are shown in Fig.
11 for both Sr(NO3), and Ca(NO3),. The sharp peaks super-
imposed on the Raman profile of the Ca(NO3), particle are
Mie structure resonances> arising from the intensity en-
hancement when the wavelength of the scattered Raman
light corresponds to the resonance conditions of the dielec-
tric spherical particle. The occurrence of the Mie structure
resonances is a positive indication that the amorphous
Ca(NOs), particle is a homogeneous sphere. In contrast, the
Sr(NOs3), particle is not. Despite the difference in the physi-
cal shape, the structure of the residual water in both particles
appears to be identical, as revealed by the remarkable simi-
larity in the Raman profiles shown in Fig. 11 for the two
amorphous particles.

A comparison of the OH stretching Raman profiles is
also shown in Fig. 12 for the amorphous particle, solutions,
and pure liquid water at 22 °C. Despite numerous spectro-
scopic and other studies reported in the literature, there is
still no clear consensus as to the structure of liquid water.3>3¢
Controversy has raged over what type of molecular model is
to be adopted for liquid water. The two extremes may be
classified broadly as the ‘‘mixture’’ models, describing water
as an equilibrium mixture of clustered water molecules with
varying numbers of hydrogen bonds, and the ‘‘continuum’”
models, describing water as an essentially complete
hydrogen-bonded network with a distribution of hydrogen
bond energies and geometries. It is generally observed,>”®
however, that the higher frequency bands (nonhydrogen
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FIG. 12. Comparison of the OH stretch region in the Raman spectra of
water present in various environments. 1- pure water; 2- Ca(NQOs), solution
at 9 #H,O/solute; 3- Ca(NOy), solution at 5 #H,O/solute; 4- amorphous
Sr(NOy), particle at ca. 1 #H,O/solute.

bond) in the OH stretching region increase in relative inten-
sity while the lower frequency bands (hydrogen bond) de-
crease in relative intensity with temperature increase or/and
electrolyte addition. The solute effects are adequately illus-
trated in Fig. 12. The profiles also bear good resemblance to
the temperature effects on pure liquid water, as studied by
many other investigators.>®* Regardless of the model, the
changes in the spectra reflect the view that, in general, hy-
drogen bonding becomes less extensive as temperature or
solute concentration increases. In the case of amorphous par-
ticles, which contain only one or less #H,O/solute, the fre-
quency shifts and the relative intensity, as depicted in Fig. 12
for the amorphous particle, should represent the asymptotic
values for water molecules still present as the solvent but
seldom in close proximity of each other.

CONCLUSION

Bivalent alkaline-earth metal nitrates, Sr(NOj), and
Ca(NOs),, are found to form amorphous metastable states in
hygroscopic microparticles. The presence of residual water is
a prerequisite in the formation of the amorphous state. As
soon as water is completely removed, an anhydrous crystal-
line particle always results. The metastable states exhibit hy-
dration properties not predicted from bulk-phase thermody-
namics. Raman spectral studies reveal that, while the free
nitrate ion in the amorphous particles appears to resemble its
presence in the supersaturated solution, being mostly associ-
ated with the cation as contact-ion pair, the residual water
molecules are not in close proximity of each other, showing
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little hydrogen-bond characteristics. Thus microparticles not
only provide a means for studying some fundamental prop-
erties not easily accessible with bulk samples, but may also
possess other unique and interesting properties not found in
the bulk phase. The ubiquitous and abundant presence of
microparticles both in the environment and in industrial pro-
cesses merits continuing studies of the chemical and physical
properties of these microparticles.
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